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A semi empirical bio-optical model was developed for the Pakri Bay. Model input param-
eters i.e. particle-specific spectral absorption and scattering coefficients and slope factor
of coloured dissolved organic matter were calculated from the field data. The modelled
reflectance spectra correspond to typical reflectance spectra with low chlorophyll-a con-
centration. The model is intended for the calculation of suspended matter (SM) concen-
tration maps in the Pakri Bay using the MODIS band 1 reflectance values as input to the
model. The linear relationship between the measured reflectance at the MODIS band 1 and
the model reflectance was established (R = 0.76, p < 0.01, n = 48), which was used for the
correction of the MODIS reflectance values. The spatial distributions of SM concentra-
tion in the Pakri Bay were calculated in four ways: (1) using bio-optical model with the
MODIS reflectance values with correction; (2) using linear regression between the MODIS
reflectance and SM concentration; (3) using bio-optical model with the MODIS reflectance
values without correction; (4) using bio-optical model with the MODIS reflectance values
with correction, but increasing chlorophyll-a concentration by two orders of magnitude as
compared with that in cases 2 and 3. The first two cases produced similar results for SM
concentrations, while the latter two gave much higher SM concentrations, especially in the
sediment plume. It was concluded that the MODIS band 1 (620—670 nm) is the most suit-
able for the detection of SM concentrations between 0 and 28 mg 1.

Introduction

Dredging operations in coastal waters affect
water quality through an increase in suspended
matter (SM) concentrations. The release of SM
into a water column usually takes place over a
very limited area, while the local hydrodynamic
regime results in the spreading and dispersion

of particulate matter over a much larger sea
area. An adequate knowledge of the distribu-
tion of SM is essential for the environmental
impact assessment of dredging operations and
for taking preventive measures against any pos-
sible reduction in water quality below acceptable
levels. If dredging operations are performed in
sea area with an intensive hydrodynamic regime
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and close to biologically sensitive areas, then
monitoring of SM distribution with fine temporal
and spatial resolution is required. In this case,
conventional field measurements of SM concen-
trations become too costly.

Remote sensing offers a cost-effective method
for water quality monitoring in coastal waters.
Spectral band ratios are widely used to interpret
the remote sensing data, but in Estonian coastal
waters, where the spatial distribution of opti-
cally active constituents is variable, these ratios
seem to have local and regional characteristics
(Kutser et al. 2001, Sipelgas et al. 2004). Miller
and McKee (2004) and Sipelgas et al. (2006)
used MODIS (Moderate Resolution Imaging
Spectrometer) band 1 (wavelengths 620-670 nm)
reflectance data with spatial resolution of 250 m
for the calculation of SM concentrations using
linear regression in the Gulf of Mexico and in
the Pakri Bay, respectively. According to a study
by Reinart and Kutser (2006), MODIS sensor
bands with 250 m and 500 m spatial resolution
in the near infrared region (NIR) of light spec-
trum can be efficiently used in the detection of
heavy cyanobacteria bloom surface accumula-
tions. During dredging operations, SM is a water
quality parameter of major concern but we have
to take into account the high variability of chloro-
phyll content in the water that can also cause high
reflectance in NIR region.

Bio-optical reflectance models are more
appropriate tools for the interpretation of remote
sensing data in multi-componential turbid
waters, where the concentrations of different
water quality parameters (i.e. coloured dissolved
organic matter (CDOM), chlorophyll a, and
SM) are obtained using inversion algorithms
(Kutser 2004, Phinn et al. 2005, Giardino et al.
2007). Input parameters (site specific absorption
and backscattering coefficients) for bio-optical
models have recently been the topic of numer-
ous studies (e.g. Babin et al. 2003, Gallegos et
al. 2005, Simis et al. 2005, Tilstone et al. 2005),
highlighting the necessity of bio-optical meas-
urements at a regional scale, which is a crucial
step in improving the accuracy of coastal bio-
optical models and developing the remote sens-
ing algorithms.

The general aim of this paper is to calculate
the spatial distribution of SM concentrations for
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the relatively small Pakri Bay (Fig. la) using
the MODIS reflectance data. The aim will be
achieved through following steps: (1) the bio-
optical model is established for the Pakri Bay
using the measured absorption and scattering
coefficients; (2) modelled reflectance is com-
pared with MODIS reflectance for the known
values of the SM concentrations; (3) the SM
concentrations are calculated for the Pakri Bay
for one snapshot of MODIS image.

The Pakri Bay is under a heavy anthro-
pogenic stress due to a harbour development.
Local currents can reach 50 cm s™' due to water
flows through the Pakri Bay and the circula-
tion pattern may change within a couple of
days in response to wind variations. As the SM
concentrations and distribution patterns depend
on dredging amounts and the intensity of wind
driven currents, the situation in the Pakri Bay
can change considerably within a week (Sipel-
gas et al. 2006). One of the major concerns is to
protect the whitefish spawning areas between the
Pakri islands from overlapping with SM released
into the water column during dredging. Thus it is
important to obtain more accurate estimations of
the SM concentrations in the sensitive areas of
the Pakri Bay.

Methods

Field measurements in the Pakri Bay were per-
formed on 6 October 2002 and 11 Novem-
ber 2002. Water samples for laboratory analysis
were collected from 27 stations (Fig. 1b) on both
dates.

Laboratory analysis

The concentration of chlorophyll a (C, , mg m™)
was determined by filtering the water samples
through Whatman GF/C glass microfibre filters
(pore size 1.2 ym, diameter 47 mm, Whatman
International Ltd. Maidstone, England), extract-
ing the pigments with hot ethanol (90%, 75 °C)
and measuring the absorption at the wavelength
of 665 nm and 750 nm. The values of C were
calculated using the Lorenzen (1967) formula.
To determine the SM concentrations in
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Fig. 1. (a) Study site, (b) 59.26 T
sampling stations 23.85

the water, samples were filtered through pre-
weighed Millipore membrane filters (pore size
0.45 pm, diameter 47 mm, Millipore Corpora-
tion, Bedford, MA), and the filters were dried
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to a constant weight at a fixed temperature
(103-105 °C). The increase in filter weight indi-
cates the SM concentration in the water sample
(Lindell et al. 1999).
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The spectrometric attenuation coefficient of
filtered water, cf*(),), can be used to describe
the content of coloured dissolved organic matter
(Hgjerslev 1980). Water samples were filtered
through Millipore membrane filters (pore size
0.45 pm, diameter 47 mm, Millipore Corpo-
ration, Bedford, MA) and the corresponding
attenuation spectra were determined for filtered
water using a spectrophotometer Hitachi U1000.
We measured the spectra of ¢ *(4) in the range
350-700 nm and recorded data with wavelength
increments of 10 nm. To obtain the absorption
coefficient a, (A), spectra of ¢*(A) were cor-
rected for scattering errors caused by small resid-
ual particles and colloids that are not retained on
the filter, using the following relationship:

Acpor) = c* L) + ¥ A A A, (1)

where c* f()u) is the measured value of attenuation
coefficient of filtered water and A, is the refer-
ence wavelength in the red region of the spec-
trum, where it was assumed that a__ (4,) = 0.
In our case it was taken as 700 nm and exponent
g was taken as 1 (Davies-Colley and Vant 1987).

In situ measurements of inherent optical
properties of water

The inherent optical properties (absorption and
scattering coefficients) of water were measured
using a flow-through system from the moving
vessel. The system is based on an ac-9 instrument
(attenuation and absorption meter manufactured
by WetLabs Inc.) and allows continuous meas-
urements of attenuation (c) and absorption (a) at
9 wavelengths (412, 448,488,510, 555, 630, 650,
676, and 750 nm). The water to measurement line
was pumped below the surface layer (0.5-1.0 m
depth) with a special flow-through system that
removes air bubbles from a sample and makes
the water flow to the instrument constant and
independent of vessel’s velocity. In addition to
optical parameters, the system records tempera-
ture and position with a GPS system. During the
data processing, time-lag caused by water lines
and a pump is corrected and optical properties are
averaged with one-second interval. The construc-
tion of the system is described in detail in Lind-
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fors and Rasmus (2000). The system was cali-
brated based on the WetLabs user manual. The
absorption values were corrected for temperature
and light scattering. Scattering coefficient (b) was
calculated by subtracting the absorption form
attenuation. The measurements were made on
transects between the sampling stations when the
ship moved from one station to the other. In that
way, the Pakri Bay was covered on both measure-
ment days. The order of sampling stations was
irregular and different in both days.

Bio optical model

Several bio-optical models (Dekker 1993, Kutser
et al. 2001, Pierson and Strombeck 2001, Herlevi
2002, Magnusson et al. 2004, Morel et al. 2006)
have been developed for different waters based
on the study by Gordon et al. (1975) showing
that irradiance reflectance just beneath the water
surface is the function of absorption and back-
scattering coefficients:

b, (1)
“a(A)+0,(2)"
where bb(l) is the total backscattering coeffi-

cient, a(1) is the total absorption coefficient and
C,, is the function of solar altitude:

R(1,0)=C (2)

C, =-0.629, +0.975, 3)

where p is the cosine of the zenith angle of the
refracted photons (Monte-Carlo by Kirk 1984).
Instead of irradiance reflectance beneath the water
surface, the reflectance just above the surface is
measured by remote sensing instruments. Equa-
tion 2 allows for calculating the subsurface irradi-
ance reflectance, but to obtain the reflectance just
above the surface Austin (1980) proposes a factor
of 0.544 for the conversion of the irradiance
reflectance just beneath the water surface to the
reflectance just above the water surface:

r(A)=0.544(-0.629u, +0.975)
b @
a(2)+b,(%)

The total spectral absorption coefficient is the
sum of the optically active water constituents.
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We assume that there are three optically active
components in water and the total absorption can
be described by the following formula:

ad)=a (A) + a*ph(/l)C +a*(AC, (5)

chl
where aw(l) is the spectral absorption coefficient
of pure water; a.,,(A) is the spectral absorp-
tion coefficient of coloured dissolved organic
matter; a*Ph(ﬂ,) is the chlorophyll-specific spec-
tral absorption coefficient of phytoplankton; and
a*(A) is the particle-specific spectral absorption
coefficient of non-chlorophyllous particles, i.e.
tripton. C and C, are concentrations of chloro-
phyll a and tripton, respectively. The total spec-
tral backscattering coefficient can be described
by the formula:

b¥,(1) = 056, (A) + b¥,_ (A)C

chl

+b* (A)C,  (6)

where bw(l) is the spectral scattering coefficient
of pure water, b* (1) is the chlorophyll-spe-
cific spectral backscattering coefficient of phy-
toplankton and b* (1) is the specific spectral
backscattering coefficient of non-chlorophyllous
particles.

In this model, the absorption and scattering
spectra of pure water, a (1) and b (1), were
taken from Pope and Fry (1992).

The absorption by CDOM can be expressed
as a function of the absorption coefficient of dis-
solved material at a wavelength of 380 nm and a
slope factor by the following formula:

AN =a

CDOM(

a (380)exp[-S... ., (A — 3801, (7)

CDOM CDOM

where a .\ (380) is the absorption coefficient of

dissolved matter at 380 nm of 1.84 m™ and S,
is the slope factor. The slope value was calcu-
lated from experimental data obtained from the
Pakri Bay. The exponential function was used
to describe the spectra of a., ., (A). From 100
analyzed spectra, the average slope value for the
Pakri Bay was —0.013.

The spectral chlorophyll-specific absorption
coefficient of phytoplankton is calculated using
the following power function recommended by
Bricaud et al. (1995):

a*(L)=A(A)c o, ®)

ph
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where A(A) and B(A) are positive wavelength
dependent parameters. The spectral chlorophyll-
specific backscattering coefficient for phyto-
plankton was taken from Dekker et al. (1993).

The particle-specific spectral absorption and
backscattering coefficients for tripton can vary
greatly in different water bodies. No such data is
available for the Pakri Bay. We used Eq. 5 to cal-
culate the particle-specific absorption coefficient
for tripton as follows:

o (1)= a(l)—acm(l)—g (W)-ai()e o

t

The total spectral scattering coefficient is the
sum of scattering coefficients:

+b*A)C,, (10)

chl

b(A) = b,(A) + b* (A)C

where bw(l) is the spectral scattering coefficient
of pure water; b*ph(/l) is the chlorophyll-specific
spectral scattering coefficient of phytoplankton;
and b* (1) is the particle-specific spectral scatter-
ing coefficient of non-chlorophyllous particles,
i.e. tripton.

The particle-specific spectral scattering coef-
ficient of tripton was calculated from Eq. 10 as
follows:
b(l)—bw(cl)—b:;qm Can

t

b (A)=

The spectra of total absorption and scattering
coefficients were measured by ac-9 and con-
centrations of optically active substances were
determined from water samples. The concentra-
tion of tripton was calculated using the following
equation developed by Hoogenboom and Dekker
(1997):

C=C,-007C (12)

chl”
where Cg,, is concentration of SM. The absorp-
tion of CDOM and specific absorption of phy-
toplankton was calculated from Eqs. 7 and 8,
respectively. The spectral specific scattering
coefficient of phytoplankton was taken from
Dekker et al. (1993) and for pure water from
Pope and Fry (1992).

In the model we need backscattering instead
of scattering. To obtain particle-specific back-
scattering spectra, the particle-specific scatter-
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ing spectra were multiplied by the backscatter-
ing probability value of 0.019. Herlevi (2002)
showed that the backscattering probability varies
from 0.016 to 0.022 in Nordic waters. The aver-
age spectra obtained, of a* (1) and b* (1) (Fig.
2), were implemented in the model.

Results

The spectra of the surface reflectance for dif-
ferent SM concentrations were modelled using
Eq. 4 and the model parameters described in the
previous section. The concentration of chloro-
phyll a was kept fixed at 4 ug 1"'. For a_, . (380)
the value 1.84 m™ was selected, which cor-
responds to the average measured value for the
Pakri Bay. The S was taken to be equal to
—0.013 and y, to 0.45. The values of C, for differ-
ent C,, were calculated with Eq. 12.

The modelled surface reflectance data with
varying SM concentration reveals that surface
reflectance increases in the whole visible range
of the spectrum with increasing SM concentra-
tion in water (Fig. 3). The spectra correspond
to typical spectra with low chlorophyll-a con-
centration (Giardino et al. 2007). The maximum
is near 570 nm for low SM concentration and
shifts to lower wavelength with increasing SM

bio-optical model.

concentration. The reflectance value increases
at 700 nm and local minimum becomes more
pronounced at 650 nm with higher SM concen-
tration. Increasing chlorophyll-a concentration
considerably will shift local reflectance minima
to 670 nm. Local minima at 630 nm caused
by pychocyanin absorption (Reinart and Kutser
2006) is absent in the reflectance spectra, which
is caused by the model setup, since we used the
averaged specific absorption spectra for phyto-
plankton.

The modelled reflectance was also tested
against the reflectance values measured by the
MODIS instrument at band 1 (the wavelength
range of 620-670 nm) in the Pakri Bay for the
cells where SM concentration was determined
in laboratory analyses. The linear regression
between the measured reflectance at band 1 and
the modelled reflectance was

r=0.4082r,

MODIS

+0.014, (13)
(R=0.76,p <0.01, n = 48), where r is the mod-
elled reflectance and r,, . is the MODIS band 1
reflectance (Fig. 4).

To calculate the SM concentration from the
MODIS band 1 data using the bio-optical model,
the tripton concentration can be obtained from
Eqgs. 4,5 and 6 as follows:
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where
k=0.554(-0.629u, + 0.975). (15)

The values for the coefficients are given in
Table 1. The calculated SM concentrations (the
tripton concentrations were converted to SM
concentrations using Eq. 12) using the reflect-
ance values for the pixels where SM concentra-
tions were determined in laboratory analyses
(Fig. 5).

In our previous study (Sipelgas et al. 2006),
the following linear regression model between
MODIS reflectance and SM concentration was
developed:

C,, = 110.3r

+1.99, (16)

MODIS
(R=0.76,p <0.01, n = 48) and was applied to
obtain SM distribution maps for the Pakri Bay
during dredging activities. The SM concentration
calculated from Eq. 16 using the same MODIS
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Fig. 4. Modelled remote sensing reflectance vs. the
reflectance measured at MODIS band 1 calculated for
the cells.

reflectance data are shown in Fig. 5. The dif-
ferences between SM concentrations calculated
with the different methods are negligible.

We calculated the SM distribution in the Pakri
Bay from the MODIS reflectance at band 1 on
11 May 2003 using the linear regression (Eq. 16)
and the bio-optical model (Egs. 13, 14, 15 and
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12). In the bio-optical model the chlorophyll-a
concentration used was 4 ug 1!, which was the
average measured value on that day. Both models
gave similar distribution patterns of SM (Fig. 6a
and b). High SM concentrations of 6.5-8.5 mg 1!
were obtained at the dredging site. Background
concentrations in the bay and over the coastal sea
area were 4.5-5 mg 1.

A comparative SM distribution map was cre-
ated assuming that the model reflectance is equal
to the MODIS reflectance, ie. r = r,, . instead
of to reflectance calculated with Eq. 13. In this
case, the SM concentrations increased over the
entire area (Fig. 6¢). The increase was smallest
over the coastal sea where the SM concentration
increased from 4.5-5 mg 1! to 5-5.5 mg I"! (the
background values). The increase was greatest at

Table 1. Coefficient values.

Coefficient Average value at 620-670 nm
a, (m) 0.335067

b, (m™) 0.00075

a, (m*mgC,™) 0.00844

b*,,, (M?>mg C, =) 0.00065

a*, (Im— mg™) 0.008654

b*,, (Im™ mg™) 0.006209

aipon (M) 0.06016

0.08

L (thick line and ‘o’) and
0.1 012 jinear regression (thin line
and ‘x’).

the dredging site, where maximum value of 8-9
mg I rose to 15-16 mg 1.

The sensitivity of the bio-optical model with
respect to the “errors” in chlorophyll-a concen-
tration was checked by calculating SM distribu-
tion map for chlorophyll a equal to 200 ug 1-'.
This value corresponds to cyanobacteria accu-
mulations on the water surface during the bloom
(Reinart and Kutser 2006). No model param-
eters were adjusted to the new chlorophyll-a
concentration. The maximum SM concentration
increased to 19-20 mg I instead of 8.5 mg I
and the difference between the concentration of
the sediment plume and background concentra-
tion became larger (Fig. 6d).

Discussion

In this study we focused on the wavelength
range of 620-670 nm, which corresponds to
the MODIS band 1 with a spatial resolution of
250 m. The reflectance depends on the concen-
trations of optically active substances of water.
The sensitivity of reflectance at different wave-
length is not uniform. Sensitivity analysis based
on the first derivative approach has shown that
the variations of the first derivative of reflectance
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Fig. 6. Suspended matter
concentration calculated
from the MODIS band 1
data from the Pakri Bay
11 May 2003: (a) using
the linear regression rela-
tionship, (b) using the bio-
optical model with C, 4
pg I, (c) using the bio-
optical model, but assum-
ing that model reflectance
is equal to MODIS reflect-
ance, and (d) using the
bio-optical model with C_,
200 pg I,

for CDOM and chlorophyll-a concentrations are
negligible at the wavelengths of band 1 (Gia-
rdino et al. 2007). In that respect the changes in
chlorophyll-a and CDOM concentrations should
not affect the reflectance values significantly
at the MODIS band 1. With respect to the SM
concentrations, the modelled reflectance at the
MODIS band 1 increases faster with increasing
SM concentration when the concentrations are
low (Fig. 7). The saturation reflectance for trip-
ton is expressed as:

&
lim r = 0.544(-0.6294, +0.975) *bb' -, 3"

bt t

According to the selected model parame-
ters (Table 1) and assuming that chlorophyll-a
concentration is constant, the saturation reflect-
ance is 0.16 and half saturation reflectance is
reached at the SM concentration of 28 mg 1.
In the range of SM concentrations below that
value the change of reflectance is more than
107 (mg 1')™". The observed surface concentra-
tions of SM during dredging operations in the
Pakri Bay have remained smaller than that value
(Sipelgas et al. 2006) except in close proximity
to dredging platforms. Also Jgrgensen and Edel-
vang (2000) reported SM concentration in sedi-
ment plume in the range of 1-30 mg 1! during
dredging operations related to the construction
of the @resund Link. Thus, we may say that
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resolution of reflectance values is suitable for the
detection of SM concentrations at the MODIS
band 1.

Comparing the MODIS reflectance and mod-
elled reflectance for the known SM concentration
showed statistically significant correlation. The
correlation coefficient reveals that reasonable
results for the detection of the SM distribution
can be obtained, although no atmospheric correc-
tion was done for the MODIS data. The obtained
linear regression (Eq. 13) was used for the cor-
rection of MODIS reflectance values in the cal-
culation of the SM concentrations in the model.
Conversion of MODIS reflectance values calcu-
lated with Eq. 13 resulted in increase/decrease
of reflectance for low/high MODIS reflectance.
The equilibrium point is at 0.024. Thus, the
effect of using the linear relationship for MODIS
reflectance data (Eq. 13) will reduce the range
of reflectance values in the model. When this
conversion is not applied the range of reflectance
values is wider and the contrast between SM
concentrations is larger (Fig. 6a and b).

A comparison of SM concentrations calcu-
lated using a linear regression (Sipelgas ef al.
2006) directly relating MODIS reflectance and
SM concentration and the bio-optical model
showed that the differences in SM concentrations
were negligible. That is explained due to the low
range of variations of reflectance values meas-
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ured in the Pakri Bay by the MODIS instrument.
Extending the range of the reflectance values and
calculating the corresponding SM concentrations
by the two methods shows that the two curves
start to depart at a higher reflectance range than
was actually measured in the Pakri Bay (Fig. 5).
The SM concentrations calculated by the model
become higher than the values obtained from
the linear relationship. If the range of measured
reflectance and corresponding SM concentrations
is not wide then a linear relationship that is fitted
to the data may provide reasonable results. Even
predicted results can be good if the variation of
reflectance does not extend significantly beyond
the range that is used for the establishment of the
regression relationship. Thus, when the range
of reflectance values by MODIS is narrow then
linear function approximates to more general
linear fractional function rather well.

According to the sensitivity analyses, the
variations of chlorophyll-a concentration do not
affect modelled reflectance at MODIS band 1
significantly. But if the chlorophyll a concen-
tration is strongly underestimated and model
parameters are not recalculated according to
actual chlorophyll-a concentration, then the esti-
mated SM concentrations become too high. The
latter was shown when the chlorophyll-a concen-
tration that corresponds to phytoplankton bloom
was selected. According to Eq. 14, the change
in tripton concentration is proportional to the

centration.

change in chlorophyll a concentration with the
proportionality factor equal to b*,, (k — r). Fol-
lowing application of Eq. 12 for calculation of
SM from tripton, this has only an additive effect.
Still, the latter shows that the current model
should not be applied during a phytoplankton
bloom without redefining the model parameters.

Conclusions

A bio-optical model based on the formulation
by Gordon et al (1975) was established for
the Pakri Bay, the southern Gulf of Finland.
The model parameters, the absorption spectra
by CDOM, spectral chlorophyll-specific absorp-
tion coefficient and mainly particle-specific
spectral absorption and scattering coefficients,
were determined from the laboratory analyses of
water samples and from in situ measurements of
the inherent optical water properties.

The modelled reflectance spectra correspond
to typical reflectance spectra with the low chlo-
rophyll-a concentration.

The linear relationship between the MODIS
reflectance and the model reflectance was estab-
lished and used for the conversion of MODIS
reflectance values to the reflectance values used
in the model for the calculation of SM concen-
trations. The conversion relationship reduces the
range of the MODIS reflectance values and the
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contrasts between the SM concentrations conse-
quently.

A comparison of SM concentrations calcu-
lated using a linear regression (Sipelgas et al.
2006) directly relating MODIS reflectance and
SM concentration and bio-optical model showed
that the differences in SM concentrations were
negligible. That was explained due to the low
range of variations of reflectance values meas-
ured in the Pakri Bay by the MODIS instrument.

Sensitivity analyses reveal that the resolution
of reflectance values on the wavelength range
of the MODIS band 1 (620—-670 nm) is the most
suitable for the detection of SM concentrations
between 0 and 28 mg 1!, which covers the range
of SM concentrations during dredging opera-
tions. The current model should not be applied
during a phytoplankton bloom without redefin-
ing the model parameters.

The current study suggests that the presented
bio-optical model should be tested with more
field data in the Pakri Bay and the other areas.
A more general relationship for conversion of
MODIS reflectance values to model reflectance
should be sought.

Acknowledgment: This work was partially supported by the
Estonian Science Foundation (Grant 5596).

References

Austin R.W. 1980. Gulf of Mexico, ocean colour surface
truth measurements. Boundary-layer Meteorology. 18:
269-285.

Babin M., Stramski D., Ferrari G., Claustre H., Bricaud A.,
Obolensky G. & Hoepffner N. 2003. Variations in the
light absorption coefficients of phytoplankton, nonalgal
particles, and dissolved organic matter in coastal waters
around Europe. Journal of Geophysical Research 108:
doi:10.1029/2001JC000882.

Bricaud A., Babin M., Morel A. & Claustre H. 1995. Vari-
ability in the chlorophyll-specific absorption coefficients
of natural phytoplankton: analysis and parameterisation.
J. Geophys. Res. 100: 13321-13332.

Davies-Colley R.J. & Vant W.N. 1987. Absorption of light by
yellow substance in freshwater lakes. Limnol. Oceanogr.
32:416-425.

Dekker A.G. 1993. Detection of optical water quality param-
eters for eutrophic waters by high resolution remote
sensing. Ph.D. thesis, Free University, Amsterdam.

Gallegos C.L., Jordan T.E., Hines A.H. & Weller D.E. 2005.
Temporal variability of optical properties in a shallow,
eutrophic estuary: seasonal and interannual variability.

A bio-optical model for the calculation of suspended matter concentration 425

Estuarine, Coastal and Shelf Science 64: 156—170.

Giardino C, Vittorio B., Dekker A.G., Strombeck N. &
Candiani G. 2007. Assessment of water quality in Lake
Garda (Italy) using Hyperion. Remote Sensing of Envi-
ronment 109: 183-195

Gordon H.R., Brown O.B. & Jacobs M.M. 1975. Computed
relationships between the inherent and apparent optical
properties of a flat, homogenous ocean. Applied Optics
14: 417-427

Herlevi A. 2002. Inherent and apparent optical properties in
relation to water quality in Nordic waters. Academic dis-
sertation in Geophysics, University of Helsinki, Finland.

Hoogenboom J. & Dekker A.G. 1997. Simulation of the
medium-resolution imaging spectrometer (MERIS) per-
formance for detecting chlorophyll a over turbid inland
waters. SPIE Proc.2963: 440-447.

Hgjerslev N.K. 1980. On the origin of yellow substance in
the marine environment. Oceanogr. Rep. Univ. Copenha-
gen, Inst. Phys.42: 1-35.

Jgrgensen P.V. & Edelvang K. 2000. CASI data utilized
for mapping suspended matter concentrations in sedi-
ment plumes and verification of 2-D hydrodynamic
modelling. International Journal of Remote Sensing 21:
2247-2258.

Kirk J.T.O. 1984. Volume scattering function, average
cosines, and the underwater light field. Limnol. Ocea-
nogr.29: 350-356.

Kutser T., Herlevi A., Kallio K. & Arst H. 2001. Hyperspec-
tral model for interpretation of passive optical remote
sensing data from turbid lakes. Sci. Total Environ. 268:
47-58.

Kutser T. 2004. Quantitative detection of chlorophyll in
cyanobacterial blooms by satellite remote sensing.
Limnol. Oceanogr. 49: 2179-2189

Lindfors A. & Rasmus K. 2000. Flow through system for
distinguished dynamic features in the Baltic Sea. Geo-
physica 36: 203-214.

Lindell T., Pierson D., Premazzi G. & Zilioli E. (eds.) 1999.
Manual for monitoring European lakes using remote
sensing techniques. European Community, Luxembourg.

Lorenzen C.J. 1967. Determination of chlorophyll and pha-
etopigments; spectrophotometric equations. Limnol.
Oceanogr. 12: 343-346.

Magnuson A., Harding L.W.Jr., Mallonee M.E. & Adolf J.E.
2004. Bio-optical model for the Chesapeake Bay and the
Middle Atlantic Bight. Estuarine, Coastal and Shelf Sci-
ence 61: 403—424.

Miller R.L. & McKee B.A. 2004. Using MODIS Terra 250 m
imagery to map concentrations of total suspended matter
in coastal waters. Remote Sensing of Environment 93:
259-266.

Morel A., Gentili B., Chami M. & Ras J. 2006. Bio-optical
properties of high chlorophyll Case 1 waters and of
yellow-substance-dominated Case 2 waters. Deep Sea
Research Part I: Oceanographic Research Papers 53:
1439-1459.

Phinn S.R., Dekker A.G., Brando VE. & Roelfsema C.M.
2005. Mapping water quality and substrate cover in
optically complex coastal and reef waters: an integrated
approach. Marine Pollution Bulletin 51: 459-469.

Pierson D.C. & Strombeck N. 2001. Estimation of radiance



426

reflectance and the concentrations of optically active
substances in Lake Malaren, Sweden, based on direct
and inverse solutions of a simple model. Science of the
Total Environment 268: 171-188.

Pope RM. & Fry E.S. 1997. Absorption spectrum (380-700
nm) of pure water. II. Integrating cavity measurements.
Applied Optics 36: 8710-8723.

Reinart A. & Kutser T. 2006. Comparison of different satel-
lite sensors in detecting cyanobacterial bloom events
in the Baltic Sea. Remote Sensing of Environment 102:
74-85.

Simis S.G.H., Peters SW.M. & Gons H.J. 2005. Remote
sensing of the cyanobacterial pigment phycocyanin in
turbid inland water. Limnology and Oceanography 50:

Sipelgas etal. + BOREAL ENV. RES. Vol. 14

237-245.

Sipelgas L., Arst H., Raudsepp U., Kéuts T. & Lindfors A.
2004. Optical properties of coastal waters of northwest-
ern Estonia: in situ measurements, Boreal Environ. Res.
5:447-459.

Sipelgas L., Raudsepp U. & Kouts T. 2006. Operational mon-
itoring of suspended matter distribution using MODIS
images and numerical modeling. Advances in Space
Research 38: 2182-2188.

Tilstone G.H., Smyth TJ., Gowen R.J., Martinez-Vicente
V. & Groom S.B. 2005. Inherent optical properties of
the Irish Sea and their effect on satellite primary pro-
duction algorithms. Journal of Plankton Research 27:
1127-1148.



