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I.INTRODUCTION

Coastal zone is the region with a high population density, urban development’s,
economic activities and tourist facilities, being therefore among the most
exploited and developed regions in the world. It receives all land discharges,
including freshwater, sewage and erosion products, and it is affected by a
number of marine processes such as the wave action and tidal currents, as well
as storm surges. At the same time the coastal region is valuable in terms of
biodiversity and marine resources as many benthic communities and ecosystems
in coastal waters possess commercial and ecological value.

Benthic vegetation is an important component of coastal zone ecosystem. It
contributes to the primary production in coastal areas, supporting grazing, as
well as detrital food webs. Submerged aquatic vegetation provides important
habitats as feeding, spawning and nursery grounds for many fish and
invertebrate species. It also helps to prevent coastal erosion by binding
sediments and reduces nutrient loading and other forms of pollution.

The health and survival of these submerged plant communities in coastal
waters depend on suitable environmental conditions. Submerged aquatic
vegetation requires light for photosynthesis, and its growth, survival and depth
penetration is directly related to light availability (Dennison, 1987). The
minimal light requirement of a particular species of submersed aquatic
vegetation determines the maximal water depth at which it can survive
(Dennison et al. 1993). The eutrophication, or nutrient enrichment, of coastal
waters as a result of human’s activities is now widely recognized as a major,
world-wide pollution threat (Schramm and Nienhuis, 1996) and is considered
one of the greatest threats for submerged macrovegetation (Phillips et al., 1978).
With increasing eutrophication specific changes in benthic vegetation
communities have been observed: 1) decline or disappearance of certain
perennial plant communities, often replaced by annual, fast growing forms (e.g.
folious green algae or filamentous algae); 2) reduced diversity of the flora; 3)
mass development (blooms) of short-lived annual forms; 4) changing depth
distribution of benthic algae owing to the reduced light transmittance through
the water column (Schramm and Nienhuis, 1996).

Europe’s marine environment is deteriorating rapidly and existing measures
to reverse the situation are clearly insufficient. Current study is concentrated on
the Baltic Sea, which is considered one of the most polluted seas in the world.
For example the amounts of nutrients in the Baltic Sea have increased several
times during the last century, with severe ecological effect on the biota
(Ronnberg and Bonsdorff, 2004; Berger et al., 2004; Schories et al., 2009).

Therefore, the EU Marine Strategy takes a new ecosystem-based approach
and the ultimate objective of proposed Strategy is to achieve a good
environmental state of the European marine environments by the year 2021.
The concept of the HELCOM Baltic Sea Action Plan (BSAP) is regarded as a
pilot project for European seas in the context of the proposed EU Marine



Strategy Directive. At the heart of the BSAP lies the importance of improving
knowledge, assessment and monitoring of the marine environment. One of the
quality components that is used to evaluate ecological status of the marine
environment are aquatic macrophytes.

Because of the direct relationships between submerged aquatic vegetation
and water quality, trends in changes of algal cover are indicators of water state
in coastal areas; hence we can consider benthic vegetation as an indicator of
ecosystem health. The objective of monitoring benthic algal cover in coastal
areas is to observe short- and long-term changes in species distribution and
structure of coastal benthic substrate constituents. Quantitative analysis of
coastal marine benthic communities enables adequately estimate coastal marine
environmental state, provide better evidence for environmental changes and
describe processes that are conditioned by anthropogenic forces.

Knowledge on the distribution of marine habitats is very fragmented today.
In order to enable a sustainable coastal zone management, we need to increase
knowledge on the Baltic Sea marine habitats, communities and species, which
demands large-scale habitat classification and mapping. Quantifying the areal
coverage of benthic macroalgae at a point in time allows researchers to identify
the current state of the benthic community. The next step is to establish
monitoring programs, which enable identifying changes in species distribution
and structure.

In recent years the need for accurate mapping and monitoring of marine
vegetation has become increasingly obvious together with rising concern over
the impact of human activities in coastal areas. Aquatic vegetation abundance
and diversity are important indicators of the health of the water body, but
accurate maps and data are difficult to acquire. Mapping benthic algal cover
with conventional methods (diving) provides great accuracy and high resolution
(Werdell & Roesler, 2003) yet is very expensive and is limited by the time and
manpower necessary to monitor large bodies of water and long stretches of
coastline. Furthermore, in some regions, inclement weather through a portion of
the year may prohibit diver observation of seasonal changes (Wittlinger &
Zimmerman, 2000). In contrast, remote sensing from aircraft and space-based
platforms offers unique large-scale synoptic data to address the complex nature
of coastal waters (Richardson and LeDrew, 2006). Typically, field surveys
provide accurate and precise measurements at a limited number of key sites,
while remote sensing data provide extensive spatial coverage of the study area
but slightly lower accuracy (Phinn et al., 2005). Remote sensing based mapping
has significant advantage over traditional techniques, as it is spatially
comprehensive (Dekker et al., 2001). Mapping via remote sensing using aerial
and satellite sensors has been shown to be more cost-effective than fieldwork
(Mumby et al., 1999). At the same time remote sensing approach without
extensive field survey is shown to be too inaccurate, therefore remote sensing
has been recommended as a complementary technology, which makes field
survey more cost-effective (Green et al., 2000).



Mapping of substrate cover types and their biophysical properties based on
their reflectance properties has been carried out successfully in optically clear
waters (Phinn et al., 2005). Majority of remote sensing studies carried out in
clear oceanic waters have been concentrated in reflectance properties of general
benthic habitat types (e.g. sand, seagrass, corals, hard substrates) in coral reef
environments (Holden & LeDrew, 1999; Lubin et al., 2001; Holden & LeDrew,
2002; Hochberg & Atkinson, 2003; Kutser et al., 2003; Karpouzli et al., 2004;
Mishra et al., 2007; Bertels et al., 2008). Many studies have successfully
accomplished in mapping seagrass communities (Fyfe, 2003; Dekker et al.,
2005; Gullstrom et al., 2005; Pasqualini et al., 2005; Fornes et al., 2006; Phinn
et al., 2008). Although comparatively fewer studies have been carried out in
order to map benthic algal communities, spectral signatures of various algal
types are now relatively well known. Published reflectance spectra of benthic
algae are presented for example in Maritorena et al. (1994), Wittlinger and
Zimmerman (2000), Andrefouét et al. (2004a), Kutser et al. (2006).

Remote sensing observations can be carried out from many different satellite
and airborne platforms, which cover a wide range of spatial and spectral
resolutions. While dealing with relatively large-scale benthic habitat structures
(10-30m), the sensors with medium spatial resolution (such as LANDSAT,
SPOT) can be used (Andrefouét et al., 2001; Call et al., 2003; Schweizer et al.,
2005; Gullstrom et al., 2005; Phinn et al., 2005; Dekker et al., 2005; Pasqualini
et al., 2005). However, the 20—30 m pixel sizes are often of a similar or larger
scale to the size of the habitat patches causing problems related to mixed pixels
(Mumby et al., 1999). This relatively coarse spatial resolution incurs high
probability that the reflective value of a pixel is the result of a mixture of
reflectance signals from different bottom types (Luczkovich et al., 1993).
Sensors with spatial resolution better than 10 m, such as those provided by
IKONOS or QuickBird (0,6-4 m) should reduce this hindrance (Holden &
LeDrew, 2002). Increasingly, researchers are using higher spatial resolution
data to map sub-surface features (Mumby & Edwards, 2002; Andrefouét et al.,
2003; Sawaya et al., 2003; Malthus and Karpouzli, 2003; Riegl and Purkis,
2005; Wolter et al., 2005).

Although high spatial resolution multispectral satellites offer considerable
promise for monitoring spatial changes in marine habitats, they often lack the
sensitivity to discriminate spectra because they have only few water-penetrating
bands (Mumby & Edwards, 2002). For example Malthus & Karpouzli (2003)
demonstarted the limitation of three visible and fairly broad bands alone to
classify targets such as seagrass and algal species, which typically were shown
to be relatively dark and with only subtle spectral differences. Hochberg &
Atkinson (2003) conclude that as spectral resolution decreases among the
various sensors, so does the spectral separation between coral and algae. In
contrast to multispectral sensors, hyperspectral instruments provide much
greater spectral detail, and thus improved ability to extract multiple layers of
information from an optically complex environment (Goodman & Ustin, 2007).
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The progression from multispectral to hyperspectral data provides the capability
to distinguish between closely related bottom types (Mishra et al., 2007).

However, those satellite systems that provide more spectral information
usually have poorer spatial resolution (Hochberg et al., 2003a). For example,
QuickBird has high spatial resolution of 2,4 m, but low spectral resolution
(three bands at water penetrating wavelengths). This sensor has the ability to
spatially resolve different bottom types, but its wavebands are not optimised for
bottom type spectral discrimination. On the other hand, Hyperion provides
continuous spectral information in visible and near infrared part of spectrum
with 10 nm resolution, but its spatial resolution is only 30 m, which precludes
the use of this sensor for spatially heterogeneous environments. The delineation
of coastal zone features is thus largely dictated by the characteristics and
capabilities of specific sensors (Malthus & Mumby, 2003).

Airborne sensors usually have higher spatial and spectral resolution than
satellite sensors, providing more spectral information on more pure targets, and
thus greater accuracy in detailed benthic habitat mapping (Mumby et al., 1997).
Hochberg and Atkinson (2003) confirmed that narrowband hyperspectral
sensors (AAHIS and AVIRIS) provide better spectral separation than broadband
multispectral sensors. Programmable, imaging spectrometers, like the Compact
Airborne Spectrographic Imager (CASI), can provide very high-resolution
measurements in both the spatial and spectral domain (George and Malthus,
2001). Although airborne remote sensing is quite expensive and its use will be
limited in operational monitoring of large areas (Koponen et al., 2002),
hyperspectral imagery (e.g., AVIRIS, AISA, CASI, HYMAP, PHILLS) is
rapidly becoming more available and more cost effective (Goodman & Ustin,
2007).

Remote sensing studies have generally been conducted in ocean waters
where the water is clear. For example the research for applications of satellite
imagery to coral reef science and management has been almost exhaustive
(Mumby et al., 1997). However, the full potential of remote sensing is still to be
exploited, particularly in temperate, sublittoral environments, where under
certain situations, the strong attenuating influence of the water column has been
a limiting factor (Malthus and Karpouzli, 2003). There is a need to expand the
application of coral reef remote sensing to other biogeographical regions that
have different combinations of marine habitats to examine the wider application
of the sensors currently available (Benfield et al., 2007). Baltic Sea represents a
water body with high concentration of colored dissolved organic matter, and
suspended particles as well as frequent phytoplankton blooms. This thesis is
aiming at exploring the possibilities to map benthic habitat in such optically
complex water bodies.
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2. OBJECTIVES

The aim of this thesis was to study optical properties of key algal species and

bottom types in the Baltic Sea and to determine how the spectral reflectance of

different benthic habitats is translated into remote sensing reflectance in such
optically complex water body. The specific objectives of the study were to:

e Collect a spectral library of bottom types present in Estonian coastal waters
concentrating foremost on the optical properties of the species Fucus
vesiculosus, Cladophora glomerata selected by HELCOM as indicator
species for the Baltic Sea and Furcellaria Ilumbricalis, which is
commercially harvested for galactants (Paper I).

e Study by means of model simulations whether or not are green-, brown- and
red algae separable from each other, sandy bottom or deep water with
hyperspectral remote sensing sensors and to estimate the maximum depths at
which the various substrates still have a measurable influence on the
remotely sensed reflectance in different coastal water types (Paper II)

e Evaluate by means of model simulation the capability of multispectral
satellite sensors for mapping the Baltic Sea algal cover (Paper I1I)

e Study advantages and limitations of multispectral and hyperspectral satellite
data in mapping water depth and bottom type in the Baltic Sea (Paper IV)

12



3. PASSIVE OPTICAL REMOTE SENSING
3.1. Light in shallow water

Aquatic remote sensing is limited to the visible wavelengths between 400 and
700 nm, since visible radiation is the only portion of the electromagnetic
spectrum that penetrates the water column and can be reflected back to a sensor.
Many authors have described the light journey through the atmosphere to the
aquatic environment and characterized the processes happening with the light
within the aquatic medium (Dekker et al., 2001; Kirk, 2003; Miller et al., 2005).
Reviews of the status of submerged aquatic remote sensing can be found in
Holden & LeDrew (1998), Green et al. (2000), Dekker et al. (2005).

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 (Lillesand & Kiefer, 1999).
Remote sensing sensor in an airplane or satellite, pointed down at the water
body can receive light consisting of four separate components (Fig.1): light
reaching the sensor after scattering of photons by the atmosphere; light reaching
the sensor after specular reflection of direct sunlight at the sea surface; light
upwelling from the sea surface after backscattering in water; light reflected off
the bottom of a water body (provided the water is sufficiently shallow and the
water is sufficiently clear) (Sathyendranath, 2000).

A
o=
QQE} Sensor
E5

o <\

Direct sunlight

Sea surface

Water bottom

Figurel. Formation of the signal detectable by remote sensing instruments
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Only last two of these four light fluxes contain information about the
underwater light field, carrying thus useful information about the water body
and the aquatic benthic habitat. The atmospheric contributions and specular
reflection at the sea surface constitute noise in this context, and have to be
corrected for (Sathyendranath, 2000). In case of oceanic remote sensing, the
total signal received at the satellite altitude is dominated by radiance contributed
by atmospheric scattering processes and only 0 to 20 percent of the signal
corresponds to the oceanic reflectance (Kirk, 2003). The majority of waters
reflect between 2 and 6% of downwelling irradiance (Dekker et al., 2001). Even
small errors in estimating the atmospheric contribution can lead to significant
errors in the estimation of the water component. Therefore, we have to be very
precise estimating atmospheric contribution and techniques for atmospheric
correction form a very important component of remote sensing of aquatic
environment (Andrefouét et al., 2004a; Mishra et al., 2006; Bertels et al., 2008).

In addition to the atmospheric contribution, the presence of sun glint may
impede the estimation of water leaving signal. When water surface is not flat,
the direct radiance originating from the sun can be reflected on the crests or
slopes of waves. The reflected radiance does not contain any information about
the water constituents and benthic features. Sun glint effect is often a factor in
wide-field-of-view acquisition airborne or satellite missions, despite acquisition
time and solar/viewing geometry optimized to avoid glint (Hochberg et al.,
2003b). Having the sensor flown towards or away from the sun may reduce
contribution from glint, but it is not always possible due to the characteristics of
a field site or scheduling (Mustard et al., 2001). Therefore, the ability to
recognise and remove contributions from sun glint is required. Different sun
glint removal methods have been proposed by Hochberg et al. (2003b), Hedley
et al. (2005) and Kutser et al. (submitted).

When focusing on the water-leaving signal, we can see that it is influenced
by several factors. The colour of water is determined by scattering and
absorption of visible light by optically active substances present in the water.
These optically active substances are pure water itself, phytoplankton, coloured
dissolved organic matter (CDOM) and particulate matter. Furthermore, in
shallow water, a significant part of the light from the sun may reach the bottom,
and in that case the bottom also influences the water colour. The spectrum of
light emanating from the sea surface in shallow waters contains information on
the optical properties of the seawater constituents and the benthic substrate
(Werdell & Roesler, 2003). For the bottom contribution to be retrieved by a
sensor, the water column contributions have to be removed and the optical
properties of the water column have to be known or at least be derivable
(Mishra et al., 2006). One problem with remote sensing of shallow water
substrates is the difficulty in separating the water column signal from the
substrate signal (Holden & LeDrew, 1998), although the physics based
analytical methods (Kutser et al., 2006, Lesser & Mobley, 2007) allow
simultaneous mapping of water depth and bottom type.
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In turbid coastal waters, spectral scattering and absorption by phytoplankton,
suspended organic and inorganic matter and dissolved organic substances
restrict the light passing to, and reflected from the benthos (Dekker et al., 2001).
Mishra et al. (2007) showed that specific spectral features (e.g., pigment
absorption) of different bottom types are generally overshadowed by significant
water absorption, which makes benthic habitat mapping a difficult task. In
highly turbid coastal waters, where the amount of water constituents is high and
the depth of light penetration may be only in centimetres, the bottom would not
be visible and it would not have any influence on reflectance spectrum. Turbid
waters are possibly the greatest constraint to any coastal habitat-mapping
programme utilising optical remote-sensing methods (Mumby et al., 1997).

The subsurface light field in shallow water is not only a function of the
properties of the water mixture, but also of the depth and properties of the sea
floor (Ackleson, 2003). One of the most commonly cited difficulties with
remote sensing of underwater environments is the confounding influence of
variable depth on bottom reflectance (Mumby et al.,1998) i.e. it is hard to
separate whether the reflectance changed due to changes in water depth or
bottom type. Depth correction method, eliminating the change in reflectance
attributable to variable depth, has been proposed by Lyzenga (1981) and its
variations have been suggested by other authors (Mishra et al., 2006; Benfield
et al., 2007, Mishra et al., 2007). Nevertheless Andrefouét et al. (2004a)
emphasize that accurate bathymetric correction of reflectance data in the 0 to 3
m range of depth is not strictly necessary. However, beyond 3 m, it is likely that
water correction will be required to improve classification results (Purkis and
Pasterkamp, 2004).

Altogether, mapping benthic habitats with remote sensing method is
complicated by water column properties, varying water depth and the complex
mosaics of bottom types. Increasing water turbidity and depth decrease the
influence of the bottom reflection on the above-water spectra (Carder et al.,
2003), making the habitat mapping less feasible.

3.2 Remote sensing sensors for assessment
of the coastal zone

Remote-sensing instruments are usually located on either an airborne or space-
borne platform. A remote sensing sensor has a field-of-view such that at any
moment in time, it is viewing a part of Earth’s surface and recording how much
radiation is being reflected from that part (Philipson, 2003). The characteristics
of a remote sensing sensor are described by its radiometric, spatial, temporal
and spectral resolution.

The radiometric resolution of a sensor refers to the possible number of grey
levels in the image describing the sensor’s sensitivity. Many older sensors have
a 8-bit radiometric resolution i.e. the measured signal is divided into 256 grey
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levels. More advanced sensors have 11-bit or up to 16-bit (65 536 grey levels)
radiometric resolution.

The spatial resolution of the sensor describes the size of the ground area
corresponding to one pixel in the image (Philipson, 2003). Different sensors
cover a wide range of spatial resolutions ranging from one-kilometre to less
than a meter. A higher spatial resolution will increase the sensors possibility to
record spatial detail.

The temporal resolution of the sensor or the time between revisiting the
same place is governed by a combination of the orbit characteristics and the
swath width (Robinson, 2000). In general there is a trade-off between spatial
and temporal resolution of sensors, the lower the spatial resolution, the higher
the revisit rate. For example the spatial resolution of the Moderate Resolution
Imaging Spectrometer (MODIS) sensor is quite coarse, 250-1000 m, at the
same time it is designed to permit nearly daily global coverage (Peterson et al.
2003).

Finally, remote sensing sensors vary in the number and bandwidth of their
spectral channels i.e. the spectral resolutions. Traditional satellite-flown
multispectral instruments do not generate a reflectance spectrum; they generate
a signal in each of a small number of very broad bands (Cracknell, 1999). Most
multispectral satellites have only 2—4, quite broad bands in the visible part of
the spectrum. A hyperspectral scanning system, or an imaging spectrometer as it
is sometimes called, provides the intensity of the radiation received in each of a
very large number very narrow bands so that one obtains what is, in effect, a
continuous spectrum (Cracknell, 1999). Fig. 2 illustrates the difference between
a hyperspectral sensor (Hyperion) and a multispectral sensor (ALI, spectral
bands almost identical to sensors like Landsat, IKONOS and QuickBird).

The number of classes (categories) distinguishable by remote sensing
depends on many factors including, the platform (satellite, airborne, towed
instrument, handheld instrument), type of sensor (spectral, spatial and temporal
resolution), atmospheric clarity, surface roughness, water clarity and water
depth (Mumby et al., 2004a).

Mapping of submerged benthic vegetation with satellites largely depends on
the characteristics and capabilities of the specific sensor. The limitations are
caused by sensors poor spatial resolution, limited spectral capabilities and low
temporal resolution. ”Conventional” space borne optical sensors (e.g. Landsat
7) are designed for mapping of relatively bright land surfaces. For example
Landsat offers spatial resolution of 30 m, poor radiometric resolution (256
measured radiance levels) and limited spectral resolution, thus limiting its use
for mapping and monitoring coastal habitats with reliability (Malthus &
Karpouzli, 2003).
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Figure 2. Normalised spectral response functions of a hyperspectral satellite sensor
(Hyperion) and a multispectral satellite sensor (ALI) in visible part of spectrum.

High spatial resolution satellites, such as IKONOS and QuickBird, offer data at
high spatial (0,6-4 m) and radiometric resolution and offer considerable
promise for monitoring spatial changes in marine habitats (Malthus &
Karpouzli, 2003). These sensors have enhanced spatial resolution that should
minimize the spectral mixing problem, but the limited spectral capacities (three
visible wavebands) may still be a limitation for vegetation mapping in
heterogeneous environments (Andrefouét et al., 2004b). Another disadvantage
of high spatial resolution sensors might be the low signal-to-noise ratio of
measured reflectance. In this case less light is collected and the high ratio of
pixel perimeter to area allows “nuisance” light, originating from outside the
pixel, to exert a relatively large influence on the signal (Mumby et al., 2004b).
Most multispectral satellite sensors (IKONOS, QuickBird) lack the
sensitivity to discriminate spectra because they have a limited number of water-
penetrating bands (Mumby and Edwards, 2002). Where distinguishable minima
and maxima exist within the water-penetrating spectrum, satellite bands may be
too broad to distinguish them (Mumby et al., 1997). A waveband might be so
wide that it obscures a spectral response, which might have been detectable had
the waveband been narrower (Holden & LeDrew, 1998). Higher spectral
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resolution is needed to perceive the subtle differences between various bottom
types. Hyperspectral system may resolve this problem, since hyperspectral
remote sensing instrument acquires data in tens to hundreds of spectral bands.

The first civilian hyperspectral sensor in space, Hyperion, was launched in
the end of 2000. Hyperion has 240 10 nm wide spectral bands i.e. it is
measuring continuous spectrum in visible and near infrared part of spectrum. It
has been shown (Kutser et al., 2006) that Hyperion can be used to map different
benthic types in shallow water coral reef environments. However, Hyperion is a
technical demonstration satellite with short lifetime and very limited amount of
spatial coverage that can be sensed each day. Therefore, we have to use satellite
sensors with considerably purer spectral resolution for mapping benthic algal
cover until next generation of hyperspectral sensors in space will be operational.

In addition to a great spectral resolution, airborne hyperspectral remote
sensing sensors such as the Compact Airborne Spectrographic Imager (CASI),
Airborne Imaging Spectrometer for Applications (AISA), HyMap Airborne
Hyperspectral Scanner and the Airborne Visible Infrared Imager (AVIRIS)
usually have a better spatial resolution than satellite sensors. Image data
acquired from airborne platforms typically have spatial resolutions of 0,5-3 m.
Such data provide smaller area coverage than that acquired from satellites. The
cost of airborne data per unit of area is higher than that of satellites. Airborne
sensors are expensive to run for large and/or remote regions. In these cases,
space born sensors are considerably more cost effective if the spatial resolution
is adequate (Kutser et al., 2003).
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4. MATERIAL AND METHODS

4.1. In situ measurements of benthic
reflectance spectra

The spectral irradiance reflectance R (implicitly a function of wavelength) of a
material is defined as the ratio of spectral upwelling to downwelling plane
irradiance (Mobley, 1994). In situ reflectance spectra of the typical aquatic
benthic types of Estonian coastal waters were collected (Paper I). We
concentrated on the specimens of the most typical green, brown and red benthic
macroalgae — Cladophora glomerata, Fucus vesiculosus and Furcellaria
lumbricalis. C. glomerata (green algae) and F. vesiculosus (brown algae) are
considered as key species to monitor the effect of eutrophication in the Baltic
Sea monitoring program carried out by HELCOM (www.helcom.fi). Fur-
cellaria lumbricalis is commercially harvested for galactants, but is also
important habitat for juvenile fish.

Reflectance spectra of benthic macroalgae and bare substrate were measured
using handheld GER1500 spectroradiometer. Spectral range of the instrument is
300-1100 nm. Spectra are sampled with 1.5 nm intervals and spectral resolution
of the GER1500 spectroradiometer is 3 nm. Reflectance is calculated as a ratio
of radiance from algae against the radiance of standard Spectralon panel.

Reflectance measurements of wet algae were carried out on the shore
immediately after landing of the boat or on board of the boat. Reflectance
spectra of wet and dry sand, gravel, and some other material washed out to the
shore were measured at their location.

4.2. Water samples collection

Water samples were collected at different locations from Estonian coastal
waters, filtrated and analyzed to retrieve concentrations of phytoplankton, total
suspended matter and colored dissolved organic matter. Filtration and
laboratory analyses were carried out using methods described by Paavel (2008).
Results of the water sample analysis gave as an estimate of the concentrations
of the optically active constituents present in the water column of Estonian
coastal waters. This information was used as input information in our bio-
optical model.
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4.3. Modelling

In situ benthic reflectance spectra were used to model the bottom-types as the
different sensors would “see” them. A simple model, proposed by Maritorena et
al. (1994), was used to simulate diffuse reflectance just below the water surface:

R(0~,H)=R, +(R, ~ R,)exp(-2KH),

where R(0—, H) is reflectance just below the water surface, H is water depth, R,
is bottom reflectance, R., is reflectance of optically deep water, and K is diffuse
attenuation coefficient of the water. Maritorena et al. (1994) have also shown
that vertical attenuation coefficient for downwelling irradiance, K, is a good
approximation for K.

Reflectance spectra of the optically deep water were calculated using a semi-
empirical model described in detail by Kutser (2004). The model is based on the
results of Monte Carlo studies by Gordon et al. (1975) and Kirk (1984) and is
expressed with equation:

b, (4)

ROO (O—, ﬂ) = (—0629/10 + 0975)m R

where a(A) is the total absorption coefficient, b,(A)is the total backscattering
coefficient, and A is wavelength. The detailed description of the model has been
given in Paper II and Paper III.

The modelling was carried out for three distinctly different water types: (1)
CDOM-rich waters — resembling situation near a river estuary, (2) coastal
waters not directly impacted by high CDOM discharge from rivers but with
high concentration of cyanobacteria i.e archipelago waters during
cyanobacterial bloom, (3) open Baltic Sea waters. Concentrations of optically
active substances in these three water types are shown in Table 1. The
concentrations were taken from real measurements.

Table 1. Concentrations of optically active substances used in model simulations. C¢p
and Cgy are concentrations of chlorophyll-a and total suspended matter respectively and
acpom(400) is absorption by CDOM at wavelength 400 nm.

Water type Cenl Csm acpom(400)
1 6 6 15
2 10 5 3
3 2 2 1.5
mg/m’ mg/l m’
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Shallow water reflectance spectra were calculated with 0.5 m water column
increments for each and water type. The R(0—) of optically deep water was
calculated for each water type. Differences between all substrates in various
water depths were calculated by subtracting the reflectance of one substrate
from the reflectance of another substrate at the same depth. It was assumed that
the substrates are separable from each other by a particular sensor in case the
difference between the substrates was higher than the signal to noise ratio
(SNR) of this sensor. SNR’s of different sensors are characterised below.

4.4. Remote sensing sensors under investigation

The present study includes bio-optical modelling and image analysis. First we
assessed by means of model simulations whether or not satellite and airborne
imagery can be used for mapping benthic habitat in the Baltic Sea before
purchasing actual image data. After that we conducted image analysis with the
real imagery to study sensors capabilities to map benthic habitat in our waters.

In our modelling part of the study, the technical parameters of different
remote sensing sensors (e.g spectral resolution, signal to noise ratio) were
investigated in order to define theoretical discriminative limits of different
sensors. First of all it was important to test whether the spectral resolution of
different hyperspectral and multispectral sensors is sufficient for discriminating
different bottom types. Secondly the sensitivity (SNR ratios) of different
sensors was tested.

Hyperspectral sensors provide continuous spectral information, therefore the
reflectance spectra of different bottom types were modelled with 10 nm
intervals to define whether the benthic types can be discriminated based on the
continuous spectral information. The 10 nm spectral resolution is a good
approximation of most airborne imagers (e.g. AVIRIS, CASI, AISA) and
resembles that of hyperspactral satellite Hyperion. The SNR specifications
currently attainable by hyperspectral airborne remote sensing systems such as
AVIRIS and CASI, flown under ideal circumstances, are about 1000:1 (Dekker
etal., 2001).

In case of multispectral sensors, sensor-specific reflectance spectra were
created by applying each sensor’s relative spectral response to the high-
resolution (10 nm) spectra and tested, whether the spectral information provided
by few wavebands is sufficient to discriminate different benthic types. The
sensors under investigation were following:

MERIS (Medium Resolution Imaging Spectrometer) is a medium spatial
resolution, medium to high temporal resolution and has a high number (15) of
narrow spectral bands. MERIS has a spatial resolution of 300 m in full
resolution mode and 1.2 km in reduced resolution mode acquired routinely. It
has nine visible wavebands covering the visible spectral range (410710 nm).
MERIS signal to noise ratio (SNR) decreases from 1400:1 in blue part of
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spectrum to 600:1 in red part of spectrum. Since most of the differences
between reflectance spectra of different macroalgae and sand occur in green and
red part of spectrum, we used SNR 600:1 to study capability of MERIS for
separating different benthic macroalgae. Doerffer et al. (1999) gives a good
overview of the MERIS instrument focusing on the specifications that make this
sensor especially beneficial to the research of coastal areas.

The first Landsat series satellite was launched in 1972 and they have been
used for mapping benthic cover since the mid-eighties (Jupp et al. 1985). ALI is
an improved version of the Landsat series sensors and a possible precursor of
Landsat 8 (Kutser et al. 2003). ALI and Landsat series sensors have three
visible wavebands covering the visible spectral range (between 400-700 nm),
these instruments offer coarse spatial resolution (30 m). Landsat SNR was taken
100:1 and ALI SNR was taken 250:1, which is equal to instrumental signal to
noise provided by the satellite manufacturers.

IKONOS images provide four spectral bands in the blue, green, red and
near-infrared (NIR) parts of the spectrum and enhanced spatial resolution (4 m).
IKONOS SNR was taken 100:1.

SNR ratios for above mentioned instruments are given for above water
signal. However, the model computes subsurface irradiance reflectance R(0-).
About 48% of just below the water surface upwelling irradiance is reflected
back into the water column (Dekker et al., 2001). Thus, the SNR in terms of just
below the water surface reflectance, R(0-), can be approximately half that of the
real remote sensing instruments when we study capability of these instruments
to detect differences in reflectance spectra (Dekker et al,. 2001). For example in
case of hyperspectral airborne remote sensing systems (AVIRIS, CASI), we
assumed that two substrates are separable from each other if their spectral
difference is higher than 0.2% which is equal to SNR 500:1 in terms of
underwater reflectance.

After completing the modelling part of the study and several field campaigns
in the study area we found that high spectral and spatial resolution is needed to
map benthic algal cover in Estonian coastal waters. As there is no space borne
sensor that provides both high spectral and spatial resolution we decided to
order data of two satellites: QuickBird and Hyperion. The first one has the
highest spatial resolution currently available and the latter provides the highest
spectra resolution. Having data of two such different sensors allowed to study
should we prefer high spatial or high spectral resolution if both of them are not
available simultaneously.

QuickBird is a high spatial resolution instrument (2.4 m), with 4 bands in
visible and near-infrared part of the spectrum similar to ALI, Landsat and
IKONOS. We decided to use QuickBird instead of IKONOS as it provides
higher spatial resolution while the spectral resolution is nearly identical.
Wavelength ranges of the QuickBird bands are following: blue: 450-520 nm,
green: 520-600 nm, red: 630-690, and near-infrared: 760—900 nm. Dynamic
range of the instrument is 11 bits.
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Hyperion has spectral resolution of 10 nm and around 200 usable spectral
bands in visible and near infrared part of spectrum. Spatial resolution of the
sensor is 30 m.

4.5. Image analysis

The study area for image analysis was selected between Islands Hiiumaa and
Saaremaa in Western Estonian Archipelago, eastern part of the Baltic Sea (Fig.
3). The area is characterized in Paper IV. QuickBird image was acquired from
the study site on August 22, 2005. Scene used in the present study was 10x10
km in size. Hyperion image acquired on September 1, 2005 was used for
comparisons with the QuickBird image.

The fieldwork was conducted in August and September 2005. A photo
record of bottom type and water depth was taken together with GPS coordinates
in more than hundred sites. This data was used for classifying satellite imagery.

The image processing and analysis was made using ENVI software. The
near infrared (NIR) band was used to mask out the land and clouds (in
QuickBird image). Radiance values of the NIR band were used to prepare the
binary mask which was subsequently applied to all bands. Additional areas,
such as cloud shadows, not excluded using this mask, were removed manually.
Geometric correction for QuickBird image was performed by image provider
(DigitalGlobe Inc.), Hyperion image was geocorrected based on the corner
coordinates provided by image provider (U.S. Geological Survey).

Atmospheric correction of Hyperion was performed using FLAASH. The
FLAASH module in ENVI incorporates MODTRAN 4 radiation transfer code
with all MODTRAN atmosphere and aerosol types to calculate a unique
solution for each image. FLAASH also includes a correction for the “adjacency
effect”, provides an option to compute a scene-average visibility (aerosol/haze
amount), and utilizes the most advanced techniques for handling particularly
stressing atmospheric conditions (such as clouds). Sub-arctic summer
atmosphere model with maritime aerosol was used.

Atmospheric correction of the QuickBird image was performed using an
empirical line approach (Moran et al., 2001 and references within) utilising
reflectance spectra measured by GER1500 spectrometer, which were recalcu-
lated to match with QuickBird spectral bands.

After some experimentation minimum distance supervised classification
technique was selected and applied on the QuickBird image. Classes used in the
analysis correspond to the bottom types of measurement points where we
carried out the fieldwork.
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Figure 3. Location of the study site. A — representing Hyperion image
(01.09.2005); B — representing QuickBird image (22.08.2005) of the
study site.
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5. RESULTS AND DISCUSSION

According to our objectives, the following results are presented: First, the
spectral reflectance of different aquatic benthic types of Estonian waters were
measured to determine the differences in their reflectance and to create the
spectral library of the bottom types present in Estonian coastal waters. Then the
measured reflectance spectra of three most typical green, brown and red benthic
macroalgae were used in the model simulations to study whether these algae are
optically distinguishable from each other, from sandy bottom and from optically
deep water in such a complex water body as the Baltic Sea. Model simulations
were also used in order to assess the capability of multispectral satellite sensors
to map different benthic substrates. Finally, images taken by QuickBird and
Hyperion satellite sensors were analysed to study advantages and limitations of
multispectral and hyperspectral satellite data in mapping water depth and
bottom type in the Baltic Sea

5.1. Spectral library of bottom types present
in Estonian coastal waters

Identifying different aquatic bottom types using remote sensing method has
been recommended as a possible mean to map large scale benthic coverage. It
can be done if different bottom types are separable from each other based on
their optical signature. To determine this, we collected a spectral library of
different bottom types present in Estonian coastal waters.

The material present near the shoreline of Estonian coast may be quite
variable: sandy beaches, belts of broken shells, areas covered with pebble,
washed out algae and higher plants both in wet stage floating near the water line
or dried in the sun on the shore. Measured reflectance spectra of these materials
found on the shore are shown in Paper I, figure 1 and 2.

While doing our measurements, we concentrated on the different submerged
substrates, including bare substrates and aquatic vegetation. Reflectance spectra
of differently coloured pebble and sand were measured through the water
column of 5 cm (Fig. 4A). Pebble may consist of stones of different origin.
Reflectance spectra of granite (red, brown, black) were relatively dark (below
9%) as seen in Figure 4A. The reflectance of greyish limestone pebble was up
to 15% and that of whiter sand- or limestone rocks reached 36%. Most of the
pebble reflectance spectra were collected within 0.5 m radius. This means that
the reflectance spectrum collected with an instrument which spatial resolution is
greater than a few centimetres would be a mixture of spectral signatures from
the differently coloured pebble. It must be noted that nearly all sand and pebble
spectra had a chlorophyll absorption feature near 680—690 nm, which indicated
presence of an algal cover on submerged material. It is typical for aquatic
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environments that even small sand particles are covered with microalgal
communities (Stephens et al. 2003) and reflectance of all ,,abiotic” substrates
contains chlorophyll signal.

Reflectance spectra of brown algae Fucus vesiculosus were consistent in
shape (Fig. 4B), but variable in reflectance values. Reflectance values of dark
brown parts of one Fucus specimen reached only 2% in the visible part of the
spectrum whereas the maximum reflectance of top branches of the same
specimen was between 5% and 9%. The shape of the F. vesiculosus reflectance
spectra is analogous to other brown algae and many corals (containing
symbiotic brown algae) measured in different parts of the world (Kutser & Jupp
2006; Hochberg et al. 2004), i.e. there are peaks near 600 and 650 nm and a
shoulder near 580 nm.

Reflectance spectra of red algae Furcellaria lumbricalis (Fig. 4C) also
resemble the reflectance spectra of other red algae collected in different parts of
world oceans (Dekker et al., 2005; Hochberg et al., 2003a; Kutser et al., 2003;
Maritorena et al., 1994) i.e. there are two main peaks in their reflectance
spectra, near 600 and 650 nm. Spectrum 1 was measured above a Furcellaria
patch, which was rinsed in seawater before the measurement. Spectra 2 and 3
were collected above another sample, which was covered by fine sediment and
slime of decaying algae. This is probably the reason why these spectra are
smoother than spectrum 1. The upper layer of the sample (spectrum 2) had
turned greenish due to extensive sunlight in the shallow water where the sample
was collected. The bottom side of the same sample (spectrum 3) was darker.
However, the typical double peak is seen in all reflectance spectra even if the
algae appear visually greenish.

Reflectance spectra of three different species of green algae were collected —
Chara sp., Enteromorpha sp., and Cladophora glomerata. Reflectance spectra
of these species are shown in Fig. 4D together with the reflectance spectrum of
a seagrass Zostera marina.

Comparison of the results with reflectance spectra collected in different parts
of the world indicates that the reflectance of red, green, and brown macroalgae
is similar within each algae group (Maritorena et al., 1994; Anstee et al., 2000;
Kutser et al., 2003; Dekker et al., 2005).
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Figure 4. Reflectance spectra of different bottom types: A — differently coloured pebble
measured through a water layer of 5 cm (reflectance values of white limestone (dashed
line) is indicated on the right axis.); B — different specimens of the brown macroalga
Fucus vesiculosus; C — different speciemens of the red macroalga Furcellaria lumbri-
calis; D — green macroalgae Chara sp., Enteromorpha sp., Cladophora glomerata and
the seagrass Zostera marina.

5.2. Separability of green-, brown- and red algae from
each other, sandy bottom and deep water with
hyperspectral remote sensing sensors

Measured reflectance spectra of sand, green-, brown- and red benthic
macroalgae were used in our model simulations to determine the separability of
three important macroalgae species from each other, from sandy bottom and
optically deep water. Green macroalgaec were represented by a reflectance
spectrum of C. glomerata, red macroalgae by unattached form of F. lumbricalis,
and brown macroalgae by F. vesiculosus.

27



Figure 5A shows the spectral reflectance for each benthic vegetation species
and for sandy bottom. All substrates have high reflectance in the near-infrared
part of the spectrum. Sand has higher reflectance spectra than algae in visible
part of spectrum. Green algae reflectance is higher than that of other measured
algae. Reflectance values of Fucus and Furcellaria are very similar. However,
there are differences in shape of their reflectance spectra. Furcellaria has a
double peak near 600 and 650 nm. Fucus has a maximum in its reflectance
spectrum near 600 nm and two ‘“shoulders” near 570 and 650 nm similar to
most living corals and many brown algae (Kutser & Jupp, 2006; Hochberg et
al., 2004).
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Figure 5. Reflectance spectra of studied benthic macroalgae and sand measured without
overlaying water column (A). Simulated reflectance spectra of various substrates for
1 m deep water in water type 1 (B), water type 2 (C), and water type 3 (D). Reflectance
spectrum of optically deep water (referred as deep water) for each water type is also
added to the graphs.

We evaluated the effects of water column on remotely sensed spectra by
simulating bottom-reflected light through different depths of water column for
given concentrations of optically active substances. Figure 5B-D represents
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reflectance spectra of various substrates just below the water surface in 1 m
deep water for three different water types. Optically deep water reflectance
spectra of the same water types were added to the figures. The deep water
spectrum in each graph was calculated using the same concentrations of
optically active substances as the shallow water spectra in the same graph. The
concentrations of optically active substances for each water type are shown in
Table 1 and are characterized in Paper II and Paper III.

Majority of macroalgal cover in the Baltic Sea occurs in conditions similar
to the type 3 water of our study. Cyanobacterial blooms (represented by water
type 2) occur only during short time. Although the blooms may make mapping
of benthic habitat impossible, they are avoidable with careful planning of field
experiments. CDOM-rich waters (represented by water type 1) are located only
near some river mouths. Benthic vegetation is practically missing in very
CDOM-rich areas as there is not enough light at the sea bottom. Plumes of very
CDOM-rich waters may also reach out of estuaries, but the duration of such
blooms is usually short. Therefore, we concentrated on estimating the potential
(e.g. the maximum depth penetration) of remote sensing to map benthic algal
cover in the clearest water type.

5.2.1. Spectral differences between substrates and deep water

Shallow water reflectance spectra were calculated with 0.5 m increments for
each bottom type. Differences between the R(0-) of optically deep water and
shallow water reflectance spectra were calculated by subtracting one from
another. It was assumed that the substrate is separable from deep water if the
reflectance difference is higher than the SNR of hyperspectral instruments
(AVIRIS, CASI) e.g. we assumed that two substrates are separable from each
other if their spectral difference is higher than 0.2% which is equal to SNR
500:1 in terms of just below the water surface reflectance, R(0-).

Figure 6 shows the simulated spectral differences between reflectance of
different bottom types and reflectance of our type 3 (open Baltic) deep water.
Results of the simulations show that the maximum depth at which sandy bottom
can be separated from type 3 optically deep water is 10 m (Fig. 6A). Green alga
(Cladophora glomerata) is spectrally different from optically deep water, but
the difference is not as high as for sand (Fig. 6B). The differences between
green algae and deep water are seen in waters up to 7 m deep near 550-580 nm.
According to Martin and Torn (2004) C. glomerata forms monodominant belts
near the shore and does not occur in belts at depth greater than 3.5 m in
Estonian coastal waters. Thus, it is relatively easy to separate Cladophora belts
from optically deep water areas as remote sensing could potentially permit
detecting it in depths that are greater than the depths where it grows in nature.

Figure 6C simulates the spectral difference between reflectance of brown
algae Fucus vesiculosus at different depths and reflectance of optically deep
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water. Fucus has a relatively low reflectance and differences between algae and
optically deep water reflectance spectra are small, except near 710 nm. The
differences between brown algae and optically deep water are detectable in
waters up to 6 m deep in the wavelength range 540-560 nm in the type 3
waters. Six meters is also the maximum depth where the F. vesiculosus grows in
belts in Estonian coastal waters as individual colonies can be found in deeper
waters (Martin and Torn, 2004). Thus, mapping the extent of F. vesiculosus
belts with remote sensing should not be a problem when hyperspectral
instruments are used.
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Figure 6. Spectral differences between simulated reflectance spectra (A) sand and
optically deep water. (B) Green algae (Gladophora glomerata) and optically deep
water. (C) Brown algae (Fucus vesiculosus) and optically deep water. (D) Red algae
(Furcellaria lumbricalis) and optically deep water. Calculations are made for various
water depths indicated in the legend.

Figure 6D shows the spectral difference between reflectance of red algae
Furcellaria lumbricalis and reflectance of optically deep water. The spectral
differences between Furcellaria and optically deep water are detectable in
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waters up to 6.5 m deep in the wavelength range 560-570 nm. Unattached F.
lumbricalis may grow at depths down to 10 m deep in Estonian coastal waters
(Martin and Torn, 2004). However, the commercially harvestable community
occurs at depths of 57 m in the West Estonian Archipelago. Thus, most of the
commercial stock of F. lumbricalis is in depths where it is potentially detectable
by hyperspectral remote sensing sensors.

5.2.2. Spectral differences between algal species
in different depths

Reflectance differences between different algae were calculated subtracting the
reflectance of one species from the reflectance of another species at the same
depth. Examples of spectral differences between the studied macroalgae are
shown in Paper 11, figure 2.

Spectral differences between sandy bottom and all three algal species are
relatively high. The difference between sand and red or brown algae reflectance
spectra is particularly high as Fucus and Furcellaria are relatively dark
substrates compared to sand. The differences between sand and green algae
Cladophora are detectable in waters up to 10 m deep. The differences between
reflectance of sand and reflectance of red or brown algae are detectable in
waters up to 11 m in wavelengths near 570 nm.

Our simulations show that the difference between reflectance of green algae
and brown algae and between green algae and red algae are also comparatively
high. The maximum detectable depth at which those species can be separated is
8 m and for that we can use the wavelength range 550-570 nm.

Both red algae Furcellaria and brown algae Fucus have relatively low
reflectance values. Considerable differences between those two substrates
appear in wavelengths near 520 nm, 570 nm and 700 nm. Difference near 570
nm is the greatest and this wavelength can be used to differentiate brown algae
from red algae at depth up to 4 m.

Natural conditions in the Baltic Sea favour in several ways using of remote
sensing in mapping of benthic algal cover. For example C. glomerata and F.
vesiculosus form almost mono-dominant belts which are easier to map with
remote sensing than mixed benthic communities. The studied algae prefer
different water depths i.e. Cladophora belts occur in very shallow (generally
less than 1 m) water, commercially harvestable stock of Furcellaria is at depths
of 5-7 m and Fucus belts are mainly located between those two depth zones.
The unattached Furcellaria is floating above sandy bottom. Most macroalgae
require hard bottom where to fix themselves. Therefore, Furcellaria has to be
optically separable only from sand and deep water to allow mapping its extent
with remote sensing methods.
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5.3. Capability of multispectral satellite sensors
for mapping the Baltic Sea algal cover

Figure 7 illustrates how the sensors under investigation would detect reflectance
spectra of studied bottom types without overlaying water column. It is seen in
Fig. 7A that the difference between the substrates are mainly in reflectance
values rather than in shape if sensors with three water penetrating bands, like
ALI, Landsat or IKONOS, are used. MERIS bands are narrower (10 nm) and
are located in spectral regions needed for example to separate brown algae from
red algae (see Fig. 7B). However, the effect of water column has to be taken
into account before deciding is MERIS suitable for discriminating between the
optically similar substrates.
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Figure 7. Reflectance spectra of sand and studied benthic algae species resampled for
spectral resolution of multispectral sensors (A) Landsat, ALI, and IKONOS, (B)
MERIS.

5.3.1. Simulated ALI, Landsat 7TETM and IKONOS
performance in detecting benthic macroalgal cover

Shallow water reflectance spectra were calculated with 0.5 m increments for
each bottom type and the expected values in multispectral sensors bands 1, 2
and 3 were derived. Differences between the R(0-) of optically deep water and
shallow water reflectance spectra were calculated. The SNR of both Landsat 7
and IKONOS is about 100:1, the SNR of ALI is 250:1. About 50% of just
below the water surface upwelling irradiance is reflected back into the water
column. Therefore, the SNR in terms of just below the water surface
reflectance, has to be 50:1 for Landsat 7 and IKONOS (which is equal to 2 %)
and 125:1 for ALI (which is equal to 0,8%) to be able to differentiate between
two bottom types.
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Figure 8A indicates that all three bands can be used in separating sand from
optically deep water in waters up to 3 m deep with ALI (SNR marked with blue
dashed line) and in waters up to 2 m deep with Landsat and IKONOS (SNR
marked with red dashed line). The second band near 560 nm can be used in
differentiating sand and optically deep water in waters up to 5 m deep with ALI
and in waters up to 4 m deep with Landsat and IKONOS. The characteristic
spectral reflectance feature of sand is its brightness, and the brightness is so
characteristic that even multispectral sensors with their limited spectral
responses have no trouble discriminating sand from deep water.
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Figure 8. Spectral differences between simulated reflectance spectra (A) sand and deep
water, (B) red macroalgae and deep water. Calculations are made for various water
depths indicated in the legend. Each marker represents the central wavelength of a
multispectral sensor band (ALI, Landsat, IKONOS). SNR of Landsat and IKONOS is
marked with red dashed line, SNR of ALI is marked with blue dashed line.

Model simulations show (Paper 111, figure 3) that the difference between green
algae Cladophora glomerata and deep water is becoming undetectable in water
deeper than 3 m when ALI is used. Landsat 7 and IKONOS are not capable of
separating green algae and deep water at depths deeper than 1.5 m deep.
Although C. glomerata can grow at depths 3.5 m in Estonian coastal waters, it
usually grows on hard substratum surrounded by sandy bottom. It means that in
most cases Cladophora belts have to be separated from shallow sandy bottom.

Optically dark marine habitats, such as brown and red algae, are spectrally
similar to each other and to deep water when multispectral sensors are used.
Figures 8B shows the difference between red algae and optically deep water.
Landsat 7 and IKONOS are not capable of detecting these differences at all.
ALI is capable of detecting the differences. Both brown and red macroalgae can
be separated from deep water if the water depth does not exceed 1 m.
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On the basis of the three visible bands available in the multispectral sensors
dataset, sand was well differentiated from algal cover. Sand has a higher albedo
than any algal substrate in ALI, Landsat7 and IKONOS bands 1, 2 and 3.
Submerged feature brightness appears to be strongest attribute for separating
substrate type. If there is a high degree of difference in the brightness of
substrate types, features can be easily separated (Call et al 2003).

Since the differences between reflectance values of green algae and brown
algae and green algae and red algae are small, multispectral satellites are hardly
able to discriminate between these algal types based on their spectral signature.

As brown and red algae have similar spectral reflectance values. Broad-band
sensors like ALI, Landsat7 and IKONOS are incapable of discriminating the
two substrates from each other.

5.3.2. Simulated MERIS performance
for detecting benthic algal cover

Unattached community of red algae Furcellaria lumbricalis occurs between the
two biggest Estonian islands Saaremaa and Hiiumaa where it is trapped inside a
circular current. Spatial scale of the area (hundreds of square kilometres)
suggests that MERIS sensor with more coarse spatial resolution than the
multispectral sensors, discussed above, could be used to map the extent of
Furcellaria stock in this region. MERIS SNR was taken 600:1. In just below the
water surface reflectance terms it means that the SNR has to be 300:1, which
means that difference between two bottom types has to be 0.3% to be detectable
by MERIS.

Figure 9A shows the simulated spectral differences between reflectance of
red algae and reflectance of optically deep water. Difference is the greatest in
ninth band near 700 nm, but these differences are above the instrument SNR
level only in waters shallower than 2 m due to strong absorption of light at these
wavelengths by water molecules. The next peak in the spectral difference
spectra is in fifth band near 560 nm and these differences are detectable by
MERIS in waters shallower than 5 m. The differences are detectable also in
third and fourth bands in waters not deeper than 1 m.
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Figure 9. Spectral differences between simulated reflectance spectra (A) red
macroalgae and optically deep water, (B) red macroalgae and sand. Calculations are
made for various water depths indicated in the legend. Each marker represents the
central wavelength of a MERIS band. SNR of MERIS is marked with red dashed line.

Figure 9B shows that the difference between sand and red algae is relatively
high as Furcellaria is considerably darker substrate compared to sand. The
difference is greatest in fifth band near 560 nm and this difference is detectable
at least in waters up to 6 m.

The wunattached Furcellaria is floating usually above sandy bottom
practically not covered with other vegetation. Sand and Furcellaria are optically
separable from each other by MERIS sensor in waters up to 6 m deep. It means
that part of the commercial stock of Furcellaria lumbricalis could be mapped
by MERIS in ideal circumstances (algal patches larger than MERIS spatial
resolution, good illumination and weather conditions). Usually the Furcellaria
mat is continuoes over the area it is covering. It means that the total area
covered by Furcellaria can be mapped if we can detect outer boarder of the
Furcellaria area. This can be done as the water is shallower there and sandy
bottom is relatively bright background to the dark Furcellaria mat.

It must be noted that the modelling simulations were carried out for ideal
circumstances i.e. relatively clear (for the Baltic Sea) water, calm water surface,
pure substrates and using instrumental SNR provided by the satellite
manufacturers. From this perspective, the results of this study represent the best
possible case for each sensor.

5.4. Advantages and limitations of multispectral and
hyperspectral satellite data in mapping water depth
and bottom type in the Baltic Sea

A hyperspectral satellite image (Hyperion) and a multispectral satellite image
(QuickBird) were tested to study, which of these sensors is most suitable for
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mapping bottom type and water depth in the Baltic Sea coastal waters. The
modelling study carried out for the Baltic Sea conditions (Paper II) indicated
that the main macroalgae groups are separable from each other also in relatively
turbid waters of the Baltic Sea. On the other hand our field measurements and
modelling results (Paper I, II, III) indicate that spectral resolution of
multispectral sensors like QuickBird is not sufficient to separate red macroalgae
from brown macroalgae based on their spectral signatures even if the
macroalgae are not covered with water. The situation is more complicated if the
vegetation is submerged.

Hyperion bands are narrow and enable differentiating between green-, red-,
and brown macroalgae based on the shape of their reflectance spectra (Paper
II). Another advantage of hyperspectral sensors is possibility of using analytical
methods in mapping water depth and bottom type. These methods use measured
or modelled spectral libraries to classify image data (Kutser et al. 2006, Lesser
and Mobley 2007). There is no need to carry out field measurements
simultaneously with image acquisition and to collect large amount of in situ
data as the analytical methods are based on physics rather than spatial statistics
of imagery and use optical properties of different bottom types and water
column. This data may be collected at any time and from locations that are not
necessarily in the imaged area. However, comparing Hyperion and QuickBird
images (Figure 10) of our site it became obvious that spatial resolution of
Hyperion is not adequate in such spatially heterogeneous environment like our
study site. Therefore, we decided to concentrate our effort on the QuickBird
image.

Figure 10. An islet Vareslaid in Western Estonian Archipelago imaged by (A)
QuickBird satellite with 2.4 m spatial resolution (B) Hyperion satellite with 30 m spatial
resolution

After some experimentation the Minimum Distance method was selected to
classify the image. As indicated by Green et al. (2000), there is no best
classification method, i.e. the different methods should be judged in terms of
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their cost and accuracy. The classification results for a sandy bay are shown in
Figure 11. There were underwater sand dunes in this study area. We measured
water depth in this area. Occurred, that water depth differences of 10 cm are
clearly detectable in the QuickBird image. Another dominant feature in this
study area is a belt of green filamentous macroalgae Cladophora glomerata
covering areas with hard substratum (pebble). This was also correctly classified
with the Minimum Distance method. There is also one misclassification in the
imaged area. One of the sand areas is classified as “Turbid water with sandy
bottom, 1.4 m deep”. Water depth in the area is classified correctly but seems
that reflectance spectrum of sandy bottom through this particular water depth
was identical to turbid water spectrum leading to the misclassification. This
kind of misclassification is easy to understand in the case of multispectral data
as there are only three spectral bands to use. Water with certain amount of
resuspended sand has obviously similar reflectance spectrum than sandy bottom
at certain depth in clear water.

HLend
B Cladophora, pebhle 0.15m
W Fureellaria 0.5-1.2m
HChars 0.7-0.9m
Band 1m
M3and 1.2m
MTurtd weter with sandy bottom 1.4m
Band 0.9m
HEUnidentified benthie vegetation 2o
Cladsphora, pehhle 0.4-0.6m
Band with Umestone pehble 0.4m
W Deep water
Cladophora 1lm
W Unidentifled benthic vegetation Foa
Cladophora 0.2m
Sand D.4m
Sand D.Ym
H3and ) Em

Figure 11. QuickBird true colour image (A) of a sandy bay and bottom classification
map (B) obtained using the Minimum Distance supervised classification method with in
situ bottom type and water depth data.
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Figure 12. Depth map of the sandy bay shown in Figure 11.

It is relatively straightforward to produce water depth maps from the bottom
classification map if each class contains substrate and depth information. This
requires joining all classes representing different substrates at a certain depth
into one depth class. Resulting depth map for the area shown in Figure 11 is
presented in Figure 12.

The results obtained for a single QuickBird image show that mapping
bottom type and water depth is relatively straightforward in shallow water areas
if in situ data is available. However, our modelling results (Paper II) and
results of this study show that different bottom types at different water depths
may have identical optical signatures even in very shallow (1-2 m) water when
multispectral sensors are used. Contextual editing (Mumby et al. 1998) i.c.
taking into account preliminary knowledge of water depth and using knowledge
about depth zones where dominant macroalgal species occur, should improve
the macroalgae classification results. The situation is favourable for contextual
editing in Estonian coastal waters where the two main environmental indicator
species (Cladophora glomerata and Fucus vesiculosus) are known to form
almost mono-species belts at different water depths (Martin and Torn, 2004).
For example the green filamentous macroalgae Cladophora glomerata is
present only in waters less than 2 m deep and forms mono-species belts in
waters less than 1 m deep (Martin and Torn, 2004). On the other hand the
important environmental indicator species Fucus vesiculosus (brown
macroalgae) forms mono-species belts in deeper waters (2—5 m). Thus, taking
into account the water depth information we can exclude possible sources of
misclassification.
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6. CONCLUSIONS

Based on the results of this study it could be concluded that:

The reflectance spectra of macroalgae of the same species collected from the
Baltic Sea are consistent in shape, but may be variable in absolute values.
Comparison of the results with reflectance spectra collected in different parts
of the world indicates that the reflectance of red-, green-, and brown
macroalgae are similar within each algae group.

The results of this study indicate that macroalgae can most likely be
identified by remote sensing on three broad group level (red-, green- and
brown macroalgae). High within species variability in reflectance values
suggests that it cannot be done on species level.

Modelling results indicate that the reflectance spectra of representatives of
green algae (C. Glomerata), red algae (F. Lumbricalis) and brown algae ( F.
Vesiculosus) differ from each other and from sand and deep water
reflectance spectra. The differences are detectable by remote sensing
instruments which spectral resolution is at least as good as spectral
resolution of our model (10 nm).

The maximum depths where hyperspectral remote sensing instruments could
potentially detect the spectral differences between the studied substrates are
greater than the depths where the studied algae actually occur (at least in
Estonian coastal waters) if the sensor’s SNR is better than 1000:1.

Modelling results also indicate that to some extent it is possible to map
green, red and brown algae (Cladophora glomerata, Furcellaria lumbricalis
and Fucus vesiculosus) with multispectral satellite sensors in turbid waters,
which optical properties resemble those of the open Baltic Sea, but the
depths where the macroalgae can be detected are usually shallower than the
maximum depths where these macroalgae grow.

Using of multispectral satellite data with high spatial resolution is preferable
to using of hyperspectral medium resolution data in mapping benthic
macroalgal cover in areas where the spatial heterogeneity is very high.

In case of a single image and availability of in situ data multispectral sensors
with high spatial resolution (QuickBird) can provide more detailed
information about the benthic cover than was assumed based on the shape of
reflectance spectra of different bottom types and spectral resolution of the
sensor. However, lack of in situ data or using of multiple images may
complicate the situation.

Taking into account the need in high spatial resolution data for mapping bottom
types and water depth in shallow coastal water and advantages of hyperspectral
information compared to multispectral data one can assume that hyperspectral
airborne imagery is the most suitable data for that purpose.
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SUMMARY IN ESTONIAN

Merepdhja elupaikade kaardistamine optiliselt keerukates
rannikuvetes kaugseire meetodil

Rannikualad on maailmas {ihed enim arenenud piirkonnad ning sinna on koon-
dunud suur osa inimtegevusest. Samas on rannikualad véairtuslikud ka bio-
loogilise mitmekesisuse ning loodusressursside poolest ning paljud sealsed
Okosiisteemid omavad nii majanduslikku kui ka 6koloogilist véartust.

Pohjataimestik on rannikualade Okosiisteemide téhtis komponent, omades
suurt tdhtsust aine- ja energiaringes. Pohjataimestiku voond on oluline elupaik
mereorganismidele, tagades paljudele nii paikse kui liikuva eluviisiga mere-
organismidele toidubaasi ning elupaiga. Samuti on pohjataimestikul suur tdhtsus
ka paljude to6nduslike kalade kudesubstraadina.

Pohjataimestiku levik soltub keskkonnatingimustest. Fotosiinteesiks vajavad
nad valgust ning nende kasv, ellujddmine ning siigavuslevik on otseselt seotud
valgustingimustega. Kéesoleval ajal on Ladnemeri inimtegevuse poolt tugevasti
mojutatud. Inimtegevusest pohjustatud eutrofeerumine e. veekogude toitainete-
sisalduse suurenemine on itheks suurimaks ohuks Léanemere pdhjataimestikule.
Eutrofeerumise suurenedes halvenevad valgustingimused ning see toob oma-
korda kaasa muutused pohjakooslustes.

Pohjataimestik on veekeskkonna okoloogilise seisundi indikaator ning muu-
tused pohjakoosluste ruumilises levikus ning liigilises koosseisus aitavad
hinnata rannikumere keskkonna seisundit. Senini on pohjataimestikku Ladne-
meres kaardistatud sukeldumismeetodil, mis on aga suhteliselt kallis, aega-
ndudev ning uuritava ala suurus on viga viike voOrreldes Eesti rannikuvete
kogupindalaga. Kaugseiremeetod vdimaldaks kaardistada laialdasemaid alasid
vorreldes sukeldumismeetodiga.

Kéesoleva dissertatsiooni pohieesmirkideks olid: (1) koostada spektriteek
Eesti rannikualade peamiste merepohja tiitipide (liiv, kruus, savi, muda,
rohevetikad, pruunvetikad, punavetikad) heleduskoefitsendi spektritest ning
erinevate makrovetikaliikide puhul uurida liigisisest heleduskoefitsendi spekt-
rite varieeruvust ; (2) mudelarvutuste teel uurida, kas ja kui sligavas vees on
kaugseire meetodil vdimalik Léd&nemere peamisi vetikarithmasid (puna-, rohe-
ja pruunvetikad) {iksteisest, liivast ja optiliselt siigavast veest optiliselt
erinevates rannavetes eristada; (3) mudelarvutuste teel uurida multispektraalsete
sensorite voimekust kaardistada erinevaid pdhjatiiiipe Ladnemere tingimustes;
(4) uurida suure ruumilise ja viikse spektraalse lahutusvéime ning keskmise
ruumilise ja suure spektraalse lahutusvdimega satelliitide sobivust La&dnemere
rannikupiirkondade pdhjataimestiku kaardistamiseks.

To6 tulemusena leiti jargmist:

Sama vetikaliigi heleduskoefitsendi spektrid on kuju poolest sarnased, kuid
voivad varieeruda absoluutvaidrtuste poolest. See tdhendab, et tdendoliselt saab
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kaugseire meetodil makrovetikaid identifitseerida kolme vetikariihma tasemel,
mitte aga liigi tasemel. Vdrreldes meie poolt Ladnemeres mdddetud heledus-
koefitsendi spektreid mujal maailmas teostatud mootmistega, selgus, et rohe-,
pruun- ja punavetikate heleduskoefitsendi spektrid on vetikariihmade tasandil
iiksteisega sarnased.

Modelleerimise tulemused niitavad, et rohe-, pruun- ja punavetikate (mida
esindasid vastavalt Cladophora glomerata, Fucus vesiculosus ja Furcellaria
lumbricalis) heleduskoefitsendi spektrid erinevad iiksteisest, liivast ning siigava
vee heleduskoefitsiendi spektritest. Kaugseire sensorid, mille spektraalne
lahutus on védhemalt sama hea nagu meie mudelil (10 nm) ning signaali ja miira
suhe vdahemalt 1000:1 (pracgused lennuvahenditel paiknevad sensorid), suuda-
vad neid pohjatiilipe iiksteisest eristada. Seejuures on maksimaalne siigavus, kus
see eristamine on vdimalik, sligavamal kui nende vetikate esinemissiigavus
Eesti rannavetes.

Modelleerimistulemustele toetudes voib delda, et Liddnemere tingimustes on
multispektraalsete sensoritega (nagu ALI, Landsat 7, QuickBird ja IKONOS)
mingil médral voimalik kaardistada rohevetikaid Cladophora glomerata, puna-
vetikaid Furcellaria lumbricalis ja pruunvetikaid Fucus vesiculosus. Sellegi-
poolest on siigavus, milleni multispektraasled riistad on vdimelised vetikaid
eristama madalam, kui maksimaalne siigavus, kus need vetikad Eesti ranniku-
vetes kasvavad.

Pohjataimestiku suure ruumilise varieeruvuse tottu on Eesti rannikumere
pohjatiiiipide kaardistamisel eelistatum suure ruumilise lahutusvoimega sen-
sorid, nagu QuickBird (2,4 m). 30-meetrise ruumilise lahutusvoimega Hyperion
on Eesti rannikumere pohjatiilipide kaardistamiseks ebarahuldav, kuna erinevate
pohjatiiiipide varieeruvus iihe pikseli piires on suur.

Suure ruumilise lahutusvéimega multispektraalne sensor QuickBird oli
voimeline Eesti rannikumere pohjatiiiipe eristama paremini, kui seda vois
eeldada modelleerimistulemuste pohjal. Siiski ei ole sellise sensori spektraalne
lahutusvéime mitmete oluliste pohjatiilipide eristamiseks piisav ning seetottu
voib jdreldada, et optimaalseim riist pohjataimestiku ulatuse ja tiilibi ning vee
siigavuse kaardistamiseks Eesti rannavetes on lennuvahendil paiknev suure
ruumilise ja spektraalse lahutusvdimega spektromeeter.

47



AKNOWLEDGEMENTS

I’'m most grateful to my supervisor Dr. Tiit Kutser for his guidance and support
during my studies and writing this thesis. I would also like to thank all the co-
authors of the papers and all the colleagues for their supportive attitude. I wish
to express special gratitude to my colleague Liisa Metsamaa, with whom we
have begun the studies in Tallinn Pedagogical University and finally defending
PhD degree in Tartu University.

I am very thankful to my colleague Birgot Paavel for doing the laboratory
measurements. [ would also like to express my sincere gratitude to Georg
Martin, Leili Jarv, Kaire Kaljurand and Arno Po&llumie for their help in
fieldwork.

My special thanks to Dr. Arnold Dekker (Australian Commonwealth
Scientific and Research Organisation) for the opportunity to gain the experience
at his laboratory.

Finally I wish to thank my family for their support and understanding during
my studies.

This study was supported by Estonian Science Foundation grant 6051, Estonian
Environmental Monitoring Programme and research grant 0712699505 of
Estonian Ministry of Education and Research.

I wish to thank Kristjan Jaagu fellowship program and the Doctoral School
of Ecology and Environmental Sciences for several scholarships, which have
been most helpful in completing my studies.

48



PUBLICATIONS



Date of birth:

Citizenship:
Address:

Phone:

Fax:
E-mail:

1996-1999
2000-2004

2004-2005

2005-2009

2005-2006

2006 — present

Main topics:

CURRICULUM VITAE
Ele Vahtmaie

September 27, 1980

Estonia

Estonian Marine Institute, University of Tartu,
Maiealuse 10a, Tallinn 12618, Estonia

+372 5206308

+372 6718900

Ele.vahtmae@sea.ee

Education

Rapla Coeducational Gymnasium

Tallinn Pedagogical University, Faculty of Mathematics and
Natural Science, BSc in marine biology

University of Tartu, Faculty of Biology and Geography,
Institute of Zoology and Hydrobiology, MSc in hydrobiology.
University of Tartu, Faculty of Science and Technology,
Institute of Ecology and Earth Sciences, PhD studies in
hydrobiology.

Professional experience

Estonian Marine Institute, University of Tartu, Department of
Remote Sensing and Marine Optics, engineer.

Estonian Marine Institute, University of Tartu, Department of
Remote Sensing and Marine Optics, research fellow.

Scientific activity

Mapping benthic habitats with remote sensing.

97



Publications

Vahtmée, E., Kutser, T., Martin, G., Kotta, J. (2006). Feasibility of hyper-
spectral remote sensing for mapping benthic macroalgal cover in turbid
coastal waters — a Baltic Sea case study. Remote Sensing of Environment,
101, 342-351.

Kutser, T., Vahtmie, E., Martin, G. (2006). Assessing suitability of multi-
spectral satellites for mapping benthic macroalgal cover in turbid coastal
waters by means of model simulations. Estuarine, Coastal and Shelf
Science, 67, 521-529.

Kutser, T., Metsamaa, L., Strombek, N., Vahtmie, E. (2006). Monitoring
cyanobacterial blooms by satellite remote sensing. Estuarine, Coastal and
Shelf Science, 67, 303-312.

Kutser, T., Vahtmée, E., Metsamaa, L. (2006). Spectral library of macroalgae
and benthic substrates in Estonian coastal waters. Proceedings of Estonian
Academy of Sciences. Biology-Ecology, 55, 4, 329-340.

Kutser, T., Metsamaa, L., Vahtmée, E., Strombeck, N. (2006). Suitability of
MODIS 250 m resolution band data for quantitative mapping of cyano-
bacterial blooms. Proceedings of Estonian Academy of Sciences. Biology-
Ecology, 55,4, 318-328.

Drevs, T., Jaanus, A., Vahtmie, E. (2007). Effect of cyanobacterial blooms on
the abundance of the flounder Platichthys flesus (L.) in the Gulf of Finland.
Proceedings of Estonian Academy of Sciences. Biology-Ecology, 56, 3, 196—
208.

Kutser, T., Vahtmae, E., Roelfsema, C. M., Metsamaa, L. (2007). Photo-library
method for mapping seagrass biomass. Estuarine, Coastal and Shelf Science,
75, 559-563.

Vahtmée, E., Kutser, T. (2007). Mapping bottom type and water depth in
shallow coastal waters with satellite and airborne remote sensing. Journal of
Coastal Research, SI50, 185—189.

Kutser, T., Metsamaa, L., Vahtmie, E. and Aps, R. (2007). Operative moni-
toring of the Extent of Dredging Impact on Coastal Ecosystems Using
MODIS Satellite Imagery. Journal of Coastal Research, SI50, 180—184.

Kutser, T., Hiire, M., Metsamaa, L., Vahtmie, E., Paavel, P., Aps, R. (2009)
Field measurements of spectral backscattering coefficient of the Baltic Sea
and boreal lakes. Boreal Environment Research, 14: 305-312.

Kutser, T., Paavel, B., Metsamaa, L., Vahtmie, E. (2009) Mapping coloured
dissolved organic matter concentration in coastal waters. International
Journal of Remote Sensing (in press).

98



Siinniaeg:
Kodakondsus:
Aadress:
Telefon:

Faks:
E-mail:

1996-1999
2000-2004

2004-2005

2005-2009

2005-2006

CURRICULUM VITAE

Ele Vahtmaie

27. september 1980

Eesti

Tartu Ulikooli Eesti Mereinstituut,
Miealuse 10a, Tallinn 12618
+372 5206308

+372 6718900
Ele.vahtmae@sea.ce

Hariduskaik

Rapla Uhisgiimnaasium

Tallinna Pedagoogikaiilikool, Matemaatika ja loodus-
teaduste teaduskond, BSc bioloogias (merebioloog-kesk-
konnaspetsialist)

Tartu Ulikool, Bioloogia-geograafiateaduskond, Zooloogia ja
Hiidrobioloogia Instituut, MSc hiidrobioloogias.

Tartu Ulikool, Loodus- ja tehnoloogiateaduskond, Okoloogia
ja Maateaduste Instituut, doktorantuur hiidrobioloogias.

Teenistuskaik

Tartu Ulikooli Eesti Mereinstituut, kaugseire ja mereoptika
osakond, insener.

2006 pracguseni Tartu Ulikooli Eesti Mereinstituut, kaugseire ja mereoptika

osakond, teadur.

Teadustegevus

Peamised uurimissuunad: Kaugseiremeetodi kasutamine merepdhja kaardista-

misel

99



Publikatsioonid

Vahtmée, E., Kutser, T., Martin, G., Kotta, J. (2006). Feasibility of hyper-
spectral remote sensing for mapping benthic macroalgal cover in turbid
coastal waters — a Baltic Sea case study. Remote Sensing of Environment,
101, 342-351.

Kutser, T., Vahtmie, E., Martin, G. (2006). Assessing suitability of multi-
spectral satellites for mapping benthic macroalgal cover in turbid coastal
waters by means of model simulations. Estuarine, Coastal and Shelf Science,
67, 521-529.

Kutser, T., Metsamaa, L., Strombek, N., Vahtmie, E. (2006). Monitoring
cyanobacterial blooms by satellite remote sensing. Estuarine, Coastal and
Shelf Science, 67, 303-312.

Kutser, T., Vahtmée, E., Metsamaa, L. (2006). Spectral library of macroalgae
and benthic substrates in Estonian coastal waters. Proceedings of Estonian
Academy of Sciences. Biology-Ecology, 55, 4, 329-340.

Kutser, T., Metsamaa, L., Vahtmée, E., Strombeck, N. (2006). Suitability of
MODIS 250 m resolution band data for quantitative mapping of cyano-
bacterial blooms. Proceedings of Estonian Academy of Sciences. Biology-
Ecology, 55, 4, 318-328.

Drevs, T., Jaanus, A., Vahtmie, E. (2007). Effect of cyanobacterial blooms on
the abundance of the flounder Platichthys flesus (L.) in the Gulf of Finland.
Proceedings of Estonian Academy of Sciences. Biology-Ecology, 56, 3, 196—
208.

Kutser, T., Vahtmie, E., Roelfsema, C. M., Metsamaa, L. (2007). Photo-library
method for mapping seagrass biomass. Estuarine, Coastal and Shelf Science,
75, 559-563.

Vahtmée, E., Kutser, T. (2007). Mapping bottom type and water depth in
shallow coastal waters with satellite and airborne remote sensing. Journal of
Coastal Research, SI50, 185—189.

Kutser, T., Metsamaa, L., Vahtmie, E. and Aps, R. (2007). Operative moni-
toring of the Extent of Dredging Impact on Coastal Ecosystems Using
MODIS Satellite Imagery. Journal of Coastal Research, SI50, 180—184.

Kutser, T., Hiire, M., Metsamaa, L., Vahtmie, E., Paavel, P., Aps, R. (2009)
Field measurements of spectral backscattering coefficient of the Baltic Sea
and boreal lakes. Boreal Environment Research, 14: 305-312.

Kutser, T., Paavel, B., Metsamaa, L., Vahtmie, E. (2009) Mapping coloured
dissolved organic matter concentration in coastal waters. International
Journal of Remote Sensing (in press).

100



11.

12.

13.

13.

14.

15

16.

17.

18.

19.

DISSERTATIONES BIOLOGICAE
UNIVERSITATIS TARTUENSIS

. Toivo Maimets. Studies of human oncoprotein p53. Tartu, 1991, 96 p.
. Enn K. Seppet. Thyroid state control over energy metabolism, ion transport

and contractile functions in rat heart. Tartu, 1991, 135 p.

. Kristjan Zobel. Epifiilitsete makrosamblike vdirtus ohu saastuse indikaa-

toritena Hamar-Dobani boreaalsetes méagimetsades. Tartu, 1992, 131 1k.

. Andres Miie. Conjugal mobilization of catabolic plasmids by transposable

elements in helper plasmids. Tartu, 1992, 91 p.

. Maia Kivisaar. Studies on phenol degradation genes of Pseudomonas sp.

strain EST 1001. Tartu, 1992, 61 p.

. Allan Nurk. Nucleotide sequences of phenol degradative genes from

Pseudomonas sp. strain EST 1001 and their transcriptional activation in
Pseudomonas putida. Tartu, 1992, 72 p.

. Ulo Tamm. The genus Populus L. in Estonia: variation of the species bio-

logy and introduction. Tartu, 1993, 91 p.

. Jaanus Remme. Studies on the peptidyltransferase centre of the E.coli ribo-

some. Tartu, 1993, 68 p.

. Ulo Langel. Galanin and galanin antagonists. Tartu, 1993, 97 p.
. Arvo Kaird. The development of an automatic online dynamic fluo-

rescense-based pH-dependent fiber optic penicillin flowthrought biosensor
for the control of the benzylpenicillin hydrolysis. Tartu, 1993, 117 p.

Lilian Jérvekiilg. Antigenic analysis and development of sensitive immu-
noassay for potato viruses. Tartu, 1993, 147 p.

Jaak Palumets. Analysis of phytomass partition in Norway spruce. Tartu,
1993, 47 p.

Arne Sellin. Variation in hydraulic architecture of Picea abies (L.) Karst.
trees grown under different enviromental conditions. Tartu, 1994, 119 p.
Mati Reeben. Regulation of light neurofilament gene expression. Tartu,
1994, 108 p.

Urmas Tartes. Respiration rhytms in insects. Tartu, 1995, 109 p.

. Ulo Puurand. The complete nucleotide sequence and infections in vitro

transcripts from cloned cDNA of a potato A potyvirus. Tartu, 1995, 96 p.
Peeter Horak. Pathways of selection in avian reproduction: a functional
framework and its application in the population study of the great tit (Parus
major). Tartu, 1995, 118 p.

Erkki Truve. Studies on specific and broad spectrum virus resistance in
transgenic plants. Tartu, 1996, 158 p.

Illar Pata. Cloning and characterization of human and mouse ribosomal
protein S6-encoding genes. Tartu, 1996, 60 p.

Ulo Niinemets. Importance of structural features of leaves and canopy in
determining species shade-tolerance in temperature deciduous woody taxa.
Tartu, 1996, 150 p.

101



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

Ants Kurg. Bovine leukemia virus: molecular studies on the packaging
region and DNA diagnostics in cattle. Tartu, 1996, 104 p.

Ene Ustav. E2 as the modulator of the BPV1 DNA replication. Tartu, 1996,
100 p.

Aksel Soosaar. Role of helix-loop-helix and nuclear hormone receptor tran-
scription factors in neurogenesis. Tartu, 1996, 109 p.

Maido Remm. Human papillomavirus type 18: replication, transformation
and gene expression. Tartu, 1997, 117 p.

Tiiu Kull. Population dynamics in Cypripedium calceolus L. Tartu, 1997,
124 p.

Kalle OIlli. Evolutionary life-strategies of autotrophic planktonic micro-
organisms in the Baltic Sea. Tartu, 1997, 180 p.

Meelis Pirtel. Species diversity and community dynamics in calcareous
grassland communities in Western Estonia. Tartu, 1997, 124 p.

Malle Leht. The Genus Potentilla L. in Estonia, Latvia and Lithuania: dis-
tribution, morphology and taxonomy. Tartu, 1997, 186 p.

Tanel Tenson. Ribosomes, peptides and antibiotic resistance. Tartu, 1997,
80 p.

Arvo Tuvikene. Assessment of inland water pollution using biomarker
responses in fish in vivo and in vitro. Tartu, 1997, 160 p.

Urmas Saarma. Tuning ribosomal elongation cycle by mutagenesis of
23S rRNA. Tartu, 1997, 134 p.

Henn Ojaveer. Composition and dynamics of fish stocks in the gulf of Riga
ecosystem. Tartu, 1997, 138 p.

Lembi Lougas. Post-glacial development of vertebrate fauna in Estonian
water bodies. Tartu, 1997, 138 p.

Margus Pooga. Cell penetrating peptide, transportan, and its predecessors,
galanin-based chimeric peptides. Tartu, 1998, 110 p.

Andres Saag. Evolutionary relationships in some cetrarioid genera (Liche-
nized Ascomycota). Tartu, 1998, 196 p.

Aivar Liiv. Ribosomal large subunit assembly in vivo. Tartu, 1998, 158 p.
Tatjana Oja. Isoenzyme diversity and phylogenetic affinities among the
eurasian annual bromes (Bromus L., Poaceae). Tartu, 1998, 92 p.

Mari Moora. The influence of arbuscular mycorrhizal (AM) symbiosis on
the competition and coexistence of calcareous crassland plant species.
Tartu, 1998, 78 p.

Olavi Kurina. Fungus gnats in Estonia (Diptera: Bolitophilidae, Kero-
platidae, Macroceridae, Ditomyiidae, Diadocidiidae, Mycetophilidae).
Tartu, 1998, 200 p.

Andrus Tasa. Biological leaching of shales: black shale and oil shale.
Tartu, 1998, 98 p.

Arnold Kristjuhan. Studies on transcriptional activator properties of tumor
suppressor protein p53. Tartu, 1998, 86 p.

102



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Sulev Ingerpuu. Characterization of some human myeloid cell surface and
nuclear differentiation antigens. Tartu, 1998, 163 p.

Veljo Kisand. Responses of planktonic bacteria to the abiotic and biotic
factors in the shallow lake Vortsjarv. Tartu, 1998, 118 p.

Kadri Példmaa. Studies in the systematics of hypomyces and allied genera
(Hypocreales, Ascomycota). Tartu, 1998, 178 p.

Markus Vetemaa. Reproduction parameters of fish as indicators in
environmental monitoring. Tartu, 1998, 117 p.

Heli Talvik. Prepatent periods and species composition of different
Oesophagostomum spp. populations in Estonia and Denmark. Tartu, 1998,
104 p.

Katrin Heinsoo. Cuticular and stomatal antechamber conductance to water
vapour diffusion in Picea abies (L.) karst. Tartu, 1999, 133 p.

Tarmo Annilo. Studies on mammalian ribosomal protein S7. Tartu, 1998,
77 p.

Indrek Ots. Health state indicies of reproducing great tits (Parus major):
sources of variation and connections with life-history traits. Tartu, 1999,
117 p.

Juan Jose Cantero. Plant community diversity and habitat relationships in
central Argentina grasslands. Tartu, 1999, 161 p.

Rein Kalamees. Seed bank, seed rain and community regeneration in
Estonian calcareous grasslands. Tartu, 1999, 107 p.

Sulev Kéks. Cholecystokinin (CCK) — induced anxiety in rats: influence
of environmental stimuli and involvement of endopioid mechanisms and
erotonin. Tartu, 1999, 123 p.

Ebe Sild. Impact of increasing concentrations of Os; and CO, on wheat,
clover and pasture. Tartu, 1999, 123 p.

Ljudmilla Timofejeva. Electron microscopical analysis of the synaptone-
mal complex formation in cereals. Tartu, 1999, 99 p.

Andres Valkna. Interactions of galanin receptor with ligands and
G-proteins: studies with synthetic peptides. Tartu, 1999, 103 p.

Taavi Virro. Life cycles of planktonic rotifers in lake Peipsi. Tartu, 1999,
101 p.

Ana Rebane. Mammalian ribosomal protein S3a genes and intron-encoded
small nucleolar RNAs U73 and U82. Tartu, 1999, 85 p.

Tiina Tamm. Cocksfoot mottle virus: the genome organisation and transla-
tional strategies. Tartu, 2000, 101 p.

Reet Kurg. Structure-function relationship of the bovine papilloma virus E2
protein. Tartu, 2000, 89 p.

Toomas Kivisild. The origins of Southern and Western Eurasian popula-
tions: an mtDNA study. Tartu, 2000, 121 p.

Niilo Kaldalu. Studies of the TOL plasmid transcription factor XylS. Tartu
2000. 88 p.

103



61.

62.

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

Dina Lepik. Modulation of viral DNA replication by tumor suppressor
protein p53. Tartu 2000. 106 p.

Kai Vellak. Influence of different factors on the diversity of the bryophyte
vegetation in forest and wooded meadow communities. Tartu 2000. 122 p.

. Jonne Kotta. Impact of eutrophication and biological invasionas on the

structure and functions of benthic macrofauna. Tartu 2000. 160 p.

Georg Martin. Phytobenthic communities of the Gulf of Riga and the inner
sea the West-Estonian archipelago. Tartu, 2000. 139 p.

Silvia Sepp. Morphological and genetical variation of Alchemilla L. in
Estonia. Tartu, 2000. 124 p.

Jaan Liira. On the determinants of structure and diversity in herbaceous
plant communities. Tartu, 2000. 96 p.

Priit Zingel. The role of planktonic ciliates in lake ecosystems. Tartu 2001.
111 p.

Tiit Teder. Direct and indirect effects in Host-parasitoid interactions:
ecological and evolutionary consequences. Tartu 2001. 122 p.

Hannes Kollist. Leaf apoplastic ascorbate as ozone scavenger and its
transport across the plasma membrane. Tartu 2001. 80 p.

Reet Marits. Role of two-component regulator system PehR-PehS and
extracellular protease PrtW in virulence of Erwinia Carotovora subsp.
Carotovora. Tartu 2001. 112 p.

Vallo Tilgar. Effect of calcium supplementation on reproductive perfor-
mance of the pied flycatcher Ficedula hypoleuca and the great tit Parus
major, breeding in Nothern temperate forests. Tartu, 2002. 126 p.

Rita Horak. Regulation of transposition of transposon Tn4652 in
Pseudomonas putida. Tartu, 2002. 108 p.

Liina Eek-Piirsoo. The effect of fertilization, mowing and additional
illumination on the structure of a species-rich grassland community. Tartu,
2002. 74 p.

Kro6t Aasamaa. Shoot hydraulic conductance and stomatal conductance of
six temperate deciduous tree species. Tartu, 2002. 110 p.

Nele Ingerpuu. Bryophyte diversity and vascular plants. Tartu, 2002.
112 p.

Neeme Tonisson. Mutation detection by primer extension on oligo-
nucleotide microarrays. Tartu, 2002. 124 p.

Margus Pensa. Variation in needle retention of Scots pine in relation to
leaf morphology, nitrogen conservation and tree age. Tartu, 2003. 110 p.
Asko Lohmus. Habitat preferences and quality for birds of prey: from
principles to applications. Tartu, 2003. 168 p.

Viljar Jaks. p53 — a switch in cellular circuit. Tartu, 2003. 160 p.

Jaana Minnik. Characterization and genetic studies of four ATP-binding
cassette (ABC) transporters. Tartu, 2003. 140 p.

Marek Sammul. Competition and coexistence of clonal plants in relation to
productivity. Tartu, 2003. 159 p

104



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Ivar Ilves. Virus-cell interactions in the replication cycle of bovine
papillomavirus type 1. Tartu, 2003. 89 p.

Andres Minnik. Design and characterization of a novel vector system
based on the stable replicator of bovine papillomavirus type 1. Tartu, 2003.
109 p.

Ivika Ostonen. Fine root structure, dynamics and proportion in net
primary production of Norway spruce forest ecosystem in relation to site
conditions. Tartu, 2003. 158 p.

Gudrun Veldre. Somatic status of 12—15-year-old Tartu schoolchildren.
Tartu, 2003. 199 p.

Ulo Vili. The greater spotted eagle Aquila clanga and the lesser spotted
eagle A. pomarina: taxonomy, phylogeography and ecology. Tartu, 2004.
159 p.

Aare Abroi. The determinants for the native activities of the bovine
papillomavirus type 1 E2 protein are separable. Tartu, 2004. 135 p.

Tiina Kahre. Cystic fibrosis in Estonia. Tartu, 2004. 116 p.

Helen Orav-Kotta. Habitat choice and feeding activity of benthic suspen-
sion feeders and mesograzers in the northern Baltic Sea. Tartu, 2004.
117 p.

Maarja Opik. Diversity of arbuscular mycorrhizal fungi in the roots of
perennial plants and their effect on plant performance. Tartu, 2004. 175 p.
Kadri Tali. Species structure of Neotinea ustulata. Tartu, 2004. 109 p.
Kristiina Tambets. Towards the understanding of post-glacial spread of
human mitochondrial DNA haplogroups in Europe and beyond: a phylo-
geographic approach. Tartu, 2004. 163 p.

Arvi Joers. Regulation of p53-dependent transcription. Tartu, 2004. 103 p.
Lilian Kadaja. Studies on modulation of the activity of tumor suppressor
protein p53. Tartu, 2004. 103 p.

Jaak Truu. Oil shale industry wastewater: impact on river microbial
community and possibilities for bioremediation. Tartu, 2004. 128 p.

Maire Peters. Natural horizontal transfer of the pheBA operon. Tartu,
2004. 105 p.

Ulo Maiviili. Studies on the structure-function relationship of the bacterial
ribosome. Tartu, 2004. 130 p.

Merit Otsus. Plant community regeneration and species diversity in dry
calcareous grasslands. Tartu, 2004. 103 p.

Mikk Heidemaa. Systematic studies on sawflies of the genera Dolerus,
Empria, and Caliroa (Hymenoptera: Tenthredinidae). Tartu, 2004. 167 p.

100. Ilmar Ténno. The impact of nitrogen and phosphorus concentration and

N/P ratio on cyanobacterial dominance and N, fixation in some Estonian
lakes. Tartu, 2004. 111 p.

101. Lauri Saks. Immune function, parasites, and carotenoid-based ornaments

in greenfinches. Tartu, 2004. 144 p.

105



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Siiri Rootsi. Human Y-chromosomal variation in European populations.
Tartu, 2004. 142 p.

Eve Vedler. Structure of the 2,4-dichloro-phenoxyacetic acid-degradative
plasmid pEST4011. Tartu, 2005. 106 p.

Andres Tover. Regulation of transcription of the phenol degradation
pheBA operon in Pseudomonas putida. Tartu, 2005. 126 p.

Helen Udras. Hexose kinases and glucose transport in the yeast Han-
senula polymorpha. Tartu, 2005. 100 p.

Ave Suija. Lichens and lichenicolous fungi in Estonia: diversity, distri-
bution patterns, taxonomy. Tartu, 2005. 162 p.

Piret Lohmus. Forest lichens and their substrata in Estonia. Tartu, 2005.
162 p.

Inga Lips. Abiotic factors controlling the cyanobacterial bloom occur-
rence in the Gulf of Finland. Tartu, 2005. 156 p.

Kaasik, Krista. Circadian clock genes in mammalian clockwork, meta-
bolism and behaviour. Tartu, 2005. 121 p.

Juhan Javois. The effects of experience on host acceptance in ovipositing
moths. Tartu, 2005. 112 p.

Tiina Sedman. Characterization of the yeast Saccharomyces cerevisiae
mitochondrial DNA helicase Hmil. Tartu, 2005. 103 p.

Ruth Aguraiuja. Hawaiian endemic fern lineage Diellia (Aspleniaceae):
distribution, population structure and ecology. Tartu, 2005. 112 p.

Riho Teras. Regulation of transcription from the fusion promoters ge-
nerated by transposition of Tn4652 into the upstream region of pheBA
operon in Pseudomonas putida. Tartu, 2005. 106 p.

Mait Metspalu. Through the course of prehistory in india: tracing the
mtDNA trail. Tartu, 2005. 138 p.

Elin Lohmussaar. The comparative patterns of linkage disequilibrium in
European populations and its implication for genetic association studies.
Tartu, 2006. 124 p.

Priit Kupper. Hydraulic and environmental limitations to leaf water rela-
tions in trees with respect to canopy position. Tartu, 2006. 126 p.

Heili Ilves. Stress-induced transposition of Tn4652 in Pseudomonas
Putida. Tartu, 2006. 120 p.

Silja Kuusk. Biochemical properties of Hmilp, a DNA helicase from
Saccharomyces cerevisiae mitochondria. Tartu, 2006. 126 p.

Kersti Piissa. Forest edges on medium resolution landsat thematic mapper
satellite images. Tartu, 2006. 90 p.

Lea Tummeleht. Physiological condition and immune function in great
tits (Parus major 1.): Sources of variation and trade-offs in relation to
growth. Tartu, 2006. 94 p.

Toomas Esperk. Larval instar as a key element of insect growth schedules.
Tartu, 2006. 186 p.

106



122. Harri Valdmann. Lynx (Lynx lynx) and wolf (Canis lupus) in the Baltic
region: Diets, helminth parasites and genetic variation. Tartu, 2006. 102 p.

123. Priit Joers. Studies of the mitochondrial helicase Hmilp in Candida
albicans and Saccharomyces cerevisia. Tartu, 2006. 113 p.

124. Kersti Lillevili. Gata3 and Gata2 in inner ear development. Tartu, 2007.
123 p.

125. Kai Riink. Comparative ecology of three fern species: Dryopteris carthu-
siana (Vill.) H.P. Fuchs, D. expansa (C. Presl) Fraser-Jenkins & Jermy and
D. dilatata (Hoffm.) A. Gray (Dryopteridaceae). Tartu, 2007. 143 p.

126. Aveliina Helm. Formation and persistence of dry grassland diversity: role
of human history and landscape structure. Tartu, 2007. 89 p.

127. Leho Tedersoo. Ectomycorrhizal fungi: diversity and community structure
in Estonia, Seychelles and Australia. Tartu, 2007. 233 p.

128. Marko Miigi. The habitat-related variation of reproductive performance of
great tits in a deciduous-coniferous forest mosaic: looking for causes and
consequences. Tartu, 2007. 135 p.

129. Valeria Lulla. Replication strategies and applications of Semliki Forest
virus. Tartu, 2007. 109 p.

130. Ulle Reier. Estonian threatened vascular plant species: causes of rarity and
conservation. Tartu, 2007. 79 p.

131.Inga Jiiriado. Diversity of lichen species in Estonia: influence of regional
and local factors. Tartu, 2007. 171 p.

132. Tatjana Krama. Mobbing behaviour in birds: costs and reciprocity based
cooperation. Tartu, 2007.

133.Signe Saumaa. The role of DNA mismatch repair and oxidative DNA
damage defense systems in avoidance of stationary phase mutations in
Pseudomonas putida. Tartu, 2007. 172 p.

134. Reedik Migi. The linkage disequilibrium and the selection of genetic
markers for association studies in european populations. Tartu, 2007. 96 p.

135. Priit Kilgas. Blood parameters as indicators of physiological condition and
skeletal development in great tits (Parus major): natural variation and
application in the reproductive ecology of birds. Tartu, 2007. 129 p.

136. Anu Albert. The role of water salinity in structuring eastern Baltic coastal
fish communities. Tartu, 2007. 95 p.

137. Kért Padari. Protein transduction mechanisms of transportans. Tartu, 2008.
128 p.

138. Siiri-Lii Sandre. Selective forces on larval colouration in a moth. Tartu,
2008. 125 p.

139. Ulle Jogar. Conservation and restoration of semi-natural floodplain mea-
dows and their rare plant species. Tartu, 2008. 99 p.

140. Lauri Laanisto. Macroecological approach in vegetation science: gene-
rality of ecological relationships at the global scale. Tartu, 2008. 133 p.
141. Reidar Andreson. Methods and software for predicting PCR failure rate in

large genomes. Tartu, 2008. 105 p.

107



142. Birgot Paavel. Bio-optical properties of turbid lakes. Tartu, 2008. 175 p.

143. Kaire Torn. Distribution and ecology of charophytes in the Baltic Sea.
Tartu, 2008, 98 p.

144. Vladimir Vimberg. Peptide mediated macrolide resistance. Tartu, 2008,
190 p.

145. Daima Ord. Studies on the stress-inducible pseudokinase TRB3, a novel
inhibitor of transcription factor ATF4. Tartu, 2008, 108 p.

146. Lauri Saag. Taxonomic and ecologic problems in the genus Lepraria
(Stereocaulaceae, lichenised Ascomycota). Tartu, 2008, 175 p.

147. Ulvi Karu. Antioxidant protection, carotenoids and coccidians in green-
finches — assessment of the costs of immune activation and mechanisms of
parasite resistance in a passerine with carotenoid-based ornaments. Tartu,
2008, 124 p.

148. Jaanus Remm. Tree-cavities in forests: density, characteristics and occu-
pancy by animals. Tartu, 2008, 128 p.

149. Epp Moks. Tapeworm parasites Echinococcus multilocularis and E. gra-
nulosus in Estonia: phylogenetic relationships and occurrence in wild
carnivores and ungulates. Tartu, 2008, 82 p.

150. Eve Eensalu. Acclimation of stomatal structure and function in tree ca-
nopy: effect of light and CO, concentration. Tartu, 2008, 108 p.

151.Janne Pullat. Design, functionlization and application of an in situ
synthesized oligonucleotide microarray. Tartu, 2008, 108 p.

152. Marta Putrins. Responses of Pseudomonas putida to phenol-induced
metabolic and stress signals. Tartu, 2008, 142 p.

153. Marina SemtSenko. Plant root behaviour: responses to neighbours and
physical obstructions. Tartu, 2008, 106 p.

154. Marge Starast. Influence of cultivation techniques on productivity and
fruit quality of some Vaccinium and Rubus taxa. Tartu, 2008, 154 p.

155. Age Tats. Sequence motifs influencing the efficiency of translation. Tartu,
2009, 104 p.

156. Radi Tegova. The role of specialized DNA polymerases in mutagenesis in
Pseudomonas putida. Tartu, 2009, 124 p.

157. Tsipe Aavik. Plant species richness, composition and functional trait
pattern in agricultural landscapes — the role of land use intensity and land-
scape structure. Tartu, 2008, 112 p.

158. Kaja Kiiver. Semliki forest virus based vectors and cell lines for studying
the replication and interactions of alphaviruses and hepaciviruses. Tartu,
2009, 104 p.

159. Meelis Kadaja. Papillomavirus Replication Machinery Induces Genomic
Instability in its Host Cell. Tartu, 2009, 126 p.

160. Pille Hallast. Human and chimpanzee Luteinizing hormone/Chorionic
Gonadotropin beta (LHB/CGB) gene clusters: diversity and divergence of
young duplicated genes. Tartu, 2009, 168 p.

108



161. Ain Vellak. Spatial and temporal aspects of plant species conservation.
Tartu, 2009, 86 p.

162. Triinu Remmel. Body size evolution in insects with different colouration
strategies: the role of predation risk. Tartu, 2009, 168 p.

163. Jaana Salujoe. Zooplankton as the indicator of ecological quality and fish
predation in lake ecosystems. Tartu, 2009, 129 p.



	kutser ecss benthic.pdf
	Assessing suitability of multispectral satellites for mapping benthic macroalgal cover in turbid coastal waters by means of model simulations
	Introduction
	Methods
	In situ measurements of benthic reflectance spectra
	Bio-optical modelling
	Satellite sensors under investigation
	Signal to noise ratio

	Results
	Reflectance spectra of macroalgae and sand
	Simulated ALI, Landsat 7 ETM+ and IKONOS performance in detecting benthic macroalgal cover
	Simulated MERIS performance for detecting benthic algal cover

	Discussion
	Conclusions
	Acknowledgements
	References


	vahtmäe rse.pdf
	Feasibility of hyperspectral remote sensing for mapping benthic macroalgal cover in turbid coas.....
	Introduction
	Methods
	In situ measurements of benthic reflectance spectra
	Bio-optical modelling

	Results
	Spectral differences between substrates and deep water
	Spectral differences between algal species in different depths

	Discussion
	Conclusions
	Acknowledgements
	References





