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1. INTRODUCTION 
 
At the current stage the bio-optical properties of oceanic waters have been 
extensively analyzed (e.g. Jerlov, 1976; Prieur & Sathyendranath, 1981; Gordon 
& Morel, 1983; Satyendranath et al., 1989; Kirk, 1994; Bricaud et al., 1995b; 
Bricaud et al., 2004) and detailed studies on the optical parameters of coastal 
and estuarine regions have been recently presented (Babin et al., 2003; 
Magnuson et al., 2004; Gallegos, 2005; Gallegos et al., 2005; Doxaran et al., 
2006). On the other hand, turbid productive inland lakes have received less 
attention despite their importance as freshwater supplies and recreational areas. 

Optical properties, however, play a major role in the ecological structure and 
function of lakes, which are likely to be highly sensitive to climate changes 
(Schindler et al., 1990; Vincent et al., 1998) as well as local changes in land use 
(Goldman, 1988; Rae et al., 2001). Typical problems include increases in lake 
productivity, decreases in water transparency and increased frequency and 
severity of algal blooms (Dokulil & Teubner, 2003). 

Among the different types of water bodies, lakes deserve special attention 
because they are multicomponental waters where optically active substances 
(OAS: phytoplankton, tripton and coloured dissolved organic matter) may vary 
in type and amount within short distances and time intervals. The 
concentrations of the OAS observed in lakes are often notably higher than those 
in the open ocean (Dekker, 1993; Kirk, 1994; Herlevi, 2002b; Arst, 2003).  
The relative values of OAS can differ, too: in one lake the dominating substance 
may be the coloured dissolved organic matter, in another lake – phytoplankton. 
Inspection of published data on lakes throughout the world reveals that the 
concentrations of OAS and diffuse attenuation coefficient of light can differ by 
more than one hundred fold (Kirk, 1994; Lindell et al., 1999; Arst, 2003). 
However, the database on the bio-optical properties of lakes should not be 
limited to the concentrations of OAS, but also the attenuation of solar light in 
the water is of importance. The radiation penetrating into water is subject to 
absorption and scattering, forming an underwater light field, while some small 
part of radiation is scattering back to space. Light conditions in water are 
important for primary production, species composition and the depth 
distribution of submerged phytoplankton, likewise in the application of optical 
measurement systems in monitoring water quality and interpretation of remote 
sensing images. Absorption and scattering coefficients of light beam are called 
inherent optical properties (IOP) as they depend only on the medium, while 
optical properties depending also on the surrounding light field (e.g. Secchi disk 
depth, diffuse attenuation coefficient) are called apparent optical properties 
(AOP) (Mobley, 1994). 

Nowadays optical remote sensing has become a useful tool for monitoring 
spatial and temporal properties of the aquatic environment. However, in coastal 
waters and lakes there are some difficulties concerning the quantitative 
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interpretation of satellite data, consequently, in situ measurements retain their 
value. Each database (even for 1–2 lakes) helps build a mosaic for describing 
global variability in the optical properties of lakes and elucidates the 
connections between types of lakes and environmental as well as climatic 
conditions. 

The main objectives of the present work were: (1) collecting and analysing 
the data on inherent and apparent optical properties of the water in North-
European lakes; (2) estimation of the relative contribution of different OAS in 
formation of absorption and scattering properties of the lake waters;  
(3) investigation and modelling the spectra of the diffuse attenuation coefficient 
in lakes. It led to the following studies: 

• Description of the spatial-temporal variations of water properties and 
estimation of the general relationships between the OAS and optical 
parameters. 

• Determination of the contribution of each water constituent to total values 
of absorption and attenuation coefficients for some narrow spectral 
intervals in the photosynthetically active region of the spectrum (PAR, 
400–700 nm) as well as for the whole PAR-band. 

• Estimation of the values and variability of the specific absorption 
coefficient for tripton in the PAR region.  

• Calculation of the slopes of the scattering coefficient spectra and analy-
zing their variability (seasonal change, dependence on the concentrations 
of OAS). 

• Elaboration of a model for determining the full spectra of the diffuse 
attenuation coefficient in the PAR region on the basis of in situ measured 
data at three narrow wavebands. 

• Collection of a database from in situ measured bio-optical parameters 
(including primary production) that should be suitable for building the 
models of the photosynthesis primary production.  

 
In the present work a database about three turbid Estonian lakes (Peipsi, 
Võrtsjärv and Harku) was collected and the variations of bio-optical properties 
in these lakes were studied. For comparing the results with other North-
European lakes we analysed the water samples collected from 20 southern 
Swedish lakes, 14 Estonian lakes and 15 southern Finnish lakes. The inherent 
and apparent optical properties were also compared with those obtained from 
two large clear-water Swedish lakes, L. Vänern and L. Vättern. The results 
obtained in this study definitely have a special importance, because the data of 
optical properties published for productive lakes are rather few in number and 
they could be used for the further development of remote sensing algorithms in 
turbid and humic water bodies. 

3
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2. REVIEW OF THE LITERATURE 
 
Natural waters contain a heterogeneous mixture of dissolved and particulate 
matter, which are both optically significant and highly variable in type and 
concentration. The bulk optical properties of water are divided into two classes, 
inherent optical properties and apparent optical properties. Inherent optical 
properties (IOP) depend solely on the substances within the aquatic medium and 
not on the illumination conditions. By contrast, the apparent optical properties 
(AOP) depend both on the medium and on geometric structure of the ambient 
light field. 
 
 

2.1. Inherent optical properties 
 
The inherent optical properties of relevance in this thesis are the absorption 
coefficient a (which determines the exponential rate of decay of flux per unit 
pathlength of light in the medium, and per unit incident flux, due to the process 
of absorption), and the scattering coefficient b, which defines similarly the 
exponential rate of decay of flux due to scattering (Preisendorfer, 1976; Dera, 
1992; Kirk, 1994). The beam attenuation coefficient, c(λ) measures the 
extinction of a narrow beam of light and this extinction is due to processes of 
absorption and scattering:  
 
 ( ) ( ) ( )λλλ bac += . (2.1) 
 
All these properties are defined for collimated, monochromatic flux incident 
normally on the medium, and traversing an infinitesimally thin layer of the 
medium. The inherent optical parameters are additive over the different 
optically active substances of the medium (Prieur & Sathyendranaht, 1981; 
Kirk, 1994; Arst, 2003). For example, for total absorption coefficient, a:  
 
 ( ) ( ) ( ) ( ) ( )λλλλλ tphCDOMw aaaaa +++= , (2.2) 
 
where the terms on the right-hand side of this equation represent absorption by 
water, coloured dissolved organic material (CDOM), phytoplankton and tripton, 
respectively. A similar expression can be written for the attenuation and the 
scattering coefficients, although coloured dissolved organic matter would not be 
expected to contribute to scattering (i.e. bCDOM = 0). The terms aph(λ) and at(λ) 
are assumed to be proportional to the concentration of the material, so 
aph(λ) = a'

ph(λ)CChl and at(λ) = a'
t(λ)Ct, where a'

ph(λ) and a'
t(λ) are corres-

pondingly the specific absorption coefficients and C means concentration. 
Usually the biomass of phytoplankton is expressed through concentration of 
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chlorophyll a (also the version chlorophyll a + phaeophytin a is used), assuming 
their good correlation relationships. The term aCDOM(λ) in Eq. (2.2) remain the 
same (the concentration of CDOM is not used). The reason is that in natural 
waters CDOM is not identifiable as a distinct molecule, but it is a rather 
indeterminate mixture of dissolved organic substances (Dera, 1992). Using 
analytical methods it is extremely difficult to determine individual organic 
compounds therein (Dera, 1992). Investigations of numerous researchers have 
shown that optical determination of CDOM has apparent advantages over 
chemical analysis techniques (Bricaud et al., 1981; Baker & Smith, 1982; 
Kopelevich, 1983a; Davies-Colley & Vant, 1987; Ferrari & Tassan, 1991). 

A more detailed description (together with the formulas) of light attenuation, 
absorption and scattering coefficients, corresponding to all OAS are presented 
also in I, II and IV. 
 
Pure water 

The absorption characteristics of pure water (aw) may be considered invariant, 
although the optical properties of pure water have themselves been reanalysed 
(Irvine & Pollack, 1968; Hale & Querry, 1973; Morel & Prieur, 1977; Smith & 
Baker, 1981; Kopelevich, 1983a; Pope & Fry, 1997; Morel et al., 2007). 
Comparing different publications we can see that the values aw(400) vary from 
0.006 m–1 to 0.058 m–1, and the values of aw(650) from 0.29 m–1 to 0.45 m–1. 
These differences in the blue-green region of the spectrum can be relevant in 
studies of clear ocean waters, but not in turbid waters, while the differences in 
the red region can influence the results of calculations for any type of water.  
We used the data by Pope & Fry (1997). Scattering by pure water is very small, 
varying markedly with wavelength (in accordance with λ-n where n changes 
from 4 to 4.32 (Kirk, 1994). 
 
Coloured dissolved organic matter 

Both fresh and saline waters contain varying concentrations of dissolved 
organic material (DOM), which plays a major role in the aquatic medium as 
carbon and energy sources for the microbial food web, and for consumers at 
higher trophic levels that feed on microbes or on DOM directly. The optically 
active fraction of dissolved organic matter, known as coloured dissolved 
organic matter “CDOM” are a group of organic dissolved substances, consisting 
of humic and fulvic acids. They may have a local origin (autochthonous 
material), for example from degradation of phytoplankton cells and other 
organic particles, or they may be advented to a locality from a distant source 
(allochthonous material). The coloured dissolved organic matter is photo-
chemically active and so it influences the spectral underwater regime. CDOM is 
assumed to be fully dissolved (i.e. it does not contain particles that cause 
scattering) and considered to be non-scattering.  
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There is excellent agreement in the spectral form of absorption by coloured 
dissolved organic matter reported in various publications (e.g. Unoki  
et al.,1978; Bricaud et al., 1981; Bukata et al., 1981; Davies-Colley & Vant, 
1987; Roesler et al., 1989; Gallegos et al., 1990). According to these studies 
absorption spectra of CDOM can be expressed as an exponent function: 
 
 ( ) ( ) ( )( ) ,0

0
λλλλ −−= CDOMS

CDOMCDOM eaa  (2.3) 
 
where λ0 is a reference wavelength and S is an empirically-determined slope of 
the exponential curve. The reference wavelength is usually chosen between 380 
and 400 nm. For a wide range of seawaters, S has been found to vary between 
about 0.010 and 0.020 nm–1 (Baker & Smith, 1982; Davies-Colley & Vant, 
1987; Kirk, 1994; as referenced in Reinart, 2000). The average value for 
Finnish and Estonian lakes has been found to be 0.016–0.017 nm–1 by Sipelgas 
et al. (2003). 
 
Phytoplankton 

Phytoplankton consists of ubiquitous, microscopic, free-floating organisms 
found in the illuminated surface layer (there organisms receive sufficient 
photosynthetically active radiation for photosynthetic processes) of freshwater 
and marine ecosystems. They are the single-celled plants that form the base of 
the aquatic food chain, and they are important component of the global carbon 
cycle. Thousands of phytoplankton species, with characteristic sizes, shapes and 
physiological properties, are known to exist in the aquatic environment, and 
their species composition and concentration can change with time and space. 
These absorbing pigments are not evenly distributed within phytoplankton cells, 
but are localized into small “packages” (chloroplasts), which are distributed 
nonrandomly throughout the cell. This localized distribution of pigments means 
that the spectral absorption by a phytoplankton cell, or by a collection of cells in 
water, is “flatter” (has less pronounced peaks and reduced overall absorption) 
than if the pigments were uniformly distributed throughout the cell, or 
throughout the water (Mobley, 1994). This so-called “pigment packaging 
effect” is a major source of both inter- and intra-species variability in spectral 
absorption by phytoplankton. Another source of variability in addition to 
chlorophyll a concentration and packaging is changes in pigment composition, 
since each pigment displays a characteristic absorption curve. Typical absorp-
tion spectra have a maximum in the blue part of spectrum (440–500 nm), and a 
second maximum in the red part (650–680 nm) (Bidigare et al., 1990). 

Variability in specific absorption coefficient of phytoplankton a'
ph(λ) is 

analysed by Bricaud et al. (1995a) using a dataset including 815 spectra and 
covering the chlorophyll concentration range 0.02–25 mg m–3. Empirical 
relationships between a'

ph(λ) and CChl were calculated using the power function: 
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 ( ) ( ) ( )λλλ B
Chlph CAa −='

, (2.4) 
 
where A(λ) and B(λ) are positive, wavelength-dependent parameters tabulated 
on the basis of laboratory measurements of optical properties of different algae 
species. The equation takes into account the pigment packing effect which 
causes the phytoplankton specific absorption coefficient to be smaller in case of 
larger cells and large intercellular chlorophyll concentrations. 

Phytoplankton cells and colonies also scatter light, influencing the total 
scattering properties of aquatic medium (Bricaud et al., 1983). The scattering 
properties vary from one species to another. Assuming that the scattering of 
light is caused mainly by phytoplankton, different authors have found several 
algorithms for describing the corresponding scattering coefficient, b(z,λ).  
The general equation is the following: 

 

 ( ) ( )[ ]
3

2 550, 1

M
M

Chl zCMzb ⎟
⎠
⎞

⎜
⎝
⎛=
λ

λ , (2.5) 

 
where M1 is the scattering coefficient at the 550 nm wavelength. Gordon & 
Morel (1983) obtained M1 = 0.3, M2 = 0.62 and M3 = 1. However, Morel (1980) 
obtained a slightly different value of b(550), with M1 = 0.12 and M2 = 0.63 
(these values were used also in Sathyendranath et al. (1989)). According to 
Dekker (1993) M1 = 0.17(0.12) and M2 = 1. 
 
Tripton 

Tripton consists of non-living suspended material in the water (organic and 
inorganic particles). Non-living organic particles are called detritus. These 
particles are assumed to have biological origin (produced when phytoplankton 
die and their cells break apart, and when zooplanktons graze on phytoplankton 
and leave cell fragments and fecal pellets). However, detrital material may also 
have other sources e.g., resuspension of organic matter from the bottom, river 
and land drainage. Inorganic particles (the second component of tripton) may 
include minerals, such as fine clay, silt particles, sand, or precipitates such as 
iron and manganese hydroxides and calcium carbonate. It is recognized that 
these particles can significantly affect light penetration especially in turbid and 
coastal waters, where their concentration can be substantially high as a result of 
large river discharges, heavy sediment load and long and short range transport 
of atmospheric particulates followed by dry deposition. 

The spectrum of tripton absorption coefficient at(λ) can be described by an 
exponential function that increases toward short wavelength, similarly to 
CDOM (see Eq. 2.3) However the value of the slope (St) is different. 
Measurements performed by several authors give the values for this slope in the 

4
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range 0.006 to 0.016 nm–1 (Kishino et al., 1986; Maske & Haardt, 1987; 
Iturriaga & Siegel, 1988; Morrow et al., 1989; Roesler et al., 1989; Bricaud & 
Stramski, 1990; Gallegos et al., 1990). 

The scattering properties of tripton are predominately caused by the 
inorganic fraction. Few spectral measurements exist but theory and investi-
gations suggested that wavelength dependence of scattering can be expressed by 
a λ–n law, with the exponent n varying between 0 and 1 (Morel & Preiur, 1977; 
Gallie & Murtha, 1992; Jupp et al., 1994). 

Usually not tripton, but the concentration of total suspended matter is 
measured (by its dry weight). There are ways for separating tripton (described 
in Hoogenbloom & Dekker (1997), Kutser et al. (2001) and in IV). 
 
 

2.2. Apparent optical properties 
 
The apparent optical properties depend mainly on the inherent optical properties 
of the water, but to a certain extent they are also dependent on irradiance 
conditions existing at any instant in the water body, chiefly on the directional 
distribution of the incoming irradiance. In fact they are properties of the light 
field, which under the incident solar radiation stream is established within the 
water body. The main corresponding parameters are Secchi disk depth, 
underwater irradiance (also underwater quantum irradiance), diffuse attenuation 
coefficient, irradiance reflectance and average cosine (Dera, 1992; Kirk, 1994).  

We do not describe the well-known measurements with Secchi depth. 
Submersible light sensors measure irradiance, E, in units of radiant power per 
unit area (W m–2) or flux of photons (quantum irradiance), q, per unit area 
(quanta m–2 s–1 or in µmol m–2 s–1). Sensors itself may be fixed so they look up, 
measuring downwelling irradiance or they may look down, measuring 
upwelling irradiance. 

In order to obtain the values of integral irradiance in some spectral range 
(from wavelength λ1 to λ2), the respective integral has to be determined: 

 ( ) ( )∫=
2

1

21,
λ

λ

λλλλ dEE . (2.6) 

The respective formula for quantum irradiance is: 
 

 ( )∫=
2

1

2
0

,

λ

λ
λλ λλλ d

hc
Eq d . (2.7) 

Here h = 6.6255×10–34 J s is Planck’s constant and c0 = 2.9979×108 m s–1 is the 
velocity of light in vacuum. 
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In marine optics and biology an important wavelength region is 400–700 nm, 
which represents visible light and determines the energy conditions of photo-
synthesis. The waveband 400–700 nm is called the photosynthetically active 
region, PAR, and respective irradiances are then EPAR and qPAR.  

The values of EPAR (planar irradiance) were measured by a sensor taking 
irradiance from the upper or lower hemisphere in the water (Dera, 1992; Kirk, 
1994; Arst, 2003). However, due to the fact that the algal cells are illuminated 
from all directions, for primary production calculations we need scalar quantum 
irradiance (q0,PAR(z)). It can be measured using a spherical quantum sensor, 
which takes radiation from all directions (Kirk, 1994; Sosik, 1996). 

A useful variable for characterizing the vertical decrease of natural light in 
water bodies is the diffuse attenuation coefficient (Kd). The index “d” means 
that we consider the downwelling irradiance. The general equations used to 
define Kd(z,λ) are shown in Dera (1992), Kirk (1994), Arst (2003) and in III. 

In the optically unstratified water body Kd practically does not depend on 
depth and the underwater irradiance can be calculated by the following formula: 

 
 ( ) ( ) ( ) zK

dd
deEzE ⋅−−= λλλ ,0, , (2.8) 

 
where Kd can be considered also as diffuse attenuation coefficient averaged over 
the layer from 0 to z. When z is measured in metres, Kd is expressed in m–1.  
To determine the diffuse attenuation coefficient, in practice, a semilog plot of 
irradiance results vs. depth has to be applied and the value of Kd can be found as 
the slope of the mean straight line through these points. 

Equation 2.8 is derived for monochromatic radiation; it works quite well for 
narrow spectral intervals, but gives only approximate results for integral 
radiation (Kirk, 1994; Arst et al., 2000). 
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3. MATERIAL AND METHODS 
 

3.1. Study areas 
 
We have a rather large database about five lakes: L. Peipsi, L. Võrtsjärv, 
L. Harku (all in Estonia), L. Vättern and L. Vänern (both in Sweden). These 
lakes are quite different from each other as their limnological type varies from 
ultra-oligotrophic to hypertrophic. Main morphometric data and typical 
variation of Secchi disk values are presented in Table 1. 
 
Table 1. Trophic type, main morphometric data, and typical variation of Secchi depth 
(zSD) in three Estonian lakes and two Swedish lakes. 

Lake Trophic type Area 
(km2) 

Average 
depth (m) 

Maximum 
depth (m) 

zSD
1 

(m) 
Peipsi Meso/eutrophic 3555 7.0 15 0.4–4.8 
Võrtsjärv Eutrophic 270 2.8 6.0 0.2–1.0 
Harku Hypertrophic 1.64 2.0 2.5 0.1–1.0 
Vänern Oligotrophic 5648 27 106 2.0–7.9 
Vättern Ultraoligotrophic 1856 40 128 6.0–15.0 

1 Data from long time monitoring 
 
Our main investigation object was Lake Peipsi (I, II, V, VI) on the border of 

Estonia and Russia, which is the fourth largest lake in Europe. Lake Peipsi is a 
relatively shallow lake consisting of three parts: (1) the northernmost, largest 
and deepest (average depth 8.3 m) L. Peipsi sensu stricto (Peipsi s.s.) is 
unstratified and mesotrophic/eutrophic; (2) the southernmost part, L. Pihkva, is 
shallower (5.3 m) and hypertrophic and (3) narrow L. Lämmijärv (2.3 m), 
connecting the first two, is close to hypertrophic (Nõges, 2001). About 240 
rivers and streams fall into L. Peipsi and there is only one outflow, the Narva 
River, carrying the water from L. Peipsi to Gulf of Finland. Therefore lake 
feeding is realised in extent of 84% by inflowing rivers and 16% by 
precipitation falling onto the lake surface (Mäemets, 1977). Due to L. Peipsi 
shallowness and large surface area it may be sensitive to possible climate 
changes. 

Lake Võrtsjärv (V, VI) is a large shallow non-stratified eutrophic lake within 
the boundaries of Estonia. More than 20 rivers, streams and ditches bring their 
waters into L. Võrtsjärv. There is only one out-flowing river, Suur-Emajõgi, 
which carries waters to L. Peipsi. The underwater light climate is strongly 
affected by the water level fluctuations. Phytoplankton biomass is significantly 
lower in years of high water level and the changes are unrelated to nutrient 
loading. In low-water years better water column illumination and increased 
release of phosphorus from resuspended bottom sediments results in subs-
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tantially higher phytoplankton biomass than in high-water years (Nõges et al., 
2002). 

Lake Harku (VI) is located within the borders of the Estonian capital Tallinn 
and was separated from sea by neotectonic uplift about 2000 years ago.  
The lake is small and hypertrophic, with extraordinarily high values of 
chlorophyll and total suspended matter concentrations (maxima 398 mg m–3 and 
82 g m–3, respectively) and the very small values of Secchi depth (minimum 
0.1 m). The maximum integrated primary production, measured by us, was 
435 mg C m–2 h–1. 

Lake Vänern (I, II, V) is the third largest lake in Europe. This lake is 
situated in central Sweden and is divided into two basins by a shallow 
archipelago. Its water quality is classified as moderately nutrient-rich, and 
measurements of algal biomass indicate oligotrophic conditions (Willén, 
2001a). In L. Vänern the bloom of phytoplankton in spring (May–early June) is 
often more pronounced than the second bloom in August. This lake can also 
have rather intense colour (Strömbeck, 2001).  

The second largest in Sweden, Lake Vättern (I, II, V), is the fifth largest 
lake in Europe (Kvarnäs, 2001). It is about 20 km east of L. Vänern and 
comprises only one rather narrow basin (width less than 15 km). It has a rela-
tively small watershed, and seasonal variations in discharge from the tributaries 
have very little impact on the lake’s water quality. Ultraoligotrophic conditions 
prevail in this lake (Willén, 2001a).  

In our study we used (as the initial data for calculations) also the parameters 
measured in nine Estonian and six Finnish lakes (III, IV). The dataset was 
obtained during a co-operation project (SUVI, 1995–2005) between the 
Department of Geophysics, University of Helsinki and Estonian Marine 
Institute. The lakes were located in the area with geographical coordinates 
ranging from 57°N to 63°N and from 22°E to 29°E. The dataset includes 
different types and sizes of water bodies in the boreal ecoregion varying from 
clear oligotrophic lakes to very turbid hypertrophic lakes. 
 
 

3.2. In situ measurements 
 
Measurements of the optical properties of lake waters involved in situ mea-
surements of underwater irradiance and collection of water samples for 
subsequent laboratory analyses. 

As a part of project SUVI (Herlevi et al., 1999; Herlevi, 2002a,b) the 
attenuation and absorption coefficients of light in the water were measured 
using the instrument ac-9 (WET Labs. Inc., 1995). It is a dual path absorption 
and attenuation meter, measuring a and c simultaneously at nine different 
wavelengths (412, 440, 488, 510, 532, 555, 650, 676 and 715 nm (beginning 
from 2000 the channel 532 was replaced by 630 nm). The dataset of ac-9 
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contains the vertical profiles of parameters determined with very small depth-
step (1–2 cm) down to 2–6 m in a lake. However, the depth-variation of 
variables in our lakes was only 2–3% (Herlevi et al., 1999; Herlevi, 2002b) and 
we used the averaged values for the layer of 0.5–1 m. The total scattering 
coefficient cannot be measured directly, but is calculated as the difference 
between attenuation and absorption. 

The spectral downwelling and upward irradiances (Ed(z) and Eu(z),  
W m–2 nm–1) were profiled in the water column using the spectroradiometer  
LI-1800 UW. This instrument measures the irradiance spectra over 300–
1100 nm in air and 350–850 nm in water with the spectral resolution of 2 nm. 
The manufacturer is LI-COR Corporation (Lincoln, Nebraska, USA).  
The description of this instrument as well as the measurement methods are 
presented in Herlevi (2002b). Usually Ed(λ) decreased very quickly with depth 
(especially in the blue region of the spectrum) and irradiance values were 
beyond the sensitivity limit of the spectrometer(3 × 10–5 W m–2 nm–1). In clear 
water lakes it was possible to determine 6–7 spectra at different depth, but in 
turbid lakes the number of spectra was usually 3. In very turbid waters the 
whole spectrum was obtained only in the upper thin layer. 

We had at our disposal also another instrument, BIC-2104 (Biospherical 
Instruments Inc.), allowing to measure the profiles of underwater irradiance in 
three bands (centred at 412, 555, 665 nm), and the integral irradiance in the 
PAR region. This instrument is easy to handle and suitable for measurements 
even in very shallow water (at least ~ 20 cm). Using BIC-2104, we performed 
measurements, the results of which are described in II. Data were collected 
continuously during lowering and lifting the instrument, stored together with the 
respective depth (precision ± 2 cm) and temperature data into a laptop 
computer. In III (for modelling the spectra of diffuse attenuation coefficient) as 
well as in IV, (for investigation of the relationships between inherent optical 
properties and water constituents) we used the ac-9 data obtained by Herlevi 
(1999; 2002a,b). 

In lakes Peipsi, Võrtsjärv and Harku also the scalar and downwelling planar 
irradiances (in PAR band of the spectrum) were measured using LI-COR 
sensors (LI-COR, Inc., 1984): LI-193 SA for scalar irradiance and LI-192 SA 
for the downwelling irradiance (Jewson et al., 1984; Bowling & Tyler, 1985). 
Both sensors separately calibrated for quantum irradiance. In the air the 
quantum irradiance of 4.6 µmol s–1 m–2 corresponds to a radiative energy of 
1 W m–2 but in the water this relationship depends on the optical properties of 
the water (Reinart et a.., 1998). Incident PAR irradiance was measured by the 
LI-192 SA just before submerging it into the water and after the underwater 
measurements and with an air pyronometer LI-192 SA (range 400–1100 nm) 
during the measurement.  

Water samples were collected either from surface layer (I, II, III, IV, V) 
and/or as depth-integrated, i.e. water taken from the whole water column with 
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an interval of 0.5 m was mixed in one bigger tank (V–VI). A standard water 
sampler was used and the samples were stored in the dark and cold less than 7h 
before filtering. The relative transparency of water was measured using Secchi 
disk during the time of sampling. 
 
 

3.3. Laboratory measurements and methods 
 
On arrival at the laboratory the water samples from each lake were filtered 
either through Whatman GF/C (during co-operation project SUVI, in III and 
IV) or Whatman GF/F filters (other studies). The corresponding pore sizes of 
these filters are 1.2 µm and 0.7 µm. The concentration of chlorophyll a was 
determined by filtering 0.5–1 litres of water through one of these filters, 
extracting pigments with hot ethanol (90%, 75°C) and measuring absorption 
coefficients at the wavelengths of 665 and 750 nm. In SUVI studies the value of 
CChl was calculated according to the Lorenzen (1967) method but in I, II the 
chlorophyll a and phaeophytin a concentrations were measured according to the 
ISO standard method (ISO 10260, 1992 (E)). In V–VI the concentration of 
chlorophyll a was estimated in parallel by both methods. The concentration of 
total suspended matter, CTSS, was measured gravimetrically after filtration of the 
same amount of water through pre-weighed and pre-combusted (103–105 °C for 
1 h) filters; the inorganic fraction, CSPIM, was measured after combustion at 
550 °C for 30 min. The organic fraction CSPOM was determined by subtraction of 
CSPIM from CTSS (ESS method 340.2, 1993).  

The “spectrometric” attenuation coefficients of light, c*(λ) and cf*(λ), were 
determined respectively from unfiltered and filtered (filters pore size was 
0.7 µm) water samples. Note that more correct results could be obtained when 
the filters with pore size 0.2 µm were used (Lindell et al., 1999). However, we 
could not use these filters because the water of many lakes was so rich in 
particles that it would have clogged up the fine filters. The variable c*(λ) was 
obtained as the difference c(λ) – cd(λ), where c(λ) and cd(λ) are the beam 
attenuation coefficients for natural and distilled water, respectively. The term 
‘spectrometric attenuation coefficient’ needs explanation. As known (Zaneveld 
et al., 1992; Bricaud et al., 1995b), the experimental determination of the true 
values of the beam attenuation coefficient (c) is complicated. Theoretically, the 
beam transmittance should contain no contribution from scattered light, but in 
reality small-angle forward scattering does reach the detector. The measured 
transmittance then exceeds the theoretical value and the attenuation coefficient 
determined from the measured transmittance is smaller than the true value. 
Actually, the direct spectrophotometer reading, c*(λ), is the following: 

 
 ( ) ( ) ( )λλλλ dcFbcc −−=)(* , (3.1) 
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where b(λ) is the light-scattering coefficient and F is a coefficient showing the 
contribution of small-angle forward scattering to the radiation measured by the 
spectrophotometer. 

We performed our laboratory measurements with a commercial Hitachi 
U1000 spectrophotometer at a spectral interval of 10 nm in the PAR (photo-
synthetically active radiation) band, 400–700 nm. Unfortunately, the value of F 
for this instrument is not known and therefore we refer to the measurement 
result not as a ‘beam attenuation coefficient’, but as a ‘spectrometric’ 
attenuation coefficient. Arst et al. (1996, 1999a,b) found that although c*(λ) 
differs from the true beam attenuation coefficient, the averaged value over the 
PAR region, c*

PAR , can be used for characterizing the optical quality and 
transparency of water at different depths. 

The absorption coefficient of CDOM is usually determined from the 
attenuation coefficient spectra of filtered water, c*

f(λ). Note that the variable 
c*

f(λ) is not identical to aCDOM(λ) because some very small inorganic particles 
and colloids also pass through the filter and the water may remain a scattering 
medium even after filtration (Bricaud et al., 1995b; Sipelgas et al., 2003; Arst, 
2003). In this case we need a correction, the general relationship of which is 
given in Bricaud et al. (1981). However, in the blue part of the spectrum the 
differences are small, about 2–8% (Sipelgas et al., 2003). For c*

f(λ) Eq. (3.1) is 
also valid, but the term Fb(λ) is considerably smaller due to the decrease in 
scattering after filtration. 

In regard to apparatus and methods I, II form an exception, where 
absorption by coloured dissolved organic matter (aCDOM, called also ays) was 
measured with a spectrometer (PERKIN ELMER Lambda 40 UV/VIS, in the 
range 300–900 nm) in water filtered through Millipore 0.2 µm filter, in a 10 cm 
cuvette against distilled water and corrected for residual scattering according to 
Davis-Colley & Vant (1987).  

The total particulate absorption, ap(λ), was measured with a spectrometer 
(PERKIN ELMER Lambda 40 UV/VIS in the range 400–750 nm) with the 
Whatman GF/F filter pad technique (summary of the method is given in Lindell 
et al., 1999) and using later depigmentation with sodium hypochloride (Tassan 
& Ferrary, 1995), which separates phytoplankton pigment absorption aph(λ) and 
the absorption by the rest of particles, at(λ) (tripton). 
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4. RESULTS AND DISCUSSION 
 

4.1. Optically active substances in the water and 
correlation analysis 

 
Lakes are multicomponent systems where the optical parameters of the water 
depend on the concentrations of all three optically active substances.  
The amount of OAS changes from lake to lake, but additionally their temporal 
changes are observed, caused by phytoplankton blooms as well as springtime 
increase of dissolved organic matter (associated with snowmelt runoff) or 
changes in concentration and type of suspended particles (associated with river 
discharge or resuspension). The variations in the amount of OAS (as well as the 
variations of underwater light field) are essential factors in the formation of the 
ecological status of lakes. Information about OAS is needed also to build 
remote sensing models for optically complex waters (Kutser et al., 2001; 
Dall’Olmo & Gitelson, 2005) which have to be parameterized and validated 
using in situ data (Pierson & Strömbeck, 2000; Darecki & Stramski, 2004; 
Kutser et al., 2006; Metsamaa et al., 2006). 

The results obtained by us (Paavel, 2004; I–VI) demonstrate a large 
variability in optically active substances in different types of lakes. Our main 
study sites were lakes Peipsi, Võrtsjärv and Harku in Estonia (I–II and V–VI). 
Additionally we analysed water samples collected from 20 turbid southern 
Swedish lakes (Paavel, 2004 and II), 14 Estonian lakes and 15 southern Finnish 
lakes (dataset described in II–IV). The measured water parameters were also 
compared with those obtained from two clear-water Swedish lakes, L. Vänern 
and L. Vättern (I, II, V). 

The average values of observed concentrations of OAS and Secchi disk 
depth (without L. Võrtsjärv and L. Harku) are presented in Table 2. These data 
were taken from Paavel (2004) and I, except for L. Peipsi, where the whole 
dataset obtained from 2001–2005 is used (look also V). According to the 
parameter CTSS, L. Peipsi falls in the same range with small Estonian and 
Finnish lakes (30 lakes), but this parameter was significantly higher for the two 
Swedish large lakes, L. Vänern and L. Vättern. The main reason is that due to 
its shallowness L. Peipsi is frequently well mixed, especially in the conditions 
of strong winds when resuspensions of sediments from the bottom occur.  
The differences between aCDOM(400) are smaller in comparison with of those 
between CChl in lakes. 
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Table 2. Mean values and respective standard deviations for some bio-optical 
parameters in lake waters during measurements campaigns in 1994–2005.  

 Peipsi* 
N=238 

Vänern●

N=48 
Vättern●

N=22 
Swedish♠ 

N=20 
Finnish♣ 

N=63 
Estonian♣ 

N=54 
CChl, mg m–3 23.5±17.3 3.9±1.2 2.0±0.5 2.2±3.0 13.7±14.2 20.8±20.4 
CTSS, g m–3 7.3±5.8 1.2±0.4 0.6±0.6 3.0±2.6 5.9±7.3 6.6±5.6 
CSPIM, g m–3 3.1±3.0 0.6±0.2 0.2±0.1 1.1±2.0 0.3±0.2♠ 1.2±1.5♠ 
CSPOM, g m–3 4.6±3.7 0.6±0.4 0.3±0.2 1.9±1.3 3.2±1.7♠ 2.2±1.6♠ 
aCDOM(400), m–1 4.6±2.6 2.5±1.1 0.5±0.2 8.3±5.3 6.6±2.8 3.8±3.6 
zSD, m 1.7±0.7 4.0±0.6 9.0±0.4 2.3±1.3 2.4±1.6 2.7±1.8 

* Measurements 2001–2005  ● Measurements in 1999 and 2002 
♣ Measurements 1994–2003  ♠ Measurements in 2003  
 
The temporal variations of OAS were examined during 2003–2005 in lakes 
Peipsi, Võrtsjärv and Harku (the corresponding sampling stations were Varnja, 
Limnology and Harku). Simultaneously also the underwater irradiance and 
primary production profiles were measured. In 2003 we had field trips only in 
June and August, in 2004–2005 in different months from April to September. 
Altogether there were 37 measurement days, 14 in L. Peipsi, 14 in L. Võrtsjärv 
and 9 in L. Harku. The measurement series were planned twice a day (about 
11:00–13:00 and 15:00–17:00), but sometimes due to the weather conditions or 
technical problems some data were missing or not acceptable. The values of the 
annual variations of OAS were obtained averaging the results of two series in 
each measurement day (Fig. 1). In this figure the amount of CDOM is described 
using the attenuation coefficient of filtered water at the wavelength 380 nm 
(c*

f(380)). The range of variations and corresponding mean values of OAS for 
the stations Varnja in L. Peipsi and Limnology in L. Võrtsjärv (some data for 
L. Võrtsjärv in 1995–2002 were added) are also presented in Table 2 in V and 
Fig. 2 in V. 
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Figure 1. The temporal variations of the 
concentrations of chlorophyll a and total 
suspended matter as well as the atte-
nuation coefficient of filtered water, 
c*

f(380). 

 
The seasonal behaviour of all three parameters in L. Peipsi and L Võrtsjärv is 
irregular, and with no apparent long-term trend (Fig. 1). A noticeable increase 
of concentration of chlorophyll a and total suspended matter from 2003 to 2005 
was observed only in L. Harku (Fig. 1a,b). The data collected at three stations 
showed that CChl values in all lakes were highest during the intensive algal 
blooms that occurred in late summer (Fig. 1), which is typical of turbid lakes 
situated in agricultural and rural areas (Marshall & Peters, 1989). 
Extraordinarily high values of chlorophyll and total suspended matter concent-
rations, mainly in the second half of the chlorophyll growing period (maxima 
398 mg m–3 and 82 g m–3, respectively), were observed in L. Harku. (Fig. 1a,b). 

The considerable increase of CDOM in L. Peipsi in July and September 
2004 was due to summer rainfall, which resulted in intensive inflow from rivers 
to the lake. The low c*

f(380) (and conclusively, also small aCDOM(380)) values in 
April 2005 corresponded to a very severe winter, when snowmelt runoff peaks 
were shifted from April to early May (Fig. 1). According to these parameters, 
L. Peipsi, L. Võrtsjärv and L. Harku fall in the same range as the Estonian lakes 
investigated previously (Arst, 2003). 

During our measurement campaigns we also examined the spatial variability 
of OAS in the north-south direction in Lake Peipsi (Table 3 in V). L. Peipsi is  
a large lake (area 3,555 km2) and the concentrations of OAS vary noticeably 
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when comparing its three different parts. The general trend was the increase of 
OAS from the northern part of L. Peipsi towards its southern part (Table 3  
in V). The spatial distribution of OAS is influenced also by inflow from rivers. 
The Velikaya River (entering L. Pihkva) accounts for about 50% and the Suur-
Emajõgi River (entering L. Peipsi s.s.) for 39% of the inflowing water to 
L. Peipsi as a whole (Laugaste & Yastremskij, 2000). Since these large, 
strongly eutrophied rivers are major inflows in the southern coast of L. Peipsi, 
the concentrations of all three OAS were high especially near the mouths of the 
Rivers Suur-Emajõgi and Velikaya (Fig. 2 in II and Table 3 in V).  
The relatively high concentrations of CChl and CTSS in the southern area of 
L. Peipsi were probably caused also by the fact that the measurements were 
performed in the period of algal bloom. The spatial distribution of OAS can 
vary with time. For instance, the average value of CChl in 2003 (the water 
samples were taken only in the Estonian side of L. Peipsi s.s. and 
L. Lämmijärv) was 12.7±14.8 mg m–3 (Paavel, 2004), which is substantially 
smaller than usual in this lake (Table 2).  

In my study the correlation between different OAS measured in Estonian, 
Finnish and Swedish lakes was investigated (I–VI). According to Paavel (2004) 
and I there is a strong relationship (R2=0.74) between the concentrations of total 
suspended matter and chlorophyll a over all three large European lakes  
(Fig. 2a), indicating that generally suspended matter contains a large amount of 
phytoplankton cells. However, in case of low values of CChl and CTSS they did 
not correlate anymore, partly because of uncertainty of the weighting method. 
Thus, separately in lakes Vänern and Vättern the corresponding determination 
coefficients were only 0.35 and 0.03 (in L. Peipsi it was 0.64). High values of 
CTSS can be caused by high amounts of biomass or suspended solids, which both 
are typical of shallow eutrophic lakes. According to Laugaste et al. (1996) there 
is a strong seasonal and spatial variation in the composition of suspended 
particles, for example because of cyanobacteria blooms in the southern area of 
L. Peipsi (L. Pihkva) in late summer, but in L. Peipsi s.s. diatoms may cause 
high water turbidity even in November. The results of Paavel (2004) describing 
the regressions CChl vs. CTSS for small lakes are presented in Fig. 2b.  
For chlorophyll-rich Estonian and Finnish lakes the values of R2 were much 
higher than those in small Swedish lakes (R2 was respectively 0.63, 0.64 and 
0.17). 

Using the database collected in L. Peipsi during 2001–2005 and in 
L. Võrtsjärv during 2003–2005 the determination coefficients of the regression 
CChl vs. CTSS were correspondingly 0.64 and 0.44 (Table 4 in V). The low value 
of R2 for L. Võrtsjärv can be caused by the fact that this lake is noticeably 
shallower than L. Peipsi (mean depths 2.8 and 7 m) and in the conditions of 
strong wind the resuspensions of sediments from the bottom occur, which does 
not depend on the biological activity of the water. 
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Figure 2. Relationship between total suspended matter and chlorophyll a concentration 
in: (a) three European large lakes; (b) small lakes in Estonia, Finland and Sweden 
(according to Paavel (2004) and I). 
 
Coloured dissolved organic matter may be produced in a lake itself or 
transported from the drainage area. Based on the relationship between aCDOM 
and CChl (Fig. 3a) in Estonian lakes (L. Võrtsjärv and L. Harku are not shown), 
similarly to L. Vänern and L. Vättern, the coloured dissolved organic matter 
was clearly of allochthonous origin, referring to the relationship from Davies-
Colley & Vant (1987). The correlative relationship between inorganic matter 
and CDOM in lakes Vänern and Vättern (Fig. 3b) showed that CSPIM values 
were somewhat higher than the values of aCDOM (400), which usually refers to 
samples from river mouths or shallower areas close to the shore of lakes. In 
L. Peipsi the maximum values of aCDOM(400) obtained in I were up to  
11 m–1(measured in the mouth of the River Suur-Emajõgi and in narrow 
L. Lämmijärv), but taking into account all measurements made during  
2001–2005 it was 16 m–1. The values of CSPIM may be rather high everywhere 
over L. Peipsi, as they depend more on the depth and wind conditions than on 
inflows in shallow lakes (Nõges et al. 1996). 
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Figure 3. Absorption coefficient of light by coloured dissolved organic matter, 
aCDOM(400), as: (A) a function of chlorophyll a concentration; and (B) a function of 
inorganic suspended matter (according to I). 
 
 

4.2. Contribution of different water constituents  
to the total absorption and attenuation of light 

 
There are numerous publications where the absolute values of total and/or 
substance-specific absorption, scattering and attenuation coefficients are 
presented, both for the PAR region and for different wavelengths. However, we 
could find only a few studies where the contributions of different components 
of aquatic medium to total a (or c) are assessed (Kirk, 1980, 1994; McKee et 
al., 2002). This kind of information allows comparing the water bodies from the 
point of view of relative importance of water constituents in formation of 
inherent optical properties in different lakes and times. 

The contributions of different components of aquatic medium to total a and c 
were estimated in Paavel (2004), I and IV. In the first two studies the necessary 
data were obtained from laboratory analyses, in IV I used additionally the 
in situ measurements made by the instrument ac-9 (Herlevi et al., 1999; Herlevi, 
2002). However, it is rather hard to distinguish bph and bt from b spectra.  
For this reason, we did not separate the contribution of the scattering by 
different OAS, and only the total contribution. 

In I the values of absorption coefficients by different water constituents were 
determined by measurements with a laboratory spectrometer. Then the ratios 
aw/a, aph/a, aCDOM/a, and at/a were calculated for three wavebands, 400–450, 
550–650 and 670–700 nm, and for the whole PAR region. 

The averaged values of contributions of water, CDOM, phytoplankton and 
tripton to the total spectral absorption coefficient for North-European large 
lakes (L. Peipsi, L. Vänern and L. Vättern) as well for some small Estonian and 
Finnish lakes for three wavebands are presented in Table 3. These results are 
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taken from Paavel (2004) as it covers more lakes than the database used in I. 
Note that the results showing percentage of absorption by the water, CDOM and 
particles for different water types in L. Peipsi, are also presented in Table 4 in I. 

Coloured dissolved organic matter (CDOM) is certainly the most essential 
absorbing component in all investigated lakes. Its influence is especially high in 
the blue region of spectra, where the corresponding percentage is more than 
80% (Table 3). Beginning from 550 nm absorption by pure water quickly 
increases. If in the waveband 550–650 nm the absorption of CDOM and water 
are still comparable, then at the end of the PAR region the contribution of 
CDOM is apostatized and the main absorber is water itself (Table 3).  
The phytoplankton and tripton absorb mostly up to 15% of the radiance in 
Estonian and Swedish lakes, while Finnish lakes form an exception where aph 
and at at the waveband 550–650 nm are respectively 24% and 22% (Table 3). 

 
Table 3. Averaged values of contributions of optically active components to the total 
absorption coefficient at three wavebands (by Paavel, 2004 and I). 

Lakes Vättern Vänern Peipsi Estonian Finnish 
Pure water 

400–450 nm 0.3% 0.2% 0.2% 0.2% 0.1% 
550–650 nm 48% 69% 40% 29% 32% 
670–700 nm 86% 89% 81% 72% 74% 

Coloured dissolved organic matter 
400–450 nm 91% 83% 83% 85% 85% 
550–650 nm 46% 26% 39% 55% 51% 
670–700 nm 9% 4% 5% 12% 9% 

Phytoplankton 
400–450 nm 3% 9% 6% 7% 6% 
550–650 nm 2% 3% 12% 10% 24% 
670–700 nm 5% 4% 11% 15% 14% 

Tripton 
400–450 nm 5% 9% 10% 8% 9% 
550–650 nm 2% 3% 9% 13% 22% 
670–700 nm 1% 0% 2% 1% 3% 

 
The averaged values of contributions of CDOM, water, tripton and 
phytoplankton to the total spectral absorption coefficient in the PAR region are 
shown in Fig. 4. Only in L. Peipsi and small Estonian and Finnish lakes the 
absorption by pure water are comparable with that of phytoplankton and tripton. 
In Swedish large lakes the amount of organic and mineral particles as well their 
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contribution to light absorption is smaller. In ultraoligotrophic L. Vättern the 
main factors of light absorption are dissolved organic matter and pure water, the 
effects of which are equivalent, respectively 49% and 40%. In L. Vänern the 
average absorption by CDOM (73%) is even higher than in L. Peipsi (average 
64%), but the effect of particles is more than two times smaller (8% in 
L. Vänern and 19% in L. Peipsi). In small lakes, as well L. Peipsi, the influence 
of particles in light absorption is to some extent higher than the influence of 
pure water itself. 
 

 
 
Figure 4. Contributions of phytoplankton, CDOM, pure water and tripton to the total 
absorption coefficients in the PAR region (Paavel 2004). 
 
In IV the total absorption coefficients (as well attenuation and scattering coeffi-
cients) were obtained from the results of the instrument ac-9 (Herlevi et al., 
1999; Herlevi, 2002b). The following ratios were calculated: (1) aw/a, aph/a, 
aCDOM/a and at/a, (2) aw/c, aph/c, aCDOM/c and at/c, (3) b/c. The calculations were 
performed for eight wavelengths of ac-9 and for the whole PAR region (look at 
Eqs. 2.3–2.4 and Eq. 5 in IV). The spectral values of absorption coefficients of 
pure water were taken from Pope & Fry (1997). The database consists, similarly 
to Paavel (2004), of small Estonian and Finnish lakes, but the lakes are 
different. Two examples describing results for four individual cases are shown 
in Figs. 5 and 6 (look also at Figs. 3 and 4 in IV as well as at Table 4 in IV). 
These contributions change from lake to lake and can be very different for 440 
and 676 nm (especially aCDOM/a and aw/a). With two exceptions (L. Paukjärv & 
L. Koorküla Valgjärv) contribution of aph for 676 nm exceeds markedly that for 
440 nm (Table 4 in IV). At the wavelength 440 nm the value of aph/a changes 
from 3.2% to 13% and aCDOM/a from 56% to 90%. The values of aw/a (and their 
absolute change) are small. At the wavelength 676 nm aph/a changes from 8.1% 
to 35%, aCDOM/a from 1.6% to 11% and aw/a from 39% to 82%. The numerical 
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values of at/a have to be accepted with caution, but surely their highest 
contributions in three most turbid lakes (L. Tuusulanjärvi, L. Võrtsjärv and 
L. Ülemiste) are logical. 

The contributions of OAS to a and c at different wavelengths, as well as 
those for the entire PAR region (Figs. 5 and 6) are to some extent in corres-
pondence with the optical types of lakes (Reinart et al., 2003; Arst 2003). 
According to Fig. 5, the value of aw,PAR/aPAR is almost 20% in L. Vesijärvi, but 
only about 6% in L. Võrtsjärv and L. Lammi Pääjärvi. The contribution of 
CDOM (aCDOM,PAR/aPAR) is about 50% in L. Vesijärvi and L. Võrtsjärv, to some 
extent higher in L. Lohjanjärvi (65%), but in L. Lammi Pääjärvi it reaches 77%. 
The values of aph,PAR/aPAR and aCDOM,PAR/aPAR are the highest in L. Vesijärvi and 
L. Võrtsjärv (14%), but only 7% in L. Lohjanjärvi and 3.4% in L. Lammi 
Pääjärvi. As can be expected, the ratio at,PAR/aPAR is highest in shallow and 
turbid L. Võrtsjärv (30%), but almost similar in the other three lakes  
(13%–18%). 

The values of bPAR/cPAR also vary from lake to lake: in L. Võrtsjärv it is 84%, 
in L. Vesijärvi 72%, in L. Lohjanjärvi 65% and in L. Lammi Pääjärvi only 38% 
(Fig. 6). In our very turbid lakes (L. Võrtsjärv, L. Tuusulanjärvi, L. Ülemiste) 
the scattering coefficient can be rather high (typical values of b(412 nm) in 
these lakes were 10–26 m–1)(IV). Kirk (1981, 1994) presented the values of bPAR 
for five Australian freshwater lakes, with a minimum of 1.5 m–1 and a 
maximum of 59.8 m–1. So, there are lakes with very high values of scattering 
coefficient and correspondingly, the ratio b/c is relatively high. For the cases 
shown in Fig. 6, the values of bPAR were between 1.9 and 12.3 m–1. 

There is not much data of other authors for comparing with our results.  
Kirk (1980, 1994) presents some estimations of the contribution of 1) water 
itself, 2) soluble fraction, and 3) particulate fraction to absorbed PAR quantum 
irradiance for coastal-oceanic, estuarine and inland waters (altogether 12 cases). 
For inland waters the contribution of the water itself was in the range 6%–39%, 
the contributions of soluble and particulate fractions varied correspondingly 
7.5%–60.4% and 5.2%–86.6%. The general agreement with the results of I and 
IV is good, but our turbid lakes show to some extent lower values of aw,PAR/aPAR 
and higher values of aCDOM,PAR/aPAR.  

In McKee et al. (2002) the measurements and radiative transfer modelling 
were performed in a Scottish fjord, Loch Elive (down to 40 m). This water body 
is different from most of our shallow lakes, but three lakes (L. Paukjärv, 
L. Koorküla Valgjärv and L. Nohipalu Valgjärv) showed rather similar values 
of chlorophyll and coloured dissolved organic matter content. In Loch Elive the 
contributions of water, CDOM and phytoplankton (obviously together with 
tripton) to the total absorption in PAR were correspondingly 36%, 44% and 
20%. For our clear-water lakes we obtained similar results, except that the 
contribution of CDOM in lakes was higher than that in the fjord. 

8
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Figure 5. Contributions of phytoplankton, CDOM, water and tripton to the total 
absorption coefficient a (calculated correspondingly as aw/c, aph/c, aCDOM/c and at/c) for 
eight wavelengths and also for the PAR region. In the figure the abbreviations aph, 
aCDOM, aw, at and b were used. 
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Figure 6. Contributions of aph, aCDOM, aw, at and scattering coefficient b to the total 
attenuation coefficient c (calculated correspondingly as aw/c, aph/c, aCDOM/c, at/c and b/c) 
for eight wavelengths and the PAR region. In the figure the abbreviations aph, aCDOM, aw, 
at and b were used. 
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4.3. Absorption of solar light  
in the water caused by tripton 

 
Particulate attenuation can be decomposed into contributions from phyto-
plankton (“chlorophyllous” particles) and from other particulate material, 
tripton (“nonchlorophyllous” particles). Tripton consists of non-living suspend-
ded material in the water (organic and inorganic particles). Non-living organic 
particles are called detritus. These particles are assumed to have biological 
origin (produced when phytoplankton die and their cells break apart, and when 
zooplanktons graze on phytoplankton and leave cell fragments and fecal 
pellets). However, detrital material may also have other sources e.g., 
resuspension of organic matter from the bottom, river and land drainage.  
The second component of tripton, inorganic particles may include minerals, 
such as fine clay, silt particles, sand, or precipitates such as iron and manganese 
hydroxides and calcium carbonate. Note that different authors have different 
definitions for tripton (Kishino et al., 1985; Nelson & Robertson, 1993; Tassan 
& Ferrari, 1995; Hoogenboom & Dekker, 1997). Rather often nonchloro-
phyllous material is equated with detritus, obviously supposing that the 
contribution of mineral particles in tripton is very small.  

Usually data exist on total particulate absorption (Kirk & Tyler, 1986; 
Bowling et al., 1986; Oliver, 1990; Alvarez-Cobelas, 1991), but these studies 
do not provide direct information about tripton absorption itself because of 
confounding contributions by phytoplankton. Measurements of phytoplankton 
and tripton absorption, in turbid productive inland waters are even more limited. 
Most published data have been collected from European lakes (Duarte et al., 
2000; Pierson & Strömbeck, 2000; Kutser et al., 2001; Simis et al., 2005), 
although oligotrophic and mesotrophic lakes in North America have been 
investigated (Bukata et al., 1979; Weidemann et al., 1985; Weidemann & 
Bannister, 1986; Bergmann et al., 2004). Thus, the assessment of the numerical 
values of absorption of light by suspended particles as well as of the 
corresponding specific absorption coefficients is complicated and is still one of 
the most difficult problems in the building of the remote sensing models. 

One of the main tasks of my research was to extend the current under-
standing of variations in specific absorption coefficients of tripton, and the 
potential diversity in their spectral signatures (I, IV). The values of tripton 
absorption coefficients were determined in two ways: (1) measuring the total 
particulate absorption with a spectrometer and using later depigmentation with 
sodium hypochloride, which separates phytoplankton and tripton absorptions 
(I), and (2) estimated as a residual on the basis of Eq. 2.2 (Eq. 5 in IV). In the 
last case the total absorption coefficient was obtained from the results of the 
instrument ac-9, and the values aph and aCDOM were estimated using Eqs. 2.3 and 
2.4). The spectral values of absorption coefficients of pure water are considered 
as known data and were taken from Pope and Fry (1997). 
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It is generally accepted that the spectrum of tripton absorption coefficient 
at(λ) can be described by an exponential function which increases toward 
shorter wavelengths: 

 
 ( ) ( ) ( )[ ]00 exp λλλλ −−= taa tt . (4.1) 
 
Here λ0 is a reference wavelength, and t is an empirically determined slope of 
the exponential curve. When the concentration of tripton in the water (Ct) is 
known, we can estimate corresponding specific absorption coefficient 
a'

t(λ) = at(λ)/Ct. 
In Paavel (2004) the values of a'

t(400 nm) were estimated for two Swedish 
lakes (L. Vänern and L. Vättern), for L. Peipsi (Estonia) and for some small 
Estonian and Finnish lakes. The results obtained were between 0.11 and 
0.20 m2 g–1. Partially the same database (L. Peipsi, L. Vänern and L. Vättern) 
was used in I. The numerical values of the tripton absorption coefficient 
(at(400)) for these lakes were correspondingly 0.72±0.50, 0.13±0.17 and 
0.05±0.03 m–1. The slope t varies only a little: from 0.012 to 0.014 nm–1, 
increasing with the water transparency. 

According to the results of IV for small Estonian and Finnish lakes the 
values of at at the wavelength of 412 nm were mostly between 0.02 and 0.8 m–1. 
For comparison we have several values of at(412) measured in other studies.  
In the Baltic Sea in summer 1998 Darecki et al. (2003) got the values of at(412) 
mostly up to 0.65 m–1 (the maximum was 1 m–1). For Lake Peipsi at(412) 
ranged from 0.18 to 0.95 m–1, which was about six times higher than at(412) for 
large Swedish lakes, L. Vänern and L. Vättern (0.05–0.16 m–1) (Paavel, 2004 
and I). The variability of at can be explained by the fact that it depends not only 
on absorptive properties of tripton, but also on its concentration in the water. 

Some examples of the spectral variation of specific absorption coefficients 
of tripton, a'

t, calculated by Eqs. 5 and 6 in IV, are shown in Fig. 7. Four spectra 
in this figure are characterized by a high determination coefficient and a rather 
stable value of the exponent t, which was between 0.0068 and 0.0082 nm–1. 
However, there is a group of measurements, where the maximum value of a'

t is 
at the wavelength 440 nm, the value of R2 is lower (sometimes even less than 
0.5) and the values of a'

t at 532 and 555 nm are very small (Fig. 7b). As one can 
expect, the numerical values of a'

t were very variable (see also Table 3 in IV). 
Naturally, the slope of the exponent is the same for at and a'

t. 

9
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Figure 7. Some examples of the spectral distribution of a'

t(λ) , calculated by Eqs. 5 and 
6 in I, using the results of in situ and laboratory measurements as initial data: (a) shows 
the trendlines fitting well with the measurement results, (b) the points showing the 
spectral distribution of a'

t(λ) are rather irregular. 
 
On the basis of ac-9 measurements we could estimate a'

t(400) only very 
approximately (by extrapolation), using trendlines of the a'

t(λ) spectra (IV). 
According to these data (I), a'

t(400) varies between 0.050 and 0.176 m2 g–1.  
When comparing these results with those of Paavel (2004) (from 0.11 to 
0.20 m2 g–1) we see that there is only partial coincidence. However, such a 
discrepancy is not surprising taking into account the dependency of a'

t on the 
refractive index of particles and their size distribution (Mikkelsen, 2002).  
The values of a'

t(532) varied from 0.013 to 0.098 m2 g–1, but this can be 
explained not only by variability of tripton constituents, but also by errors of 
results obtained. We could not find a good correlation between the values of 
a'

t(532) and the concentration of tripton, Ct. However, using the Microsoft Excel 
Data Analysis program we found a rather good relationship between a'

t(532) 
and exponent t (for linear regression R2 = 0.584, standard error 
(SE) = 0.00092 m2 g–1, p = 1.42×10–6). 

The slope of the absorption coefficient spectra of tripton, t, for investigated 
North-European lakes (I, IV) was rather independent from time and place of 
sampling, varying from 0.0060 to 0.014 nm–1 (with two exceptions, the lower 
boundaries being 0.0044 and 0.0052 nm–1). It is in agreement with the data for a 
large range of waters, where t varied in the range of 0.006–0.016 nm–1  
(Roesler et al., 1989; Bricaud & Stramski, 1990; Strömbeck & Pierson, 2001; 
Darecki et al., 2003). 
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4.4. Estimation of the slope of the scattering 
coefficient spectra 

 
A special problem in marine optics is the description of the spectral distribution 
of the scattering coefficient. As was mentioned before, there are algorithms 
describing the scattering of light by phytoplankton (Eq. 2.5). However, the 
relevant scatterers are also detritus and mineral particles. Usually the spectrum 
of total scattering coefficient, b(λ), describing the summary influence of all 
OAS, is considered. Rather often the spectral invariance of b is stated (Jerlov 
(1974) for Baltic Waters; Bukata et al. (1979) for Lake Ontario; Phillips &  
Kirk (1984) for Australian waters). Unfortunately, only a few spectral 
measurements exist, but the theory (Morel & Prior, 1977) and investigations 
(Dekker, 1993; Jupp et al., 1994; Herlevi et al., 1999) suggest that scattering is 
relatively high at short wavelengths and lower at high wavelengths, following a 
power law, bpλ , (see Eq. 11 in IV). The crucial parameter is the slope pb, the 
numerical values of which vary noticeably (Morel & Prior, 1977; Kopelevich, 
1983b; Dekker, 1993; Kirk, 1994; Gould & Arnone, 1998; Herlevi et al., 1999; 
Herlevi, 2002b; Gallegos et al., 2005). Sometimes even contradictory results on 
its dependence on water turbidity were presented — some authors show a 
decrease, others an increase of pb with increasing the turbidity. 

The objectives of my work were to describe seasonal variation of pb 
(comparing May/June and August data) and to estimate its dependence on the 
concentrations of optically active substances (IV). The initial data (b(λ) at eight 
wavelengths in the PAR region) were taken from the database of the project 
SUVI (Herlevi et al., 1999; Herlevi, 2002b). The slope pb was determined using 
the power function trendline through these points. In most cases the 
determination coefficient was high (R2 > 0.94). The values of pb varied in large 
range, being between 0.32 and 2.53, the average value was 0.847 (N = 73, 
SE = 0.439) (IV). The parameter pb was also determined from our mea-
surements in L. Peipsi (I). The average value for exponent pb for L. Peipsi was 
1.01±0.16 (Table 5 in I), which is slightly lower than that estimated in large 
Swedish lakes Vättern and Vänern (1.25–1.45) by Strömbeck (2001). Note that 
for lake waters the value pb = 0.8 is often used in practice (Herlevi et al., 1999; 
Herlevi, 2002b; Arst, 2003). 

In three Finnish and two Estonian lakes we found distinguishable differences 
between pb averaged for May/June and for August (Fig. 7 in IV). The early 
summer values are rather variable, from 0.44 to 2.1, but in August pb varies only 
from 0.33 to 0.66. Gallegos et al. (2005) also found a seasonal trend for pb 
characterized by relatively high values in early spring and declines during the 
summer bloom. The reason why the wavelength dependence of the scattering 
coefficient is larger in spring than in late summer could be the different size and 
type of particles in water. 
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It was rather problematic to assume that we can find the connections 
between the values of slope pb and the concentrations of OAS. We had no 
success in finding a good correlation between pb and the concentration of any 
single OAS, although multiple regression between pb and three OAS jointly can 
give rather high determination coefficients. To predict this slope, the best results 
were obtained using multiple linear regression module of STATISTICA 6.0 
(StatSoft Inc., 2001) including the measured OAS values as well as their 
pairwise products (CChlCTSS, CChlc*

f(380) and Csc*
f(380)) in the analysis. 

Forward stepwise method was applied to select the best fitting model.  
The regression formula obtained is following: 

 
 ( ) ChlsfTSSb CCcCp 0124.00453.038000964.07964.0 * −−+= . (4.2) 
 
The units CTSS, CChl and c*

f are mg l–1, mg m–3 and m–1, respectively. The 
statistical parameters of this regression were N = 73, R2 = 0.668, SE of 
estimate = 0.259, p < 0.000001, with all variables and intercept being highly 
significant (p < 0.001). The comparison of pb(meas) and pb(regr) is presented in 
Fig. 8. These results show that, to some extent, the slope of the scattering 
coefficient spectrum depends all at once on the concentrations of three OAS. 

However, using the data only for five Finnish lakes (L. Lammi Pääjärvi,  
L. Lohjanjärvi, L. Päijänne, L. Tuusulanjärvi and L. Vesijärvi) a simple linear 
multiple regression gave a rather high value of R2 (Fig. 9). The corresponding 
regression formula was: 

 
 ( )3800922.00306.00492.0212.0 *

fChlTSSb cCCp +−+= , (4.3) 
 
where N = 41, R2 = 0.764, SE = 0.27 and p < 0.001. 
 

 
Figure 8. Comparison of pb values, deri-
ved from ac-9 measurements and calcu-
lated by regression formula (equation 
4.2). 

 

 
Figure 9. Comparison of pb(meas) and 
pb(calc), computed by Eq. 4.3 (only the 
data of L. Päijänne, L. Vesijärvi, L. Lam-
mi Pääjärvi, L. Lohjanjärvi and L. Tuusu-
lanjärvi were used. 
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4.5. Parameters for estimating the transparency and 
optical quality of the water 

 
The different lake field programmes, carried out in 1994–2005 in Estonian, 
Finnish and Swedish lakes (Paavel, 2004; I–VI) included: (1) the parameters 
determined from water samples, like the concentrations of optically active 
substances (described already in chapter 4.1), (2) the values of spectrometric 
attenuation coefficient of light between 400–700 nm, and corresponding 
attenuation coefficient in the photosynthetically active region, c*

PAR;  
(3) the apparent optical properties obtained from measurements in situ. In the 
last case the main characteristics are Secchi depth, zSD, and the diffuse 
attenuation coefficient (spectral and also for the whole PAR region, respectively 
Kd(λ) and Kd,PAR). On the basis of these data the temporal variations of zSD, c*

PAR 
and Kd,PAR were described and the general relationships between OAS and other 
parameters were investigated.  

The laboratory measurements giving us the parameters c*(λ) and c*
PAR as 

well as underwater irradiance measurements with sensors LI-1800 UW and  
LI-192 SA were described in the chapter 3. From underwater irradiance mea-
surements also the depth-averaged diffuse attenuation coefficient of PAR, 
Kd,PAR, was determined (V–VI). For this we used a semi-logarithmic plot of 
Ed,PAR (I–III) or qPAR (V–VI) vs. depth and calculated Kd,PAR as the slope of the 
least-square regression line through these points. It has been shown that in 
addition to zSD and Kd,PAR, also c*

PAR is a rather good indicator of the optical 
quality of the water (Arst, 2003). 

The temporal variations of characteristics zSD, c*
PAR and Kd,PAR during 2003–

2005 were examined in lakes Peipsi, Võrtsjärv and Harku (the corresponding 
sampling stations were Varnja, Limnology and Harku). As told before (section 
4.1), in 2003 we had field trips only in June and August and during 2004–2005 
in different months from April to September. Two consecutive measurement 
series of all parameters (including water samples and primary production) were 
planned for each day, the first before or at midday and the second in the 
afternoon, but sometimes due to the weather conditions or technical problems 
some results were missing or not acceptable. Altogether we got reliable data 
from 53 field and 68 laboratory series. For describing the seasonal variations of 
parameters we averaged the results of two series in each measurement day  
(Fig. 4.5.1). 

The analysis of the data showed that the seasonal behaviour of Kd,PAR (and 
also zSD and c*

PAR) was closely related to the variations in OAS. The lowest 
Kd,PAR values (from 0.74 to 1.70 m–1) in Peipsi were observed in spring and 
summer, but by the end of August (in some years even in September) Kd,PAR had 
increased to 2.28 m–1, mainly due to phytoplankton blooms (Fig. 4.5.1a).  
We have additional data on Kd,PAR obtained on the basis of measurements with a 
four-channel instrument BIC-2104 in L. Peipsi s.s. and Lämmijärv. During  

10
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a field campaign in 2003 Kd,PAR varied from 0.89 to 3.76 m–1 (II). In spring 
Kd,PAR values in Võrtsjärv and Harku varied from 1.60 to 2.50 m–1, but they 
increased in late summer and autumn up to 7.80 m–1 in Harku (in lake Võrtsjärv 
the maximum together with results in 1995–2002 was 3.80 m–1, V). Note that in 
September 1996, when the Secchi depth in L. Võrtsjärv was only 0.15 m, an 
extremely high value of Kd,PAR, equal to 6.5 m–1, was observed (Fig. 3b in V).  

In general, the values of c*
PAR showed a seasonal dynamics similar to Kd,PAR, 

but sometimes their behaviours conflicted. The reason can be that Kd,PAR, unlike 
c*

PAR, depends on the angular distribution of irradiance (Figs. 10a,c).  
However, a trend of increasing CChl in Harku from 2003 to 2005 is clearly 
expressed both in c*

PAR and Kd,PAR (Fig. 1a and Fig. 10a,c). 
We can compare the vernal diffuse attenuation coefficients in the eutrophic 

Estonian lakes with that measured in the Swedish lakes Vänern and Vättern 
during spring 2002. In L. Peipsi we obtained the values of Kd,PAR from 0.74 and 
1.70 m–1 and in L. Võrtsjärv from 1.60 to 2.44 m–1. In L. Vänern and L. Vättern 
the Kd,PAR values were respectively 0.71 and 0.33 m–1. Water in the deep 
Swedish lakes is more transparent than in the shallow Estonian lakes; it contains 
fewer nutrients because the rivers bring less organic matter from the rocky 
upland catchments into these lakes (Willen, 2001b). On the contrary, the 
Estonian lakes are frequently surrounded by wetlands. 

Due to the remarkable turbidity of L. Peipsi, L. Võrtsjärv and L. Harku the 
Secchi depth values are low (up to 3 m, mostly below 1.5 m) (Fig. 10b).  
The seasonal dynamics of water transparency in different parts of L. Peipsi in 
2003 is also described in Figs. 2 and 3 (respectively, for the period 1992–2003 
and year 2003) in I. The clearest water was observed in the northwestern corner 
of L. Peipsi s.s., Secchi depth was to some extent lower in L. Lämmijärv, and 
the lowest in L. Pihkva. The River Suur-Emajõgi brings large amounts of humic 
matter into the lake from the surrounding bog areas, which makes the water 
close to the river inflow brownish and usually less transparent than the water in 
the deeper parts of L. Peipsi s.s. (II). According to Lindpere et al. (1991) in 
L. Peipsi s.s. Secchi depth depends primarily on the development of phyto-
plankton, while in L. Lämmijärv and L. Pihkva it depends also on the amount of 
humic substances. The values of zSD found in Paavel (2004) in Estonian and 
Finnish lakes vary from 7 m in oligotrophic L. Nohipalu Valgjärv down to 
0.15 m in L. Võrtsjärv, which was unusually turbid because of extremely low 
water level in 1996. 
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Figure 10. Temporal variation of Secchi 
depth, spectrometric and diffuse atte-
nuation coefficients of light during 2003–
2005 in Estonian lakes. 

 
All optically active components affect irradiance attenuation in the water in a 
different manner, therefore the spectra of Kd(λ) give more information about the 
underwater light field than Kd,PAR. Some examples of these spectra were chosen 
to show the variability in different types of lakes (Fig. 11). In L. Peipsi the 
spectral diffuse attenuation coefficient was measured only in 2003 (thin lines in 
Fig. 5b in II) as well as during the field campaign in 2005 (the corresponding 
average is presented in Fig. 11a). The values of Kd(λ) are notably higher than 
the averaged spectra from lakes Vättern, Vänern and Paukjärv. L. Paukjärv 
represents the lowest Kd values measured during expeditions in Estonia and 
Finland 1994–2000 (Fig. 11a). However, Kd values measured at three 
wavelengths with a spectrometer BIC-2104 (in 2003) show that attenuation in 
shallow areas of L. Peipsi is sometimes comparable with most turbid waters 
(e.g. L. Tuusulanjärvi) (Fig. 11b). 
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Figure 11. Examples of diffuse attenuation coefficient spectra: (a) average measured in 
different lakes; (b) measured in different sampling stations in L. Peipsi (in 2003) by 
BIC-2104. 
 
We investigated also the correlation relationships between OAS and optical 
characteristics of the water. It was done using databases separately for three 
turbid Estonian lakes, Peipsi, Võrtsjärv and Harku (Eqs. 2–5 in V).  
The determination coefficients of the regression predicting Kd,PAR from different 
OAS were in most cases only 0.25–0.35. The regression formulas predicting 
c*

PAR as a function of each OAS separately are shown for lakes Peipsi and 
Võrtsjärv in Table 4 in V. The parameter c*

PAR correlated well with the 
concentrations of chlorophyll and total suspended matter. The corresponding 
determination coefficients were relatively high for all three lakes (from 0.64 and 
0.76), but the correlation CChl vs. CTSS was good only for L. Peipsi and L. Harku 
(0.64 and 0.67, respectively). The correlation c*

PAR vs. c*
f(380) was weak for all 

three lakes (in L. Võrtsjärv it was actually negative). The reasons can be:  
(1) the relative temporal change of c*

f(380) is noticeably smaller than the 
relative variations in phytoplankton concentration; (2) the parameter c*

f(380) 
usually decreases slightly from spring to autumn, but in turbid lakes a strong 
growth of CChl is observed towards the phytoplankton bloom in August-
September (Erm et al., 2002). Note that the contribution of c*

f(λ) to the 
scattering coefficient is extremely small. 

Since the water transparency is influenced simultaneously by all three OAS 
together, we also determined corresponding multiple regressions, predicting 
c*

PAR or Kd,PAR. The regression formulas obtained and the corresponding 
statistical characteristics for L. Peipsi and L Võrtsjärv are shown in V.  
The values of R2 for c*

PAR (Eqs. 2 and 4 in V) are higher than those for Kd,PAR 
(Eqs. 3 and 5 in V). The reason is that Kd,PAR depends not only on the 
concentrations of substances, but also on the angular distribution of irradiance. 
The relationships c*

PAR(meas) vs. c*
PAR(regr) and Kd,PAR(meas) vs. Kd,PAR (regr) 

are presented in Fig. 12 and Fig. 13. 
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Figure 12. Relationship between mea-
sured and calculated (from multiple reg-
ression analyses) spectrometric atte-
nuation coefficient in Peipsi (all stations), 
in Võrtsjärv (Limnology Station) and in 
Harku (Harku Station). 

 
Figure 13. Relationship between mea-
sured and calculated (from multiple reg-
ression analyses) diffuse attenuation coef-
ficient values in lakes Peipsi, Võrtsjärv 
and Harku. 

 
The relationship zSD vs. Kd,PAR found for three Estonian lakes and two Swedish 
lakes on the basis of our data (I,V) is shown in Fig. 14. These results show that 
this relationship can be described by a power function with an exponent of 1.31. 
This value is rather close to those obtained by Davies-Colley & Vant (1988), 
Koenings & Edmundson (1991) (the exponent is 1) and also by Reinart &  
Nõges (2004) for various Estonian lakes (1.35). 

In Kirk (1994) the connection between zSD and Kd,PAR is described in the 
following way: 

 

 
,

 
where C is a constant ranging from 8.7 to 9.4 (estimated for coastal waters and  
New Zealand lakes). We tried to determine the value of C for L. Peipsi, 
L. Võrtsjärv and L. Harku (Varnja, Limnology and Harku Stations), using not 
cPAR, but c*

PAR (i.e. the attenuation caused by pure water was not taken into 
account). This hardly influences the result, because in turbid waters the 
contribution of pure water is very small, 1–4%. Using the database “three lakes 
together” we got the regression formula zSD = 6.67/(Kd,PAR + c*

PAR) + 0.20. In this 
equation the constant C was lower than that presented in Kirk (1994) and there 
was also an intercept in our algorithm. The determination coefficient R2 was 
0.85, but when to determining these regressions separately for L. Peipsi, 
L. Võrtsjärv and L. Harku, the values of R2 were correspondingly 0.74, 0.42 and 
0.84 (Fig. 15). The reason of the low value of R2 in L. Võrtsjärv may be the 
small range of variation in zSD and Kd,PAR in our database. 

PARPARd
SD cK

Cz
+

=
,

 (4.5.1)  
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Figure 14. Relationship between the 
values of Secchi disk depth and diffuse 
attenuation coefficient in five North-
European lakes (for Estonian lakes the 
data for all stations are included. 

 
Figure 15. Relationship zSD vs. 
1/(Kd,PAR + c*

PAR), separately for lakes 
Peipsi, Võrtsjärv and Harku. 

 
 

4.6. A model for calculating the spectra  
of diffuse attenuation coefficients using in situ 

measured data at three wavelengths 
 
Spectral distribution of solar radiation in water bodies is of interest for 
identifying optically active substances, marine biology and remote sensing of 
aquatic environment. The light attenuation accordance with depth is charac-
terized by the spectral diffuse attenuation coefficient, Kd(λ) which is calculated 
on the basis of measured vertical profiles of downward irradiance Ed(λ). 
However, quite often occur situations where Kd(λ) data for the whole spectrum 
(400–700 nm) are not available (sensors having only few wavebands in the 
PAR region, unsuitable weather conditions, and negligible small irradiance in 
the blue region of the spectrum in very turbid waters occur). 

Reinart & Herlevi (1999) presented an analytical form for spectra of Kd(λ), 
suitable for different types of lakes. The model allows calculating the spectra of 
Kd(λ) (with 10 nm step over the range of 400–700 nm) on the basis of measured 
irradiance profile in one reference wavelength. It was quantified on the basis of 
spectral measurements of underwater light using the spectroradiometer  
LI-1800 UW (LI-COR, Inc., 1984). Then, using statistical methods, an algo-
rithm and its spectral parameters were found suitable for recreating the diffuse 
attenuation coefficient spectra for a water body on the basis of known values of 
Kd(490), i.e. λr = 490 nm was taken as a reference wavelength. The final 
equation and respective spectral coefficients (for the PAR region) are shown in 
Eq. 5 in III and Table 1 in III. 
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In many individual cases, the results obtained using the so-called 490-model 
were in good accordance with the measured values in the whole PAR region, 
but often some discrepancies in the blue and red regions were observed.  
Usually an overestimation of Kd(λ) in the blue region is accompanied by an 
underestimation of Kd(λ) in the red region, and vice versa (Fig. 16c). For this 
reason the purpose of the present study was to elaborate a new improved 
method (we call it C-model), for recreating the Kd(λ) spectra utilizing its values 
in the centres of three different wavebands of BIC-2104 radiometer (412, 555, 
665 nm). Here we used Eq. 6 from III and the same parameters, Ј(λr) and Μ(λr) 
as shown in Table 1 in III. Since these parameters were presented with a 10 nm 
step, their values, necessary for BIC-2104 wavelengths, were determined by 
linear interpolation and then three different spectra were derived according to 
each λr. As can be expected, the first reference wavelength gives best 
coincidence with the measured spectra in the band of 400–440 nm, the second 
in 520–600 nm, and the third in 640–700 nm (Fig. 6 in III). This leads to the 
idea to create a computing program where in some wavebands the results by the 
model of Reinart & Herlevi (1999) are used, but in the “intermediate 
wavebands” the values of diffuse attenuation coefficient should be determined 
as a function of Kd(λ) for two neighbouring wavebands. Let’s name the new, 
“combined” model the C-model. The computing system of the C-model is 
presented in III. 

For estimating the suitability of the C-model the statistical characteristics of 
regression Kd(meas) vs. Kd(C-model) for 14 wavelengths in the PAR region of 
the spectrum were calculated. The intercept was taken equal to zero and the 
regression formula for Kd(meas) vs. Kd(C-model) was in the form y = Dx. 
Coefficient D varied from 0.997 to 1.016, R2 from 0.977 to 0.998 and the mean 
relative error was between –0.032 and 0.021 m–1 (Table 3 in III). Performing 
integration from 400 to 700 nm, we can compare the values Kd,PAR(meas) and 
Kd,PAR(C-model). The conclusion is that the C-model allows to determine also 
the values of Kd,PAR with high accuracy (the regression formula is y = 1.001x, 
R2 = 0.9986, and the SE is 0.0604 m–1) (III). 

Some examples describing the spectra of Kd(λ) obtained using the  
490-model, the C-model, and the respective results derived from LI-1800 UW 
measurements, are shown in Fig. 16 (Fig. 7 in III). From the four spectra shown 
in Figs. 16a,b three demonstrate the case where the C-model gives values very 
close to the measured ones, but where the 490-model does not work so well in 
the blue and red regions of spectra (lakes Pääjärvi, Tuusulanjärvi, and Verevi). 
For L. Vesijärvi not only the C-model spectra are close to the measured ones, 
but also the 490-model gives good results (absolute errors are very low, III). 
However, sometimes low absolute errors correspond to rather high relative 
errors, as is seen when comparing the 490-model spectra with the measured 
ones (L. Paukjärv in Fig. 16c). Note that there were 14 cases (from 82) where 
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all models (for 4 reference wavelengths separately and C-model) gave 
extremely good coincidence with measured spectrum. 

One can ask whether the model based on the Kd(λ) values at three 
wavelengths (like the C-model) is necessary at all, because we can try to 
recreate the spectra in the form of a trendline through three (reference) points. 
Our studies showed, Fig. 8 in III, that in the region 400–580 nm at least three 
trendlines (power function, exponential and square polynom) describe these 
spectra rather well, but at longer wavelengths the differences can be notable 
(depending on water type). 

 

 

 
 
 
 
Figure 16. Some examples of Kd(λ) 
spectra derived from LI-1800 UW mea-
surements and obtained from model calcu-
lations (490-model and C-model): (a) for 
L. Vesijärvi 24.08.95 and L. Lammi Pää-
järvi 24.05.00, (b) for L. Tuusulanjärvi 
17.08.99 and L. Verevi 06.08.97, (c) for 
L. Paukjärv 15.06.97. 

 
 
4.7. Application of the data on bio-optical parameters  
for modelling the photosynthesis primary production 

 
The main aim of productivity measurements in aquatic ecosystems is the better 
understanding of the food web relationships and functioning of these 
ecosystems. Traditional methods of measuring primary production are based on 
the gas exchange that occurs during the photosynthetic process, and determine 
either the rate of oxygen release or carbon dioxide uptake by plants.  
Both methods measure the instantaneous rate of photosynthesis during short  
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(1–2 h) exposures. Due to changing light conditions the planktonic 
photosynthesis has a pronounced daily dynamics. In order to acquire integrated 
results over longer time periods (days, months, years), many consecutive 
measurements of instantaneous photosynthesis rate should be carried out and 
integrated. However, this time consuming method cannot be used for routine 
measurements, so the introduction of bio-optical model calculations could solve 
the problem. 

Our ultimate purpose is to build a model for computing primary production 
in the water based on the values of photosynthetically absorbed radiation and 
quantum yield of carbon fixation (VI, Smith et al., 1989 and Arst et al., 2006). 
For this model we need (as initial parameters) the spectral values of incident 
quantum irradiance and the corresponding diffuse attenuation coefficient, as 
well as chlorophyll a concentration in the water. In 2003–2005 we measured 
numerous in situ primary production profiles, corresponding solar irradiances 
(incident and underwater) and chlorophyll a values from three shallow, turbid 
lakes (Secchi depth less than 3 m) in Estonia, L. Peipsi, L. Võrtsjärv and 
L. Harku (Arst et al., 2006;VI). 

The results concerning optical parameters and chlorophyll a concentration 
are shown in previous sections. As an additional study, the underwater 
downwelling planar (q) and scalar (q0) quantum PAR irradiances were 
measured and compared (VI). In all cases q0 > q, the relative differences were 
25–45% for L. Peipsi, 30–55% for L. Võrtsjärv and about 65% in L. Harku. 
This result is important, because due to the fact that the algal cells are 
illuminated from all directions primary production calculations should be 
performed using the data of underwater scalar quantum irradiance (Kirk 1994, 
Sosik 1996). Analysing the whole dataset, we can conclude that the three turbid 
lakes investigated can differ greatly not only in the values of optically active 
substances, Kd,PAR and zSD, but also in biological productivity, P(z).  
Typical profiles of P(z) from the lakes usually showed a minimum at the water 
surface due to inhibition, then an increase to a maximum at some depth, 
followed by decreasing production with depth (Arst et al., 2006; VI). There can 
be some exceptions: in low illumination the maximum of P(z) curve is located 
at or near the surface. Similarly to CChl, the primary production integrated over 
depth (Pint) had the maximum values in August, but decreased in September 
because the incoming irradiation decreased. From these three lakes, L. Harku is 
a really exceptional, extremely turbid lake, with maximum values of CChl, Kd,PAR 
and Pint respectively 398 mg m–3, 7.7 m–1 and 435 mg C m–2 h–1 (Arst et al., 
2006; VI). 

12
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CONCLUSIONS 
 
During 1994–2005 an extensive database of the bio-optical properties of North-
European lakes was collected and their variations were examined. The main 
study sites were Lake Peipsi, Lake Võrtsjärv and Lake Harku (in Estonia), 
which all were turbid lakes with mean Secchi depth below 3 m. The additional 
measurements have been performed in 20 southern Swedish lakes, in 14 
Estonian lakes and in 15 southern Finnish lakes (mostly small lakes). The 
inherent and apparent optical properties were also compared with those 
obtained from two clear-water large Swedish lakes, Lake Vänern and Lake 
Vättern. 

The results presented in this thesis can be summarized as follows: 
1. The data obtained by underwater radiation measurements and analyses of 

water samples demonstrated a large variability in water constituents as 
well as in optical characteristics measured in different types of lakes (e.g. 
the diffuse attenuation coefficient varied from 0.92 to 7.8 m–1 and the 
values of chlorophyll a concentration from 0.71 to 398 mg m–3).  
The differences between the lakes exceeded the temporal/spatial 
variations of water properties found separately in one lake. There are 
thousands of lakes over the world: our results show that these lakes can 
have diverse waters and belong to different limnological/optical classes. 

2. Investigation of the temporal variations of optical characteristics in lakes 
Peipsi, Võrtsjärv and Harku during 2003–2005 (one sampling station in 
each lake) showed that the apparent long-term trend in the temporal 
changes of the water parameters was observed only in L. Harku.  
However, in all lakes the variability of bio-optical properties was 
connected with the season and the biological activity of water. There was 
also some spatial change in the OAS and diffuse attenuation coefficient 
from north to south in Peipsi. 

3. The contributions of different water constituents of aquatic medium to 
total absorption and attenuation coefficients (both spectral and for the 
PAR region) were estimated in several lakes (L. Peipsi, L. Võrtsjärv, 
L. Vättern, L. Vättern and small Estonian and Finnish lakes). They 
changed from lake to lake, depending strongly on wavelength. In most 
lakes the main absorber was coloured dissolved organic matter (its stake 
to the total value of a was especially high in the blue region of spectra, 
and varies from 48% to 77% in case of PAR). The contributions of phyto-
plankton and tripton were noticeably smaller: in the PAR region their 
variations were correspondingly 3–15% and 4–32%, depending on the 
optical type of the water. The contribution of the total scattering 
coefficient to the total attenuation coefficient also varied from lake to 
lake (e.g. in eutrophic L. Võrtsjärv the ratio bPAR/cPAR was 84%, but in  
L. Lammi Pääjärvi (rich in CDOM) it was only 38%). 
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4. The slope of the specific absorption coefficient spectra of tripton, a'
t(λ), 

varied between 0.0060 and 0.0109 nm–1, which is a little lower in 
comparison with the data by other authors (0.006–0.016 nm–1). Together 
with our earlier data (Paavel, 2004) we got the variability of a'

t(400) 
between 0.11 and 0.20 m2 g–1. The reasons for this variability can be the 
different composition of tripton and there can also be some seasonal 
changes.  

5. The slope of scattering coefficient spectra (pb) varied in a large range, 
being between 0.32 and 2.53, the average value was 0.847. It is in good 
agreement with the value of 0.8, which is often used for lake waters in the 
publications of other authors. In some cases we found some seasonal 
change of pb (for five lakes from eleven). We had no success in finding a 
good correlation between pb and the concentration of some single OAS. 
However the multiple regression between pb and three OAS jointly gave a 
rather high determination coefficient (R2(adjusted) = 0.655, SE = 0.259, 
p < 0.000001. This result can count as unique, because we could not find 
comparable data from other publications. 

6. One part of the present work is the correlation analysis. We determined 
the multiple regressions between the diffuse attenuation coefficient Kd,PAR 
and all OAS together and got good correlations both for L. Peipsi (Station 
Varnja) and L. Võrtsjärv (respectively R2 = 0.82, SE = 0.37 m–1 and 
R2 = 0.73, SE = 0.58 m–1). The multiple regression between the spectro-
metric attenuation coefficient c*

PAR and all three OAS in Varnja station 
(L. Peipsi) also gave a high determination coefficient (0.89) and 
SE = 0.84 m–1. However, considering the regressions between c*

PAR and 
each OAS separately we got R2 equal to 0.72, 0.70 and 024 (respectively 
for chlorophyll, suspended particles and CDOM). Quite similar results 
were obtained for L. Võrtsjärv. This illustrates the additive effects of all 
OAS on the optical properties of the water and confirms that the best 
estimation of Kd,PAR and c*

PAR can be made using data on all three OAS. 
Additionally, the regression zSD vs. Kd,PAR was investigated (three 
Estonian and two large Swedish lakes together). The trendline of this 
relationship was a power function with the exponent 1.31, R2 = 0.94. 

7. We elaborated a new method (named C-model) that allows recreating the 
spectrum of Kd(λ) on the basis of its measured values at three 
wavelengths (we chose 412, 555 and 665 nm, which are the centres of 
three wavebands of the underwater spectrometer BIC-2104). The relia-
bility of this model was assessed using of 84 series of Kd(λ) spectra, 
including additionally the databases of other authors. We determined the 
regression formulas and statistical characteristics of the correlation 
Kd(meas) vs. Kd(C-model) for 11 wavebands covering the interval  
400–700 nm. The coefficient D in the regression formula y = Dx for 
different wavebands varied between 0.989 and 1.016, the determination 



48 
 

coefficient R2 from 0.977 to 0.998 and the SE from 0.047 to 0.219 m–1. 
Comparison of the values Kd,PAR(meas) and Kd,PAR(C-model) gave the 
regression formula y = 1.001x, R2 = 0.999 and SE = 0.0604 m–1. Thus, our 
C-model allows to determine Kd,PAR, and also to reconstruct the spectra of 
Kd, with high reliability. 

8. We observed a large variability (both within and between lakes) of the 
relative differences between underwater planar and scalar quantum 
irradiance in the PAR region, ranging from 25% to 65%. This result is 
relevant due to the fact that the algal cells are illuminated from all 
directions. Consequently, the calculations of primary production should 
be performed using the data of underwater scalar quantum irradiance. 
According to our study turbid lakes can be very different not only by 
water properties, but also by their biological productivity. 

9. The results obtained in this study definitely have an importance because: 
(1) a database describing the bio-optical properties of different type of 
lakes is collected; (2) they could be used for deriving the algorithms of 
optical remote sensing models; and (3) they are necessary for model 
calculations of primary production in lakes 
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SUMMARY IN ESTONIAN 
 

Eutrofeerunud järvede bio-optilised omadused 
 
Veekogude ökosüsteemide seisund ja areng on mõjutatud paljude biootiliste ja 
abiootiliste tegurite poolt, kusjuures looduslikud ja inimtekkelised protsessid on 
erineva intensiivsuse ja kestusega. Neil protsessidel on kompleksne mõju, 
seetõttu on toimemehhanismide ja “põhjus-tagajärg” seoste väljaselgitamine 
äärmiselt keeruline.  

Veekogude uurimine optilistel meetoditel (k.a. optiline kaugseire) kujutab 
endast laialtkasutatavat ja kiiresti arenevat uurimissuunda kogu maailmas. 
Viimastel aastatel on uurimuste põhirõhk kandunud avaookeanilt rannikuvetele 
ja järvedele, kus optiliselt aktiivsete ainete (OAS: lahustunud värvunud 
orgaaniline aine, fütoplankton, hõljum) sisaldus on oluliselt suurem kui 
ookeanis. Nendes vetes on OAS omadused ja hulgad ajas ja ruumis niivõrd 
varieeruvad, et mõõtmiste tegemine vee kvaliteedi määramiseks nõuab märga-
tavalt paremaid tehnilisi võimalusi.  

Vaatamata sellele, et tänapäeval on vee kvaliteedi hindamisel laialt levinud 
meetodiks muutunud satelliitidele paigutatud optiliste sensorite kasutamine, 
pole veekeskkonna uurimine in situ mõõtmiste abil kaotanud oma tähtsust. 
Satelliituuringud annavad rahuldavaid tulemusi ookeanide jaoks, kuid ranniku- 
ja sisevete puhul pole ookeanide kaugseire algoritmid enamasti kasutatavad. 
Traditsioonilised meetodid (veeproovide võtmine, nende laboratoorne töötle-
mine ja kiirguse mõõtmine veealuste sensorite abil jne.) on küll kallid ja 
aeganõudvad, et hankida piisavalt palju andmeid kogu järve ulatuses, kuid ka 
episoodiliste uuringute abil saadud tulemused lubavad meil hinnata veekogu 
bio-optiliste omaduste sesoonset ja ruumilist muutlikkust. Kahtlemata on 
sellised andmed vajalikud algmaterjalina järvede bio-optilisel modelleerimisel. 
Nagu teada võimaldab bio-optiline mudel analüüsida niihästi veesisese valgus-
välja kujunemist (oluline veeorganismide elutegevuse seisukohalt) kui ka 
valguse hajumist veest atmosfääri (oluline satelliituuringute algoritmide välja-
töötamiseks eutrofeerunud veekogude regulaarses seires). 

Käesoleva dissertatsiooni põhieesmärkideks olid: (1) koguda ja analüüsida 
in situ mõõtmiste andmebaas kolme eutrofeerunud Eesti järve (Harku, Peipsi, 
Võrtsjärv) bio-optiliste omaduste kohta ning võrrelda tulemusi andmetega, mis 
saadud kahel Rootsi suurjärvel (Vänern ja Vättern) ning teistel Eesti, Soome ja 
Rootsi väikejärvedel; (2) hinnata erinevate optiliselt aktiivsete ainete osakaalu 
veekeskkonna valgustneelavate ja -hajutavate omaduste formeerumisel; 
(3) valguse difuusse hajumiskoefitsiendi ning tema spektraalse jaotuse 
mõõtmine ja modelleerimine. 
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Töö tulemusena leiti järgmist: 
Välitöödel ja laborianalüüside käigus kogutud andmed näitasid uuritavate 

järvede bio-optiliste omaduste suurt muutlikust (kiirguse difuusne nõrgenemis-
koefitsient ja klorofüll a kontsentratsioon varieerusid vastavalt vahemikes 0.92 
kuni 7.8 m–1 ja 0.71–398 mg m–3), kusjuures mõõdetud parameetrite muutused 
järvelt-järvele ületasid oluliselt muutusi ühe järve erinevate osade piires. 

Peipsis, Võrtsjärves ja Harkus (igas järves üks mõõtejaam) aastatel 2003–
2005 mõõdetud kiirgusparameetrid ja optiliselt aktiivsete ainete hulgad näitasid 
pikaajalist tõusu ainult Harkus, samas kui bioloogilise aktiivsuse muutus 
(näiteks veeõitseng suve lõpus) tõi kaasa optiliste parameetrite muutuse kõigis 
eelpool mainitud järvedes. Korduvavad mõõtmised aastatel (2001–2005) kogu 
Peipsi järve akvatooriumil näitasid optiliste karakteristikute ajalis-ruumilist 
varieerumist, kuid ühtlasi oli märgata nende väärtuste kasvutrendi põhjast lõuna 
suunas, kuhu suubuvad järve peamised reostajad Velikaya ja Emajõgi. 

Kasutades esmaste optiliste parameetrite vaheliste seoste algoritme leiti iga 
OAS osakaal summaarse nõrgenemis- ja neeldumiskoefitsiendi formeerumisel. 
Neid osakaale hinnati nii instrumendi ac-9 kaheksa spektraalkanali jaoks eraldi 
kui ka kogu fotosünteetiliselt aktiivses piirkonnas (PAR, 400–700 nm). Leiti, et 
osakaalud sõltusid oluliselt lainepikkusest ja muutusid ka järvelt-järvele.  
Selgus ka, et limnoloogilise klassifikatsiooni järgi sarnastel järvedel võivad 
vastavad osakaalud oluliselt erineda. 

Valguse erineeldumiskoefitsient, mis põhjustatud triptonist (detriit ja 
mineraalosakesed) on väheuuritud parameeter, kuid ta on vajalik veekeskkonna 
modelleerimisel ja optilise kaugseire algoritmide väljatöötamisel. Lainepikkusel 
400 nm varieerusid selle optilise karakteristiku väärtused Eesti ja Rootsi suur-
järvedes (Peipsi, Vänern ja Vättern) ning Eesti ja Soome väikejärvedes vastavalt 
vahemikes 0.11–0.20 m2 g–1 ning 0.050–0.176 m2 g–1. Erinevuse põhjuseid 
tuleks ilmselt otsida nii triptoni koostisest kui ka tema osakeste suuruse 
varieeruvusest. Samas oli kõikides uuritud järvede triptoni erineeldumis-
koefitsiendi spektraalkõverate kuju üsna sarnane. Tema spektrit iseloomustav 
tõusuparameeter muutus vahemikus 0.006–0.011 nm–1 olles veidi väiksem teiste 
autorite poolt saadud vastavatest tulemustest (0.006–0.016 nm–1). 

Valguse hajumiskoefitsiendi spektraalne käik sõltub veekeskkonna oma-
dustest ja enamasti kirjeldatakse seda sõltuvust lainepikkuse astmefunkt-
sioonina. Uuritavates Eesti, Soome ja Rootsi järvedes olid vastava astmenäitaja 
väärtused vahemikus 0.32 kuni 2.53 (keskmine väärtus 0.847), kusjuures 
üheteistkümnest järvest viiel leiti antud parameetri sõltuvus aastaajast.  
See tulemus on lähedane üldkasutatava väärtusega 0.8. Käesolevas töös ei 
õnnestunud küll leida seost astmenäitaja ja iga OAS kontsentratsiooni vahel 
eraldi, kuid antud optilise karakteristiku mitmene regressioon kõikide OAS 
korraga andis korrigeeritud determinatsioonikoefitsiendiks 0.665. Viimast 
tulemust võib lugeda unikaalseks, kuna meil ei õnnestunud leida vastavaid 
võrdlusmaterjale teiste autorite publikatsioonidest. 
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Valguse nõrgenemisele vees avaldavad samaaegselt mõju kõik optiliselt 
aktiivsed ained. Mitmese regressiooni võrrandeid spektrofotomeetrilise ja 
difuusse nõrgenemiskoefitsiendi ning kõigi kolme OAS vahel iseloomustasid 
Peipsil determinatsioonikoefitsiendid 0.89 ja 0.84; Võrtsjärvel olid need 
väärtused vastavalt 0.82 ja 0.73. Väiksemad R2 väärtused, mida vaadeldi 
difuusse nõrgenemiskoefitsiendi jaoks, tulenevad ilmselt asjaolust et viimane 
sõltub lisaks OAS kontsentratsioonidele ka vette langeva kiirguse nurkjaotusest. 

Töös on testitud ja täiustatud mudeleid, mis on väljatöötatud difuusse nõrge-
nemiskoefitsiendi spektrite määramiseks fotosünteetiliselt aktiivse kiirguse 
piirkonnas (PAR, 400–700 nm) juhul kui mõõtmisandmed on olemas 1–3 laine-
pikkuse jaoks. Uute mõõtmiste baasil testiti Reinarti ja Herlevi (1999) poolt 
välja töötatud ”ühepunktimudelit”, mis võttis aluseks difuusse nõrgenemis-
koefitsiendi väärtused lainepikkusel 490 nm. Uue versioonina on käesolevas 
töös välja töötatud nn. C-mudel, mis kasutab algandmetena veealuse spektro-
meetri BIC-2104 kolme kanali (412, 555 ja 665 nm) mõõtmisandmetest saadud 
difuusse nõrgenemis-koefitsiendi väärtusi. C-mudelit hinnati statistilise analüüsi 
abil ja osutus, et see võimaldab saada difuusse nõrgenemiskoefitsiendi spekt-
reid, mis on väga lähedased mõõdetutele. Vahemiku 400–700 nm piires kesk-
mistatud difuusse nõrgenemiskoefitsiendi väärtusi on aga suure täpsusega 
võimalik määrata mõlema mudeli abil. 

Veealused kiirgusmõõtmised kvantkiirguse sensoritega näitasid, et relatiivne 
erinevus samaaegselt mõõdetud skalaarse ja tasapinnalise kiiritustiheduse vahel 
on 25%–65%, sõltudes järve tüübist ja sügavusest vees. Antud erinevus on 
oluline, kuna vetikarakk neelab talle igast suunast langevat kiirgust.  
Viimasest tuleneb järeldus, et primaarproduktsiooni vertikaalse profiili mudel-
arvutused peavad baseeruma skalaarse kiiritustiheduse andmetel. Meie uuringud 
kinnitasid teavet, et järved erinevad teineteisest mitte üksnes vee optiliste 
omaduste, vaid ka bioloogilise produktiivsuse poolest. 
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