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A ten-year (1995-2005) research programme SUVI (Suomi—Viro) on the optics of Finnish
and Estonian lakes has been completed. The objectives were to examine the light condi-
tions, to map optically active substances (OAS), and to develop remote sensing methods.
Altogether 14 Estonian and 7 Finnish lakes representing different types of water, from
oligotrophic to hypertrophic and dystrophic were included. We performed extensive analy-
ses of concentrations of three main OAS, light attenuation and Secchi depth. They varied
among lakes and with seasons, but no systematic temporal change could be detected during
the 10-year period. We studied the underwater light field using a spectrometer and two
PAR quantum sensors, and elaborated three versions of optical classification of lake waters
based on: (1) apparent optical properties and the amount of OAS, (2) irradiance reflect-
ance spectra, and (3) light attenuation coefficient and the predominant OAS. We developed
two models for determining the diffuse attenuation spectra of light, using data for (1) one
wavelength and (2) three wavelengths, and elaborated a semiempirical model for quanti-
tative description of the underwater light regime. We developed a bio-optical model for
interpretation of remote sensing data that allows simulation of the reflectance spectra based
on the concentrations of OAS. Winter expeditions were undertaken to examine the optical
properties of ice and snow and the light conditions in the water beneath the ice cover. Gas
pockets are the main optically active impurity in snow and ice. The transparency of ice is
similar to that of lake water. The ice cover lowers the light level and makes the light more
diffuse in the near surface liquid water layer.

Introduction tions were taken as the main theme, leading to

the signing in 1995 of an agreement on the SUVI

During the early 1990s, Estonian—Finnish col-  (Suomi—Viro) programme between the Depart-
laboration in the research of coastal and inland ment of Geophysics of the University of Hel-
waters increased remarkably. Optical investiga-  sinki and the Estonian Marine Institute. A pilot
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study had been performed in 1994. This topic
was highly stimulating, because optical research
on natural waters was progressing from clear
ocean waters to include multicomponental turbid
waters. The SUVI programme lasted 10 years,
producing a vast amount of data on optics and
optically active substances (OAS) of 21 Esto-
nian and Finnish lakes over a 10-year period
and resulted in three Ph.D. theses (Kutser 1997,
Reinart 2000, Herlevi 2002a), two M.Sc. theses
(Sipelgas 2002, Lehmusjérvi 2004) in Tartu and
Helsinki and about 40 peer-reviewed articles.
SUVI seminars were also arranged annually
during 1995-2003 in both countries.

The objectives of SUVI were to examine
the light conditions in Finnish and Estonian
lakes, map OAS in lake waters and to develop
remote sensing methods for mapping the eco-
logical conditions in lake waters. The study
lakes represented different types of water, from
oligotrophic to hypertrophic and dystrophic. The
fieldwork was done first in summer, but winter
expeditions have also been undertaken in Janu-
ary—April since 2000 when ice and snow cover
on lakes is present. The data include profiles of
underwater spectral irradiance, light attenuation
and absorption, remote-sensing reflectance spec-
tra, light transmission through snow and ice, and
concentrations of three OAS (coloured dissolved
organic matter, suspended matter and chloro-
phyll a). The data programme was in all success-
ful, and the 10-year database produced provides
a unique time slice — ‘year 2000 situation’ — of
the optical state of Finnish and Estonian lake
waters for comparison with past and future data.

This paper presents the final results of the
SUVI programme.

Measurement programme
Study sites

In the ice-free period (1994-2005) SUVI sites
included 14 Estonian and 7 Finnish lakes, and
the winter expeditions (2000-2005) covered 11
Estonian and 3 Finnish lakes (Fig. 1). Addition-
ally one brackish water basin, Santala Bay in the
Gulf of Finland, was examined during the winter
expeditions. The trophic type and main morpho-
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metric data of the SUVI water bodies are shown
in Table 1.

The number of summer measurements (N,
Table 1) indicated the series when all three OAS
— chlorophyll a, suspended matter and coloured
dissolved organic matter (CDOM) — were stud-
ied, and when the spectrometric data processing
of the water samples was performed. When one of
these parameters was missing, we did not include
the corresponding measurement series in our
database. Note that N_describes all types of series
including water samples from different depths
at the same sampling station or measurements
at several stations. The number of underwater
irradiance measurements and Secchi disk data is
smaller than the value of N_ shown in Table 1.

During the winter expeditions one brackish
water basin, Santala Bay, on the northern coast
of the Gulf of Finland was also examined (about
30 measurement series). This was desirable for
comparisons because brackish water ice is struc-
turally different from lake ice, and therefore the
optical properties of the ice as well as the light
conditions beneath the ice are different. At this
site, the water body is oligotrophic/mesotrophic,
the mean depth is 5 m, the surface water salin-
ity is about 5%o, and the resulting ice salinity is
19%—2%o.

Laboratory measurements

Laboratory measurements of the water samples
collected were carried out. In summer these
samples were often taken from different depths
at each site, and in winter we analysed not only
the under-ice water, but also the ice and snow
meltwater.

We determined the concentration of chloro-
phyll a (C,, mg m~) using the method of Loren-
zen (1967). The concentration of total suspended
matter (C, mg I'') was determined by its dry
weight after filtration of the water through poly-
carbonate membrane filters.

‘Spectrometric’ attenuation coefficients of
light were determined from unfiltered (c¢*(1))
and filtered (c *(4)) water samples, where 4 is
wavelength, in the spectral band 350-700 nm
(Arst 2003). They were obtained as the differ-
ence c(4) — ¢,(A), where ¢(4) and c(4) are the
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Fig. 1. A map of Esto-
nia and southern Finland o
showing the study lakes. o

Table 1. Measurements of bio-optical characteristics in Estonian (E) and Finnish (F) lakes between 1994 and 2005.
The N columns show the number of summer field trips (N,), the number of summer measurement series (N,) and

the number of winter expeditions (N._).

ice

Lake Limnological type Area Average Observation N, (N,) N,
(km?) depth (m) period
Antu Sinijarv (E) Alkalitrophic 0.024 3.5 1994-2005 5(5) 3
Paijanne (F) Oligotrophic 1038 15.9 1996-2002 11 (22) -
Puujarvi (F) Oligotrophic 7 6 1997 3(7) -
Koorkula Valgjarv (E) Oligotr/mesotroph 0.441 8.5 1997-2001 9(32) -
Paukjarv(E) Oligotrophic 0.086 5 1999-2002 17 (54) 2
Kurtna Nommijarv (E) Dyseutrophic 0.156 3.1 1995-1996 5 (6) -
Nohipalu Valgjarv (E) Oligotr/mesotroph 0.063 6.2 1994-2001 19 (36) 3
Maardu (E) Dyseutrophic 1.75 25 1999-2003 25 (49) 5
Vesijarvi (F) Eutrophic 112 6.6 1994-2002 12 (30) -
Uljaste (E) Semidystrophic 0.63 2.2 1995-1996 8 (9) -
Mahuste (E) Oligotr/mesotroph 0.057 3.7 2001-2005 8 (31) 3
Paajarvi (F) Mesotr/mesohumic 13.4 14.4 1994-2005 13 (29) 3
Linajérv (E) Semidystrophic 0.058 3.8 1999-2000 7 (26) -
Lohjanjarvi (F) Eutrophic 94 15 1997-2002 7 (32) -
Verevi (E) Hypertrophic 0.126 3.6 1994-2002 17 (43) 2
Valkeakotinen (F) Dystrophic 0.036 3.0 1995 2(2) 2
Tuusulanjarvi (F) Hypertrophic 6.1 3.1 1996-2002 15 (21) -
Ulemiste (E) Hypertrophic 9.6 25 1997-2002 48 (247) 6
Vortsjarv (E) Eutrophic 270 2.8 1994-2005 25 (58) 2
Nohipalu Mustjarv (E) Dystrophic 0.219 3.9 1995-2003 14 (14) 2
Harku (E) Hypertrophic 1.64 2 1999-2002 28 (50) 3
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beam attenuation coefficients for natural and dis-
tilled water, respectively. These measurements
were made at a spectral intervals of 10 nm in the
PAR (photosynthetically active radiation) band,
400-700 nm. The term ‘spectrometric attenua-
tion 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 (¢) is com-
plicated. Theoretically, the beam transmittance
should contain no contribution from scattered
light, but in reality small-angle forward scat-
tering 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 spectrophotom-
eter reading, c*(1), is the following:

c*(A) = c(A) = Fb(A) — ¢ (A) (1

where b(A) 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. Equation 1
is also valid for filtered water but the term Fb(A)
is considerably smaller due to the decrease in
scattering after filtration. We performed our labo-
ratory measurements with a commercial Hitachi
U1000 spectrophotometer. 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. We found
(Arst et al. 1996, 1999a, 1999b) that although
c*(A) differs from the true beam attenuation
coefficient, the averaged value over the PAR
band, c*, ., can be used for characterizing the
optical quality and transparency of water at dif-
ferent depths.

The light attenuation coefficient of CDOM
can be considered as the sum of the absorption
coefficients of CDOM (a_,,,,,(4)) and the scatter-
ing/absorption coefficients of colloids (extremely
small particles penetrated through the filter). The
contribution of colloids is small in comparison
with the total attenuation coefficient of light for
CDOM (Bricaud et al. 1981, Davies-Colley and
Vant 1987). Additionally, the dissolved matter
also contains an optically non-active fraction.
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For filtered water b(A) is small and ¢* (1) can be
considered approximately equal to a ., (4) in
the water. We carried out a special study to esti-
mate the difference between c* (1) and a_ (1)
in lake waters (Sipelgas et al. 2003). Since
chemical analytic techniques for determining the
compounds of CDOM are difficult, the amount
of CDOM is usually described with the value
of ¢*, (or a,,,) in some reference wavelength
A,- Here this is taken as A, = 380 nm, and so our
database contains the values of ¢* (380 nm).

Ice samples were processed for thick and
thin sections in a coldroom. The thick sections
show the stratigraphy and gas bubbles in the ice
when examined on a dark background in normal
light, while the thin sections examined between
crossed polarized sheets provide the size and
shape of the ice crystals (e.g. Leppéranta and
Kosloff 2000). To determine the concentrations
of impurities in the ice, the samples were melted
and the meltwater was analysed in the same way
as the normal water samples (Leppiranta et al.
2003b).

Field measurements

Water transparency is expressed as a Secchi
depth, i.e. the depth where the Secchi disk is just
visible (zy,).

The vertical profiles of the beam attenuation
and absorption coefficients in the water body
were detemined at nine wavebands using an ac-9
instrument (WET Labs Inc., Philomath, Oregon,
U.S.A.) (Herlevi et al. 1999, Herlevi 2002a,
2002b). This is a spectral absorption/attenuation
meter that uses nine band-pass filters in differ-
ent spectral channels. In 1997-1999 the central
wavelengths of these channels were 412, 440,
488, 510, 532, 555, 650, 676 and 715 nm (in
early 2000 channel 532 nm was replaced by a
630-nm channel).

The spectral downwelling irradiance (E (z),
W m?nm™) was profiled in the water column
using the LI-1800 UW spectroradiometer (LI-
COR Corporation, Lincoln, Nebraska, U.S.A.).
This instrument measures the irradiance spectra
over 300-1100 nm in air and 350-850 nm in
water with a spectral resolution of 2 nm. The
description of this instrument as well as the
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measurement methods used is given by Virta and
Herlevi (1999) and Herlevi (2002b).

The quantum irradiance (g,,,, #mol m=s™)
was measured as integrated over the PAR band,
including downwellling planar irradiances in air
and water and also scalar irradiance (only in
water). The LI-192 SA and LI-193 SA instru-
ments (LI-COR) were used.

Optical remote-sensing measurements were
carried out from boats in eight Estonian and
five Finnish lakes. The Pegasus telespectrom-
eter and later (since 1998) the ST1000 instru-
ment (designed by Ocean Optics Inc., Dunedin,
Florida, USA) were used. Pegasus (Arst et al.
1997a) was a mechanically scanning instrument
that allowed measurement of the upwelling nadir
radiance (L (1)), downwelling irradiance (E (4))
and downwelling zenith radiance (Ld(l)) above
the water surface in the visible part of the spec-
trum (375-720 nm). The spectral resolution of
the instrument was 6—8 nm. The ST1000 had
three charge-coupled device (CCD) sensors to
measure the same parameters as Pegasus with a
spectral interval of 0.5 nm. The instrument was
designed for laboratory measurements, but was
rebuilt for field conditions at the Estonian Marine
Institute as described in Kutser et al. (1999).

During winter expeditions, the thicknesses of
ice and snow were recorded, and the state of the
surface was described and photographed. Water
and ice samples were also collected. The ice pro-
vides a stable platform for performing these meas-
urements. For irradiance measurements under the
ice cover, a special device was constructed in
Estonia (Leppdranta et al. 2003a, Arst et al.
2006). This device allowed taking of records at a
distance of about 1 m from the ice hole in the hor-
izontal direction and at different depths under the
ice down to 2.25 m. Two PAR sensors were used
in this system: the LI-192 SA and LI-193 SA, the
first for measuring the quantum planar irradiance,
the second for the quantum scalar irradiance. LI-
COR 1800UW measurements were also taken
using a long arm to install the sensor 2-3 m
away from the deployment opening in the ice. To
examine the role played by snow, measurements
were also taken with snow removed from the site.
The values of albedo were determined with two
additional LI-192 SA sensors: one for measuring
the incident quantum irradiance and the second
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for the backscattering from the snow or ice cover.
In the field we first measured the underwater
irradiance profile of snow-covered ice sheet and
then the snow was removed from the area to a
radius of 2 m. Thus, the albedos both of the snow
and the ice were recorded. The ice samples were
later photographed in natural light and sometimes
also in polarized light (in the laboratory). The ice
samples were melted (the whole sample and dis-
tinctive layers separately) and the same param-
eters were measured for the meltwater as for the
normal water samples.

Additional site data included the weather
conditions, especially under cloudy sky. In many
cases conductivity-temperature-depth  (CTD)
profiles were also taken.

Parameters derived from the data

Relying on the ¢*(4) values measured, we calcu-
lated average values over the PAR region (c*,, ).
We determined the contribution to scattering by
colloids in ¢*(4) spectra and then estimated the
respective values of a ., (4).

One of the parameters widely used in the
optics of water bodies is the irradiance attenu-
ation coefficient K (z,4), commonly called the
‘diffuse attenuation coefficient’ (Preisendorfer
1961, Jerlov 1976, Dera 1992, Kirk 1996, Arst
2003). The basic equation that determines K (z.4)
is

1 dE,(z.1)
K (z,A)=— d 2)
SN Vs R
Quantum irradiance, g d(z,}.), can be used in Eq. 2
instead of E (z,4).

In thin homogeneous water layers from
depths z, to z,, the diffuse attenuation coefficient
is constant (the wavelength argument is ignored
for brevity):

K, ([z2])=-— ln[z(é” 3)

475
When K in some layer is not constant, Eq. 3
still gives an ‘effective’ attenuation coefficient
since it represents the rate at which the radia-
tion is reduced with depth. Thus, when no data
are available on the change in irradiance inside
the layer of a medium, we can determine the



138

effective attenuation coefficient by measuring
the irradiances on the upper and lower surfaces
of the layer. For an entire water body or for an
extensive water layer, a representative value of
K, is usually determined, based on irradiance
data at different depths, by performing linear
regression analysis on a semilogarithmic depth-
irradiance coordinate system (Dera 1992, Reinart
2000, Arst 2003). In this way we determined the
values of diffuse attenuation coefficient for the
PAR region (K ,,.), using the vertical profiles of
q d,pAR(Z) in the water.

Surface reflectance (r) plays a crucial role in
winter conditions when the ice and snow optics
are examined. Irradiances are measured above
and below the ice sheet, and reflectance must be
taken into account to determine the attenuation.
In the ice cover the attenuation coefficient is
vertically not constant since there are sublayers
of differing optical properties, including snow,
snow-ice and congelation ice as well as the gas
bubbles.

The effective attenuation of light in the ice
cover (K,,) can be approximately described by
an equation similar to Eq. 3:

K, (D)= —%i ln[%} 4)

Here D, is the thickness of the ice cover, r is the
reflectance and ¢ (0*) is incident solar irradiance
on the upper ice surface. Although the values
of K, calculated with Eq. 4 cannot describe the
variation in optical properties inside the ice layer,
they do allow us to compare the light attenuation
properties of the ice cover in different lakes.

Note that although Eqs. 2—4 describe the
attenuation of spectral irradiance, the corre-
sponding exponential law is also widely used
for calculating the values of integral underwater
irradiance, using the average PAR region values
for K- The accuracy of this approach for ice-
free water bodies was estimated in Arst et al.
(2000).

The reflectance of the ice/snow cover was
calculated as the ratio of upwelling irradiance to
downwelling irradiance:

q,(z =0)
qd(z = 0+)
where the subscripts ‘d” and ‘u’

&)

=
i

are for down-
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welling and upwelling irradiance, respectively,
and the O* refers to the region just above the
surface.

We calculated the ratio of quantum planar
irradiance to the corresponding scalar irradiance
(94 par/do par) at different depths in the water. This
ratio gives information on the directional dis-
tribution of the underwater radiance. The scalar
irradiance includes both the downwelling and
upwelling light and represents all angular direc-
tions equally. The downwelling planar irradi-
ance, in accordance with the cosine law, is pro-
gressively less affected by light flux as its zenith
angle increases (Kirk 1996).

The main remote-sensing characteristics
derived from the measurement data were remote
sensing reflectance r(4) and the diffuse compo-
nent of water reflectance (rD(}.)). The first param-
eter was calculated as follows:

L,(4)
W E®

We measured the full spectra of these char-
acteristics. However, for interpretation of the
data obtained (i.e. associating their values with
the amount of various OAS in the water) several
methods area available, using the results for only
a few wavelengths or for the entire spectrum.
When we measure L (4) and simultaneously
L (1), we can estimate the diffuse (or water-leav-
ing) component of reflectance, assuming that
from the surface it reflects 2% of LZ(/l). Then
r,(4) can be calculated:

_0.02L,(2)
n(4)= TE(L)

However, the results obtained with Eq. 7 can be
considered only as approximate: during sunny
days and with wind speeds more than 5-7 m s,
Eq. 7 can bring about remarkable errors (Arst
2003). The suitability of this approach is also
dependent on the solar altitude (maximal errors
will occur when the sun is near the zenith) and
measurement direction.

(6)

(N

Results

Many papers were published during the 10-year
period of SUVI In fact, the SUVI materials
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(measurement programme, data, analysis, model
calculations, etc.) are so voluminous that it is
impossible to describe them in one paper. Thus
here, we shall present mainly selected results
which have not been published earlier as well as
the general conclusions.

Inherent optical properties of the water
and concentrations of OAS determined
from water samples

Profound analyses of the dataset containing the
concentrations of three main OAS and c*,, , for
885 measurement series obtained between 1992
and 2002 in 23 Estonian and 7 Finnish lakes and
some regions of the Baltic Sea (135 ‘sea series’)
are presented in Arst (2003). For 428 sampling
stations we also had the Secchi disk data and the
relationships between z and other parameters.
The minimum, maximum and median values of
OAS and c*,, , for each lake are also presented in
Arst (2003). However, nine Estonian lakes were
studied in 1992—-1993, i.e. these lakes cannot be
considered in connection with the SUVI project.
On the other hand, during 2003-2005 we per-
formed additional measurements in some SUVI
lakes. Thus, we repeated the correlation analysis
using the SUVI dataset, considering the associa-
tions between K ,,, . and other parameters, which
was not done by Arst (2003) or presented in our
earlier publications (Arst et al. 1996, Miekivi
and Arst 1996, Arst et al. 1998, Noges et al.
1998, Reinart er al. 1998a, Arst et al. 1999a,
1999b, Reinart and Herlevi 1999, Erm et al.
2002, Sipelgas et al. 2003, Reinart et al. 2005).
In the present paper we firstly show the average
values of ¢*, ., C_, C, c¢*(380 nm) and z for
each SUVI lake (Table 2).

The analysis of the complete SUVI data-
set shows that the values of OAS, c¢*,, ., K LPAR
and z  vary essentially among lakes and also
with the seasons, which was expected since we
considered very different types of lakes. One
example is the clear-water Antu Sinijirv: since
the bottom was visible, the Secchi disk data
were obtained using horizontal measurements.
The approximate value of z, for Antu Sinijirv is
13 m; note that in the other lakes the maximum
reading for z; was 7 m (maximum average was
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5.5 m). Special attention should be focused on
the last two lakes Nohipalu Mustjirv and Harku,
both of which are rather extreme, but for dif-
ferent reasons. The high values of ¢*, in dys-
trophic Nohipalu Mustjdrv are caused mainly by
very high concentration of CDOM (maximum
measured value of ¢* (380 nm) was 85 m™). In
Harku we can observe the extraordinarily high
averaged values of ¢*, ., C and C_(maxima 50
m™', 409 mg m~ and 96 mg 1, respectively) and
the very small values of z,, (minimum 0.1 m).

Temporal variations and correlations of
bio-optical properties were studied based on
repeated measurements in four Estonian lakes
(Paukjirv, Ulemiste, Maardu and Harku) during
1999-2001. A special investigation was per-
formed for Ulemiste (a drinking-water basin for
the City of Tallinn), measuring the parameters at
five sampling stations from 1997 to 2001. The
results of these studies are published in Erm et
al. (1999, 2001, 2002) and Reinart et al. (2001).
It is worthwhile to study the possible long-term
changes in the bio-optical parameters in SUVI
lakes. However we have only five lakes in which
the observation period is 7 years or more (see
Table 1). Temporal changes in three parameters,
C,» ¢*(380 nm) and z, for Pddjérvi, Vesijérvi,
N. Valgjirv and Vértsjirv are shown in Fig. 2.
The concentration of CDOM and the value of z
showed practically no long-term trend in all four
lakes (only in Vértsjirv in 2005 were somewhat
higher values of ¢*(380 nm) than in 1994-2004).
In two Finnish lakes (Pddjdrvi and Vesijérvi) the
chlorophyll content appeared to increase with
time, while in N. Valgjdrv and Vortsjirv seasonal
variations predominated.

As is known, the value of c¢*,, . is formed
under the influence of all three OAS. Conse-
quently, it is of interest to determine the multiple
regression of c¢*,, . vs. (C, C,, c*(380 nm)).
The SUVI dataset gave us the following regres-
sion formula:

c* = 0.406C_ +0.0522C,
+0.194¢* (380 nm), ®)

where R?> = 0.962, N = 801, SD = 2.15 m™' and
the p < 0.000001. Comparison of the measured
and calculated (with Eq. 8) values of c*,,  is
presented in Fig. 3. This type of relationship can
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Fig. 2. Temporal variations in chlorophyll a (
Lammi Paajarvi, (b) Vesijarvi, (¢) Nohipalu Valgjarv and (d) Vortsjarv.

Table 2. Average values of light attenuation coefficient c*

C

chl’

PAR’

mg m=), Secchi depth (z,

D’

chlorophyll content C,

m) and CDOM (c*(380), m™) in (a)

concentration of suspended

matter C,, light attenuation coefficient for filtered water at 380 nm, ¢*(380 nm), and Secchi depth z,; obtained from
the SUVI dataset for various lakes.

Lake *onr (M) C,, (mg m®) C, (mg ) ¢*(380 nm) (m™) Zg, (M)
Antu Sinijarv (E) 0.5 0.56 2.9 15 13
Paijanne (F) 1.2 2.7 1.1 4 55
Paukjarv(E) 1.2 5.4 2.1 1.3 5.2
Puujarvi (F) 1.3 3.8 1.3 2.6 4
Koorkila Valgjarv (E) 1.6 9.9 25 2.3 4

N. Valgjarv (E) 1.9 13 3.3 35 4.9
Kurtna Nommijarv (E) 2.2 2.2 3.7 5 3.6
Maardu (E) 2.4 12 41 5.3 25
Vesijarvi (F) 25 10.7 3.9 2.9 25
Méhuste (E) 2.9 23 2.6 6.9 2.7
Uljaste (E) 3.1 14.7 6.7 6.6 2.3
Paajarvi (F) 3.2 6.4 4.5 11.2 1.8
Linajarv (E) 4.4 21 45 10.6 1.7
Lohjanjarvi (F) 5.2 14.2 6.7 9.3 1.3
Verevi (E) 6.5 40 8.7 6 2.2
Valkeakotinen (F) 6.3 8.1 6.5 16.6 1
Tuusulanjérvi (F) 10.6 27 18.5 10.3 0.65
Ulemiste (E) 10.9 46 15.9 6.8 0.75
Vortsjarv (E) 11.7 45 17.8 8.3 0.8
Nohipalu Mustjarv (E) 15.9 15.2 6.4 65 0.5
Harku (E) 28 156 42 121 0.35
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Fig. 3. Values of (¢*,,5)*° (¢*,, in M) obtained from
measurements and from regression formulae (Eq. 8).

be used in practice when one wants to determine
a variable when three others are known.

Arst (2003) obtained a regression formula
similar to Eq. 8 using the previously mentioned
database (altogether 885 series, the SUVI lake
data obtained in 1994-2002 and the results for
Estonian small lakes and the Baltic Sea obtained
in 1992-1993):

c* . = 0.336C. +0.0506C.,,
+0.196¢* (380 nm). )

The constants of these two formulae differ
slightly, but the determination coefficient was
the same. It shows that this type of formula is
suitable for different datasets, although the coef-
ficients may vary.

There are three variables, all describing the
transparency (or turbidity) of the water body: z,,
C*par aNd K, o (the type of a lake can be charac-
terized also by its colour). The correlations K, .
vs. Zg, and K, o vs. ¢*, . are shown in Figs.
4 and 5. The power function regression gives
a rather high value for the determination coef-

ficient: 0.723 (Fig. 4). However, for high values

of K LPARY Secchi depth (z,) is unable to describe
any changes in K ,, ., although for small values
of K, ,,x Secchi depth is a suitable characteristic

for describing water transparency. Note that Arst
(2003) concluded similarly regarding the rela-
tionship c¢*, . vs. z,,. The regression between
inherent (c*,,.) and apparent (K, .) optical
properties is linear, but the value of R? is not very
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dataset (N = 272).

high, possibly due to the fact that in very turbid
water the irradiance attenuates very quickly with
depth, which can bring about substantial errors
inK,,,, (Fig. 5).

The correlations between transparency (or
turbidity) characteristics and the different OAS
are presented in numerous publications (Arst
et al. 1996, 1999a, Arst 2003, Erm et al. 1999,
2001, 2002). An interesting result is that in
determining the regression formulas separately
for each lake (the parameters changed due to
seasonal variability), we can obtain rather dif-
ferent constants for these formulas, which is
caused by the concrete bio-optical type of lake.
Based on data with a large variation range (many
lakes together), true algorithms that describe the
relationships between water properties can be
derived (Erm et al. 2002, Arst 2003).
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Inherent optical properties measured in
situ (instrument ac-9)

During SUVI, repeated in situ measurements
of the inherent properties of lakes were carried
out using a WetLabs instrument ac-9 (Herlevi
et al. 1999, Herlevi 2002a, 2002b). The ac-9 is
a spectral absorption/attenuation meter that uses
nine band-pass filters in different spectral chan-
nels. It performs simultaneous measurements
of the beam attenuation (¢) and absorption (a)
coefficients in the water by incorporating a dual-
path optical configuration in a single instrument.
Based on these data, it was also possible to
calculate the scattering coefficient (b) using the
formula: b = ¢ — a. The accuracy of the ac-9 is
+0.005 m™' (Herlevi 2002a, 2002b). The ac-9
measurements were performed as depth profiles
in seven Finnish and six Estonian lakes in 1997—
2000 (Herlevi et al. 1999, Herlevi 2002a, 2002b.
The results obtained were thoroughly analysed
by Herlevi (1999, 2002a, 2002b). Comparison
of the spectra of the attenuation, absorption and
scattering coefficients were carried out, dividing
the lakes in two groups: turbid and clear-water.
The diurnal variation and vertical change were
studied. Special attention was focused on param-
eterization of the spectral curve of the scattering
coefficient. In the generally used form (4, is
some reference wavelength)

A

b(l):b(/lo)(f)%

The exponent p, is close to 1, but with marked
variations from 0.13 to 2.42 (Herlevi 2002b).
We tried to estimate the associations between
the values of p_ and the concentrations of the
OAS (Paavel et al. 2007). We were unsuccess-
ful in finding a good correlation between p, and
the concentration of any single OAS, although
multiple regression between p, and three OAS
jointly can give rather high determination coef-
ficients. To predict this slope, in the analysis we
used the multiple linear regression module of
STATISTICA 6.0 (StatSoft Inc. 2001) includ-
ing the measured OAS values as well as their
pairwise products (C X C, C_ X ¢*(380 nm)
and C_ X ¢* (380 nm)). Forward stepwise method
was applied to select the best fitting model. The
regression formula obtained is the following:

(10)
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p, =0.7964 + 0.00964C X c* (380 nm)

-0.0453C - 0.0124C an
The units of C, C_, and ¢*, are mg I"', mg m™
and m™, respectively. The statistical parameters
of this regression were: N = 73, R> = 0.668, R*
(adjusted) = 0.655, SD of estimate = 0.259, p <
0.000001.

However, for five Finnish lakes (Padjirvi,
Lohjanjarvi, Péijanne, Tuusulanjidrvi and Vesi-
jérvi) together, simple linear multiple regression
also resulted in a high value of R? = 0.764 (Fig.
6). The corresponding regression formula was

p, =0.0492C_-0.0306C

chl

+0.0922¢*(380 nm) + 0.212 (12)

where N =41, SD =0.27 and p < 0.000001.

In three Finnish and two Estonian lakes, the
values of p, in May-June exceeded markedly
those in August. In Vesijarvi, Koorkiila Valgjarv
and Ulemiste the differences were about 20%—
40%, while for Lohjanjdrvi and Tuusulanjérvi
they were more than 50%. Gallegos et al. (2005)
also found a seasonal trend for p, characterized
by relatively high values in early spring and
declines during the summer bloom. The reason
why the wavelength dependence of the scat-
tering coefficient is larger in spring than in late
summer could be the different sizes and types of
particles in the water.

Underwater irradiance and light
attenuation coefficients determined
using LI-1800, LI-192SA and LI-193SA
sensors. Model calculations.

Measurements of underwater irradiance

During 1995-2005 we performed a total of 132
spectral measurement cycles in the SUVI lakes
(the LI-1800 UW instrument was used). Each
cycle comprised four series of downwelling (E)
and four series of upwelling (E) irradiance at
various depths. E, was measured lowering the
instrument to depths of 0.5 m, 1 m, 1.5 m, etc.,
until there was just enough light for obtaining
reasonable data. £ was measured after turn-
ing device face down at the same depths; no
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instrument shading corrections were made to
the measurements. The final result was obtained
averaging the data of four series at each depth.
PAR irradiances were integrated from the spec-
tral data:
700
Ey (2)= JE,(2.2)dA

400

13)

For determining the depth-averaged values of
the attenuation coefficient from spectral (K d(ﬂ.))
and PAR data (K 4PAR? KO,PAR)’ a similar method
was used for both cases: irradiance values at all
depths were fitted by least-squares to a straight
line on a semilog plot, the slope of which gives
K ,(A). If necessary, additional smoothing by
moving averages over 6-nm intervals was done.
To make the results from different devices com-
parable, mostly the values of K for the 0.5-2-m
layer were used. Only for very high attenuation
(irradiance values beyond the sensitivity limit)
was a thinner layer used.

Measurements were carried out twice per
year, in May or June and in August, mostly
around noon (to avoid changes in K, due to dif-
ferent solar zenith angles). For a summarized
overview the measurements carried out in ten
Estonian lakes (Nohipalu Mustjirv and Valgjérv,
Vortsjirv, Ulemiste, Uljaste, Verevi, Kurtna
Nommijirv, Koorkiila Valgjirv, Paukjirv, Antu
Sinijdrv) and five Finnish lakes (Valkeakotinen,
Tuusulanjdrvi, Pddjirvi, Piijinne, Vesijérvi)
were used. In selecting the lakes we took into
account the representativeness of ecosystems
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Fig. 6. Comparison of p,(measured) and p,(calculated)
calculated with Eq. 14 (only the data of Paijanne, Vesi-
jarvi, Lammi P&ajarvi, Lohjanjarvi and Tuusulanjarvi
were used; N =41).

(ranging from oligotrophic to hypertrophic) and
the water constituent concentrations to cover the
variability in lake characteristics for our region
(Table 1).

Typical results for the irradiance measure-
ments in various lakes are shown in Fig. 7. The
most striking feature of the observations in many
Estonian and Finnish lakes is the very rapid
attenuation of irradiance with depth in the region
of 400-500 nm, which generally leads already
to small values of irradiance in this waveband at
depths exceeding 1.5-2 m. The reason is strong
absorption by CDOM. Irradiance also dimin-
ishes rapidly at the red end of the spectrum due
to absorption by water itself, although not to the
same extent as at the blue end. The wavelength
of maximal penetrating radiation (4__ ) is around

r 0.01
r 0.008
- 0.006

r 0.004

(-5 ;wmw) "y

r 0.002

400 500 600 700 800
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Fig. 7. Spectral distribution of underwater irradiance in different lakes: (a) Valkeakotinen (23 August 1995), and (b)
Vesijérvi (1 June 1995). Thick lines represent the incident (0+) and underwater downward irradiance (E,), thin lines
represent upward irradiance (E,). Depth in m is shown near each curve. Note that the scale of £ is in mW m=2s™,
i.e. 10~ the scale of E,.
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Fig. 8. Two examples (Vortsjarv 27 April 2005, and
Harku 16 June 2005) of the vertical profiles of quantum
irradiance in the PAR band of spectrum, measured with
the LI-192 SA (planar) and LI-193 SA (scalar).

550 nm, but it moves to the red part of the spec-
trum in brown-water lakes.

Additionally, the underwater light field was
studied using two quantum sensors, LI-192 SA
(downwelling planar irradiance, ¢,,,.) and LI-
193 SA (scalar irradiance, ¢, ,,,) both measuring
the quantum irradiance in the PAR band of the
spectrum. However, we do not have these results
for all the cases shown in Table 1, because some-
times measurements could not be made due to
unsuitable weather conditions such as rain or
rough water surface. Thus, we have 178 g, ,,.(z)
profiles obtained as an average from four meas-
urement series in each case. The number of
qOVPAR(z) profiles is smaller (often due to technical
problems).

Two examples of g, ,,,,(z) and g, . (z) profiles
are shown in Fig. 8. Measurements were carried
out in Vortsjdrv in early spring (27 April 2005)
and in Harku in summer (16 June 2005), in both
cases at noon. The sky was partially cloudy at
Vortsjarv and almost clear at Harku. We can
see that in these two cases the water properties
differ noticeably: the values of K, for planar
and scalar irradiances were 1.65 and 1.55 m™ for
Vortsjirv, respectively, but for Harku they were
much larger (7.34 and 7.27 m™', respectively).
These two lakes were also suitable for demon-
strating the long-term variations in K, . (Fig. 9).

There were 27 values (1994-2005) of K ipar fOT
Vortsjirv and 18 values (1999-2005) for Harku.
Seasonal variability of K, . was smaller in any

individual lake than between different lakes.
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Fig. 9. Temporal variation of K., in Vortsjarv and

Harku, obtained from underwater measurements using
the LI-192 SA.

The spectra of K d(}L) were determined from
data obtained with the LI-1800 UW. All opti-
cally active components affect irradiance in a
different manner; therefore the spectral K, could
give much more information on the underwater
light field than the broad-band K. One example
for each lake was chosen to show the variability
among our lakes (Fig. 10a and b). The spectra
for lakes comparable with Jerlov’s (Jerlov 1976)
coastal water types 5, 7 and 9 are presented in
Fig. 10a (curves 1-4). The spectra exceeding
those for type 9 by Jerlov are shown in Fig. 10b
(curves 5-9). The reason for the high attenuation
of light can differ among lakes (e.g. in Pédjarvi
it is yellow substance (CDOM), in Vortsjirv and
in Tuusulanjéirvi phytoplankton blooms). Typi-
cal attenuation spectra (especially for brownish
waters) show a continuous decrease in attenua-
tion with increasing wavelength (e.g. Fig. 10b:
curve 9), but in eutrophic lakes an additional
attenuation peak around 680 nm is usually seen.

Some additional studies describing the under-
water light climate were: (1) comparison of
euphotic layer criteria in water bodies and (2)
estimation of the relation between underwater
irradiance and quantum irradiance in different
lakes (Reinart et al. 1998b, 2000).

Optical classification of lakes
In addition to Jerlov’s classification of water

types, several versions of the optical classifica-
tion of lakes were elaborated during the SUVI
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Fig. 10. Measured diffuse attenuation coefficients of light in selected lakes: (a) 1 = Antu Sinijarv [K,(490 nm)
= 0.14 m™], 2 = Paukjarv (0.53 m™"), 3 = Koorkila Valgjarv (0.92 m'), 4 = Vesijarvi (1.1 m™); (b) 5 = Péijanne
(1.13m™), 6 = Lammi Paajarvi (2.72 m"), 7 = Vortsjarv (4.0 m™"), 8 = Tuusulanjarvi (4.2 m™), 9 = Valkekotinen

(5.6 m™). The thick part of some spectra is calculated by method Reinart and Herlevi (1999).

project (Reinart 2000, Reinart et al. 2003, Arst
2003). The first classification version by Reinart
et al. (2003) is based on the apparent optical
properties in the PAR region and the amount
of OAS. The criterion for including a particular
water body in a certain optical class was found
using a K-means clustering technique (Reinart
et al. 2003). As a result, five optical classes
were determined. In lakes belonging to class C
(CLEAR) the amount of OAS is smallest of all
lake classes. Their waters are transparent and
K, o 1s the smallest. The optical properties
of the water are influenced mainly by phyto-
plankton pigments. These waters may often be
comparable with coastal ocean waters. In class
M (MODERATE) lakes the water is darkened
mainly due to the presence of yellow substance,
which in the M class is the most important factor
affecting the light field. In these lakes absorp-
tion processes are relatively more important than
scattering. A total of 69% of all lakes investigated
belonged to classes C and M. Class T (TURBID)
includes turbid, but not very eutrophied lakes.
Suspended particles (both organic and mineral)
cause high scattering and backscattering. Class
V (VERY TURBID) lakes are characterized by
a very high C, (>60 mg m~) and frequent
appearance of phytoplankton blooms. Class V is
very typical of shallow eutrophic lakes, as shown
elsewhere (Kirk 1981, Dekker et al. 1995). Class
B (BROWN) comprises humic lakes, in which

the amount of dissolved organic matter is so high
that the water is actually brown. In these lakes
K, p\x 18 very high (as shown by measurements in
Nohipalu Mustjarv it can be more than 7 m™).

The second classification system made by
Reinart et al. (2003) is based on the irradiance
reflectance spectra just below the water sur-
face (measurement data in Estonian and Finnish
lakes). The results obtained showed that lakes are
highly reflective in the green and red regions of
the spectrum, but the absolute values of reflect-
ance and its spectral shape may differ greatly.
Five types (C,, M,, T,, V, and B,) and one
subtype (MB,) were distinguished. A detailed
description (numerical data on the irradiance
reflectance (R ) spectra and the location of spec-
tral maxima) of lakes corresponding to each type
is presented in Reinart ez al. (2003).

In Arst (2003) a third version of the optical
classification of lakes was elaborated, relying on
light attenuation in the water and the predomi-
nant OAS as basic variables. These basic char-
acteristics are c*,, and the ratio C *%/c* (380
nm). The reason for including this ratio is to esti-
mate (and compare) the relative influence of two
important OAS (phytoplankton and CDOM) on
water transparency. Thus, when this ratio is high
the predominant substance is phytoplankton;
when it is low CDOM predominates. The expo-
nent 0.66 was used, taking into account that in
the formulas by Baranov (1979) and Maritorena
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et al. (2000) the absorption coefficient of phyto-
plankton was proportional to C_ %" and C *%,
respectively. Logically, for this classification,
instead of C_ "*/c*(380 nm) the ratio a,,./
a should to be used. However, the meas-

CDOM,PAR
urement results of C_ and the spectral attenua-
tion coefficient of filtered water are quite often
available, but the data on absorption coefficients
of each OAS, averaged over the PAR region, are
rather scarce. The values of the basic parameters
of this classification are given in Table 3.

The final classification will be performed by
linking two types of classes. For instance, class
‘M+Y(Chl)’ means that the lake is of moder-
ate transparency, but the predominant OAS is
yellow substance, the influence of chlorophyll
being not as high. Class ‘ELT+Chl’ can be
interpreted as extremely turbid water, in which
chlorophyll predominates. Class ‘ELT+YY’ is a
lake of extremely low transparency with a very
high concentration of CDOM. The data for 15
Estonian and Finnish lakes used for classifica-

Table 3. Classification of lake waters by c*
also shown.

PAR
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tion, and their optical classes are presented in
Arst (2003).

Models elaborated for determining the K,
spectra and underwater light field

Following the slightly modified method intro-
duced by Austin and Petzold (1986), Reinart and
Herlevi (1999) developed an analytical expres-
sion for K d(}L) in the range 400-800 nm, taking
the value of K, at 490 nm as a reference value.
The slope parameter M(4) and the intercept J(A)
for all wavelengths were based on the fitting by
least squares technique of a linear equation of
the form:
K (A) =J(A) + M(Z) + K (490) (14)
In Table 4 the values of the parameters J(4)
and M(A) are presented in 10-nm steps in which

and C,*%%/c* (380 nm). The respective Secchi disk depth ranges are

First classification variable

Second classification variable

Class by ¢*,, (or zg,) Code Cppg (M) Zg, (M) Class by OAS (code) C,,>%¢/c* (380 nm)
Clear C 0.8-1.5 7-3.5 Chl >2
Moderate M 1.5-3 3.5-2 Chl(Y) 1-2

Low transparency LT 3-7 2-1 Y(Chl) 0.5-1

Very low transparency VLT 7-15 1-0.5 Y 0.1-0.5
Extremely low transparency ELT >15 <05 YY <0.1

Table 4. Values of intercept J(4) (+ 0.04) and slope parameter M(4) (+ 0.01) for analytical expression of K (1) by
Eqg. 13 (Reinart and Herlevi 1999).

2 (nm) JA) M) A (nm) JA) M) 2 (nm) JA) M)
400 0.58 2.20 510 -0.07 0.87 610 0.03 0.51
410 0.52 2.00 520 -0.08 0.80 620 0.08 0.50
420 0.44 1.79 530 -0.09 0.74 630 0.10 0.47
430 0.37 1.66 540 -0.10 0.68 640 0.12 0.45
440 0.28 1.56 550 -0.11 0.64 650 0.16 0.43
450 0.22 1.37 560 -0.13 0.61 660 0.21 0.43
460 0.18 1.24 570 -0.14 0.58 670 0.26 0.44
470 0.11 114 580 -0.12 0.56 680 0.31 0.43
480 0.06 1.06 590 -0.06 0.53 690 0.40 0.38
490 0.00 1.00 600 0.00 0.52 700 0.53 0.33
500 -0.04 0.93
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the entire spectrum of K d(l) could be found
by the reference value of K, at 490 nm. The
wavelength 490 nm was chosen because the
ocean colour satellites Sea-viewing Wide Field-
of-View Sensor (SeaWiFS) and Moderate Res-
olution Imaging Spectroradiometer (MODIS)
provide K (490 nm) as a standard Level 2 prod-
uct (http://oceancolor.gsfc.nasa.gov/), and many
widely used instruments have this waveband.
Thus, using Eq. 14 and the ‘satellite’ value of
K (490), we can recreate the entire spectrum in
the PAR region. This is especially important for
turbid and humic lakes, where in the violet and
blue parts of the spectrum the values of under-
water light are often very low and practically no
measurement data are available. The generalized
version of Eq. 14 is presented as Eq. 15 (Reinart
and Herlevi 1999), in which the spectra of K d(l)
can be recreated taking the reference wavelength
not only as 490 nm, but also as any other wave-
length. Note that for each case the same coeffi-
cients as shown in Table 4 must be used.
M(2,)
K, (4,)=7(2)+[K,(4)-I(4)] (1) (15)
The main disadvantage of the analytical for-
mula (Eq. 14) was that it did not describe well
those lakes with very clear, turbid or brown-
ish waters. One of the reasons may be that
our dataset did not contain enough such exam-
ples, but the main reason is probably that one
parameter, K (490 nm), is not enough to fully
describe optically multicomponential waters. A
study for estimating the validation of the 490
model was carried out by Paavel et al. (2006).
In many individual cases, the results obtained
using the 490 model were in good accordance
with measured values obtained throughout the
PAR region, but often some discrepancies in
the blue and red regions were observed. Usually
the overestimation of K d(}L) in the blue region
is accompanied by underestimation of K (1) in
the red region, or vice versa. The characteristics
of these discrepancies lead to the conclusion
that in computing the average PAR values of
K d(l) the measured and modelled values of the
data should be similar (errors in the blue and
red regions should compensate for each other).
We compared the measured values of K,
(K

d.PAR

LPAR
(measured)) with those obtained with the
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490-model (K

d,PAR(490 model)). Indeed, the cor-
relation K, (measured) vs. K

d,pAR(490 model)
gives the regression formula y = 0.983x (R* =
0.996, SD =0.108 m™" and p < 0.00002).

Since the various OAS have specific spectral
effects on K, it may be better to use not one but
several reference wavelengths. Relying on Egs.
14 and 15, we elaborated a method combining
the spectra obtained for three different wave-
lengths (C-model) that allowed us to recreate the
spectrum of K 0w (Paavel et al. 2006). We chose
those wavelengths corresponding to the centres
of three wavebands of the BIC-2104 radiometer
(412,555 and 665 nm). Since the parameters J(/lr)
and M(4) were presented in 10-nm steps (Table
4), the necessary values of these parameters were
determined with linear interpolation. Currently,
we use the following computing system for the
C-model (4 in nm, K, in m™):

1. Interval 400—435 nm: take K I obtained from
the 412-model.
2. Interval 435-525 nm:

K,,=[0.5+0.01(480 - DIK, (4, =412)
+10.5-0.01(480 — DK, (4, = 555)

3. Interval 525-595 nm: take K w obtained from
the 555-model.
4. Interval 595-655 nm:

K,,=[0.5+0.01(640 - DK, (A, = 555)
+[0.5 - 0.01(640 - 1K, (1, = 665)

5. Interval 655-700 nm: take K w obtained from
the 665-model.

We calculated the statistical characteristics of
the regression K (measured) vs. K ,(C-model)
determined for 11 wavelengths in the PAR region
of the spectrum. For all wavelengths N = 84 and
significance p < 107", The intercept was taken
equal to zero, and the regression formula for
K, ,(measured) vs. K ,(C-model) was in the form
y = Cx. Coefficient C| varied from 0.997 to
1.016, R? from 0.977 to 0.998, and the relative
error was between —0.032 and 0.021 m™' (Paavel
et al. 2006). Thus, the C-model allowed us to
determine the values of K with very high

d,PAR
accuracy (the coefficient of the regression for-
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mula was 1.001, R? = 0.9986 and SD = 0.0604
m™).

A semiempirical model for quantitative
description of the spectral, temporal and spa-
tial variations of the underwater light field was
elaborated and its mathematical realization pre-
sented in Arst et al. (1997b, 2002) and Arst
(2003). This model allowed us to calculate the
values of underwater irradiance relying on the
data on (1) light attenuation coefficient spec-
tra determined in the laboratory from episodi-
cally taken water samples, and (2) incident solar
irradiance recorded throughout the observation
period (day, week, month, etc.). The result was
the quantitative description of the underwater
light regime for one or several objects. The main
advantage of the respective automated computa-
tion system is the feasibility of acquiring large
amounts of data describing the underwater light
field, based on simple measurements. The results
of this system also include the values of quan-
tum irradiance necessary for the computation of
primary production. This model is useful when
measurements of the underwater irradiance in
situ are impossible due to weather conditions.
Monitoring of radiation by several underwater
spectroradiometers at buoy stations is techni-
cally complicated and expensive.

Several examples of the results obtained
with the model are presented in Arst (2003).
These include diurnal and spectral variation in
E d(z,/l), diurnal variation in E d,PAR(Z) at differ-
ent depths during a 2-week period in summer

p—P Va9 X
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Fig. 11. Diurnal vatiation
of quantum irradiance
(Gpag) ON 15 May 1998 in
Paijanne and Lohjanjarvi
(station 2) at different
depths, calculated by our
semi-empirical model. In
both cases the sky was
assumed to be clear
during the whole day.
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2001 (Maardu), the corresponding daily sums
of E,.x(2), and monthly sums of solar energy at
different depths for June, July, August and Sep-
tember 2001 in two SUVI lakes.

In the present paper, we add a further exam-
ple describing the diurnal variation in g, . on 15
May 1998 in Pidijidnne and Lohjanjarvi (station
2). Unfortunately, we had only water-sample
data and no information on change in incident
irradiation during this day. However, since the
day was sunny, we used estimated values of
incident quantum irradiance for clear weather,
relying on its average values at 60°15°N and
24°30°E, which are rather similar to those at
Lohjanjérvi and the southern part of Piijdnne.
We obtained these average values from ‘Oceano-
graphic Tables’ (1975) for moderate transparency
of the atmosphere. The results (Fig. 11) show
that the attenuation of solar light in Lohjanjérvi
exceeds markedly that in Péijdnne: in the latter
case q,,, at a depth of 0.2 m is almost two times
higher than that in Lohjanjdrvi, while at a depth
of 1.5 m g, in Pdijinne is practically equal to
that at 0.7 m in Lohjanjérvi. Note that the Secchi
depth values for Péijanne and Lohjanjirvi (sta-
tion 2) were respectively 6.5 m and 0.7 m.

Optical remote sensing of lakes
Some examples of our remote-sensing meas-

urement results are presented in Fig. 12. Since
information that gives the shape of the spectral
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2.5

HA)F(500 nm)

Fig. 12. Spectral distri-
bution of remote sensing
reflectance, r(A), normal-
ized to 500 nm for Vesi-

0.54

—2— Vesijarvi 1 June 1995
—— Tuusulanjarvi 03 June 1995
24 —0— Vartsjarv 31 July 1995
—¥— Koorkila 15 June 1997
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jarvi, Tuusulanjarvi, Vort- 0 ;
sjarv and Koorkila Val- 400 450
gjarv.

curve in remote sensing is especially impor-
tant, the values of r(1) normalized to 500 nm
are shown. Note that the four lakes presented
here are characterized by the following values
of the Secchi depth z: Vesijérvi, z, = 2.5 m,
Tuusulanjérvi, z,, = 0.9 m, Vortsjirv, z,, = 0.8 m
and Koorkiila Valgjérv, z,, = 4.5 m. The spectra
differ from each other markedly: in clear-water
Koorkiila Valgjirv the values for (1)/r(500 nm)
are smallest in the 560—700-nm band, for Vort-
sjirv (during the algal bloom in August) the
values in this band for (1)/r(500 nm) are much
higher than for any other lake. In Vartsjirv the
minimum in the spectrum caused by the chlo-
rophyll absorption band near 675 nm is clearly
seen. Our remote-sensing measurement results
were published elsewhere (Kutser 1997, 2004,
Kutser et al. 1996, 1997a, 1997b, 1998, 1999,
2006, Arst et al. 1999¢, Leppiranta et al. 1999,
Erm et al. 2001, Reinart and Kutser 2006).

The remote-sensing data were used to
develop empirical algorithms (band ratios, their
combinations and more sophisticated colour
algorithms) for estimating chlorophyll, CDOM
and suspended matter concentrations, as well as
Secchi disk depth and the beam attenuation coef-
ficient from remotely measured data. Some of
the proposed algorithms are presented in Kutser
(1997) and Kutser et al. (1998).

Analysis showed seasonal variability in per-
formance of the band-ratio type algorithms and

T T T T 1
500 550 600 650 700
Wavelength (nm)

relatively wide variability among expeditions.
Therefore we initiated development of a bio-
optical model for interpretation of remote-sens-
ing data. The model allows simulation of the
reflectance spectra based on the concentrations
of chlorophyll, CDOM and suspended matter.
We assumed that if a modelled spectrum is
similar to a remote-sensing spectrum then the
concentrations of OAS used to simulate the most
similar spectrum match with those found in the
water body. Model development began with the
parameters and data available in the literature.
We gradually tuned the model with the SUVI
data. We were also able to estimate several
parameters that were not measurable in sifu at
the time (backscattering coefficient spectra) or
hardly known (scattering coefficient spectra),
thus filling in the unknowns in the model with
actual measurement data (Kutser 1997). The
results obtained with the model were published
in Kutser (1997) and Kutser et al. (1996, 1998,
2001).

The most recent version of the model is
described in Kutser et al. (2001) and was based
on the following equations (Gordon et al. 1975,
Kirk 1984):

RD(O',l)ZC(.Uo)a( h(2) (16)

A)+b,(2)

where RD(O*,A) is the irradiance reflectance just
beneath the water surface, b, is the backscatter-
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ing coefficient, p  is the cosine of the solar zenith
angle and
C(p,) =-0.629u, +0.975 a7
As light passes through the water—air inter-
face it undergoes refraction that increases its
angle to the vertical. Combining these effects
with the effect of internal reflection, Austin
(1980) proposed a factor of 0.544 for relating
radiance just above the surface with radiance just
below the surface. Thus, we can calculate the
diffuse component of remote-sensing reflectance
just above the water surface:

b, (2
(1) = 0.544(<0.629 41, + 0.975)W

The total absorption (a) and backscattering
(b,) coefficients are additive over the constitu-
ents of the medium by the definition of inherent
optical properties (which requires the absence of
multiple interactions). We assumed that there are
three optically active components in the water:
phytoplankton, CDOM and suspended matter.
Thus the values of a and b, were determined as
the sums of the respective parameters of these
substances.

Models similar to that described above were
proposed by a number of authors (see list of
models in Dekker et al. [2001]). The main differ-
ences between the models are in the number of
OAS and the specific absorption and backscat-
tering coefficients used. The amount of CDOM,
as well as absorption and backscattering due to
suspended matter are often expressed through
the empirical functions of C_, . This is acceptable
in oceanic waters, but not in coastal and inland
waters where the concentrations of other OAS
are not correlated with C .

Currently, optical remote sensing results are
mostly obtained by satellites, which allow large
areas to be described, and the individual spec-
tra for some sampling stations are used only as
ground-truth data for calibration of measure-
ments from space. However, the technical limita-
tions related to spatial, spectral and radiometric
resolution of the instruments are mainly respon-
sible for the serious difficulties so far encoun-
tered in describing the lakes (even large ones)
using satellite images.

.(18)
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Studies in ice-covered lakes: ice
structure and radiative
characteristics

Structure of lake ice cover

In Finnish and Estonian Lakes the ice cover
is static, apart from very early and late in the
ice season. An exception to this rule is Lake
Peipsi, where mechanical, wind-driven shifts are
observed. A static ice cover consists of three
principal layers: snow, snow-ice and congelation
ice. The total thickness of ice is 10—100 c¢m, and
the thickness of snow on top of the ice is 0-50
cm. Snow-ice is formed by freezing of wetted
snow; it inherits air bubbles from the snow layer
and therefore appears whitish and is also some-
times called white ice. Congelation ice is formed
of lake water only. Sometimes a slush layer is
found on top of the snow-ice or between the
snow-ice and congelation ice. Solar radiation is
a very important source of heat for the ice, snow
and water beneath the ice and triggers the start-
up of the spring melting period (e.g., Leppéranta
1995).

The structure and physical properties of ice
and snow and concentrations of sediments and
other impurities in the ice of the Baltic Sea and
some Finnish lakes have been examined since the
1960s (Palosuo 1965, Leppiranta et al. 1998b,
Leppéranta and Kosloff 2000). The ice season
was included in the SUVI lake field programme
in year 2000 (Leppdranta et al. 2001, Erm et
al. 2002, Leppéranta et al. 2003a). Activities in
Santala Bay in the Gulf of Finland were initiated
2 years earlier and provided a good sea ice (or
brackish ice) reference (Kawamura et al. 2001,
2002, Rasmus et al. 2002, Granskog et al. 2004).
As is known, the principal difference between
sea ice and lake ice is that the former contains
brine channels, where phytoplankton may grow.

The structure of ice in the study sites showed
basically the two-layer structure with snow-ice
and congelation ice. Sea ice samples contained
brine channels, which do not exist in lake ice
(Fig. 13a). Lake ice was more homogeneous in
Paukjiarv (Fig. 13d), but sometimes there were
many distinctive layers (Fig. 13b and c). In addi-
tion, optically thicker layers may appear both
at the top and inside the sheet of lake ice. The
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Fig. 13. Vertical cross-section of ice sheet in normal light and the profiles 91 chlorophyll a and beam attenuation
coefficient ¢*,,, of melt water: (a) Santala Bay (16 March 2000), (b) Lake Ulemiste (15 February 2000), (c) Lake
Maardu (8 March 2000), (d) Paukjarv (23 February 2000); z = O refers to the top surface.

reasons for appearance of such a structure could
be different formation conditions (fast or slow
freezing, snow ice), precipitation consisting of
impurities (acid, ash, etc.), and melting—freez-
ing cycles. The figure also shows chlorophyll a
and the beam attenuation coefficient determined
from the melt water of ice slices, and these are
highly correlated.

Impurities in the lake ice cover were mapped
in 1996-1998 in four Finnish lakes together
with those in the water beneath the ice (Table
5). The main routes for accumulation impurities

are atmospheric fallout and flooding of the ice
sheet by lake water (Leppiranta et al. 1998b,
Leppéranta et al. 2003b). The situation is similar
in the landfast ice zone on the coast of the Gulf
of Finland (Leppiranta et al. 1998a). Congela-
tion ice growth at the bottom of the ice rejects
the impurities efficiently. In general the level of
dissolved matter in the lake ice meltwater was
15%-30% of that in the lake water itself and
close to the level in snow. For suspended matter
lake water and ice showed similar levels, but in
two cases suspended matter in snow had much
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larger level. Considering the role of optically
active substances, lake ice has less yellow sub-
stance than lake water, and in the absence of gas
bubbles the ice may be more transparent than the
lake water. In the brackish Santala Bay, the ice is
more porous and there is chlorophyll in the brine
pockets. Consequently, the transparency is much
lower than in lake ice.

However, care should be taken when inter-
pretating the properties of the meltwater. Major
changes in the water samples during melting—
freezing cycles (as illustrated in Fig. 14) was
observed in the previous work by Erm at al.
(2003). One problem in the analysis of meltwater
samples may be the precipitation of salts from
the water by freezing process — the energy
barrier of such processes may by very high and
accordingly the time constant millions of years,
especially for the CaMg carbonates.

Radiative characteristics of the ice cover

Albedo (A) is, by definition, the ratio of upwelling
total (integrated over the wavelength) irradiance
to downwelling total irradiance at the surface.
Our results describing the influence of surface
conditions on the albedo of ice-covered lakes
are given in Table 6. The albedo of ice varied
widely (0.20-0.58), depending on the optical and
physical properties of the ice and the weather
conditions (grey ice, dark ice, whitish ice, melt-
ing ice, hoarfrost on the ice), it was highest for
the hoarfrost case. The albedo of snow was even
higher: for fresh snow it was 0.85-0.94 decreas-
ing with aging of the snow down to about 0.63.
There is considerable variation between A and

Arstetal. + BOREAL ENV. RES. Vol. 13

(snow removedyy Mainly caused by variations in the
optical properties of ice and snow. In most cases

(snow removea) €XCe€ded 0.5, which is systematically
higher than A_ . This is explained not only by the
greyness of some types of ice and melting ice
(smaller scattering coefficients), but also by the
fact that we cannot totally remove all the snow,
especially in scabrous ice; some snow invariably
remains on the ice and increases its albedo. Our
limited database (especially for the vertical and
crystalline structure of ice) did not allow us to
carry out a reliable investigation into the rela-
tionships between albedo and ice microstructure.
Some estimations of the spatial variation of ice
albedo in the Baltic Sea (in situ and satellite
data) are presented in Arst and Sipelgas (2004),
time series of PAR irradiance in ice was mapped
by Shirasawa et al. (2001), and a specific case
study on the albedo of thin ice was performed by
Ishikawa et al. (2003).

Snow was the main factor involved in the
reduction of irradiance during its penetration
through the snow/ice cover (Table 6). The trans-
missivity increased 2.5-20 times after removing
the snow. The diffuse attenuation coefficient
in PAR band for lake ice (K d,i) was in some
cases higher and in some cases lower than that
for liquid water (K GLW); the ratio K, /K o Was
0.3-1.8.

The value of K, increased after removing
the snow from the ice cover. One reason may
be that the spectral composition of irradiance
below the snow and ice layer is different from
that below the ice cover or that changes may
have occurred in the angular distribution of light
after removing the snow. The euphotic zone (the
water layer where photosynthesis occurs) is usu-

Table 5. Mean conductivity, dissolved matter and suspended matter in lake ice meltwater (1), meltwater of snow on
ice (S), and lake water surface layer (W). The data were collected in four lakes in March, years 1996—-1998. (Lep-

péaranta et al. 2003b).

Conductivity Dissolved matter Suspended matter
pS cm [25 °C] (mg I) (mg ")
| S W | S W | S W
Paajarvi 13 17 108 14 15 64 2.1 4.2 3.7
Paijanne 8 19 79 11 20 31 21 7.0 1.4
Vesijarvi 7 28 128 13 24 52 2.0 9.9 1.1
Tuusulanjérvi 15 10 208 17 17 143 12.6 11.6 11.5
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a
Sample Cooler Fast melting Slow melting
450 ml 250 ml 250 ml 250 ml
C.(gm?) 1.6 26 7.0 232
Cy (Mgm?) 85 26 57 73
C.(gm?) 108 10.7 10.0 9.8

¢t (m) 15 21 49 48
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b
Sample Fast melting Slow melting
200 ml 200 ml 200 ml
C.(gm?) 2.8 45 5.0
Con (Mg M?) 11.4 5.0 8.7
Colgm?) 365 34.6 32.1

c*(m1) 4.0

Fig. 14. Microphotographs (natural image width 3 mm) of filtered suspended matter and corresponding concentra-

tions of optically active substances and values of ¢*
Jan. 2001).

PAR

ally treated as the layer at whose lower boundary
PAR falls to 1% of that just below the water
surface. In ice conditions, the attenuation of
light in ice and snow needs to be considered and
therefore the euphotic depth is much less than
in open water conditions. Here this depth varied
from 0.53 to 4.7 m in snow-free cases and from
zero to 1.3 m in snow-covered cases.

A suitable parameter for the angular structure
of under-ice light field is the ratio of planar to
scalar quantum irradiances g, ,,./q, . (ATSt €7
al. 2006). This ratio is dependent on the incident
solar irradiance, solar zenith angle, and absorp-
tion and scattering in the ice, snow and water.
In the upper layers of an ice-free water body
the ratio q,,,./q,p, generally decreases with
increasing depth, with numerical values usually

in (a) Lake Ulemiste (30 Jan. 2001), and (b) Lake Harku (29

between 0.4 and 0.9 (Reinart 2000). The situa-
tion can be different in under-ice waters, because
the light having just penetrated the ice layer
is considerably more diffuse than that below
the surface of the ice-free water. In contrast to
ice-free situations, scalar irradiance decreases
with increasing depth more rapidly than planar
irradiance. This means that the diffuse attenua-
tion coefficient for scalar irradiance in under-ice
water exceeds that for planar irradiance.

Thus the influence of snow/ice cover causes
radiation to be highly diffuse just under the
ice. Under ice-free conditions (on clear days)
the asymptotic state of the angular structure of
light is usually attained at deeper layers, but in
ice-covered waters the profiles of g, /g, p.y are
already ‘asymptotic’ beginning at the lower sur-

Table 6. Values of the albedo (A), vertically averaged attenuation coefficient of light for ice (Kj,) and diffuse attenu-
ation coefficient for under-ice water (K;), all for the PAR region of the spectrum. Only those cases without snow

are presented, D, is the thickness of the ice layer.

Lake Time D, (cm) A Ky (m™) Ky (M™) Comments
Ulemiste 04 Feb. 2000 24 - - 2.12 Snow removed

15 Feb. 2000 27 - - 1.77 Snow removed

23 Mar. 2000 28 - - 1.71 Snow removed

30 Jan. 2001 23 0.30 0.50 1.31 Snow removed

12 Feb. 2001 27 0.20 1.04 0.79 Dark grey, smooth ice

30 Jan. 2002 42 0.70 1.80 1.32 Scabrous ice, snow removed
Maardu 08 Mar. 2000 28 - - 0.88 Hoarfrost on the ice

31 Jan. 2001 24 0.37 0.56 0.95 Snow removed, wet grey ice

20 Feb. 2001 28.5 0.22 1.46 0.80 Remains of slush on ice

30 Jan. 2002 41.5 0.48 0.56 1.12 Snow removed

24 Feb. 2002 33 0.58 1.83 0.99 Snow removed
Harku 03 Feb. 2000 22 - - 212 Snow removed

19 Feb. 2001 22 0.26 1.43 1.60 Dark grey, smooth ice

22 Feb. 2002 27 0.26 1.41 1.87 Dark grey, smooth ice
Paajarvi 18 Mar. 2003 76 0.29 0.46 1.42 Dark grey, smooth ice
Valkeakotinen 19 Mar. 2003 57 0.43 3.54 2.23 Snow removed, yellowish ice
Ormajarvi 20 Mar. 2003 74 0.58 0.82 0.56 Hoarfrost on ice
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Fig. 15. Downwelling irradiance spectra (mW m= nm-")
at the ice surface (albedo of 0.5 applied) (top line), 15
cm beneath the ice (middle line), and 1 m beneath the
ice (low line) in Paajarvi on 14 April 2004. The ice was
bare, thickness 33 cm.

face of the ice. It is also important to realize that
in ice-free water the radiation falling on the sur-
face of the ‘asymptotic layer’ originates from the
same medium (water), but the radiation below
the ice comes from a different medium (ice). The
scattering properties of ice are much different in
comparison to those of the water.

A dry snow layer has a weak influence on the
spectral characteristics of light, since in the opti-
cal band reflection and scattering are practically
independent of the wavelength. Gas pockets are
the principal scatterers and they are much larger
than the wavelength of light. Wet snow includes
liquid water with its properties of strongly
absorbing long optical waves and consequently
the light spectrum becomes modified. The influ-
ence of ice on spectral composition is between
those of snow and clear water, depending on
the volume of the gas pockets. Figure 15 illus-
trates the spectral attenuation of the ice based
on measurements above and beneath the ice in
Padjirvi springtime. The level is even across the
band 500-700 nm and drops down in the lower
and higher ends of the light spectrum. When
going deeper into the water, the humic Pédjérvi
water absorbs short waves out from the light.
Consequently, from the point of view of light
conditions in the water, the ice cover lowers the
light level and makes a more diffuse directional
distribution, and modifies the spectra by relative
lowering of for short and long waves.

We can ask whether the beam attenuation
coefficient (c, ) as well as the diffuse attenuation
coefficient (K, ) for an ice layer can be esti-
mated using the data obtained from meltwater.
As is generally known, the beam attenuation

Arstetal. + BOREAL ENV. RES. Vol. 13
coefficient of ice and meltwater (c_,) can be
expressed as the sum of the respective absorp-
tion and scattering coefficients, a and b:

19)
(20)

c._=a_+b
c ice

icy ice

=a  +b

melt

c

melt melt

We can probably hypothesize that there may
be some correlation between a, and a_, ., but
we cannot do it for b, and b_ . In meltwater b
is mainly determined by the scattering proper-
ties and amount of suspended matter. In an ice
layer b, is strongly influenced by the crystalline
structure of ice: due to multiple scattering of
light by ice crystals and gas bubbles the value
of b, is very different from the corresponding
b .. Consequently, we can estimate neither ¢,
nor K, . from the corresponding meltwater data.
This conclusion is also supported by our long-
term measurement data, which showed that the
correlations between the optical properties of ice
and the corresponding meltwater were low.

Conclusions

1. Profound analysis of a dataset containing
the concentrations of three main OAS, c¢*,, .,
K, par and zg in 14 Estonian and seven Finn-
ish lakes between 1992 and 2002 was per-
formed. The dataset obtained shows that
these parameters vary among lakes and also
with seasons.

2. To study the possible long-term changes in
the bio-optical parameters in lakes, we had
only five lakes in which the observation
period is seven years or more. In two Finnish
lakes (Pddjirvi and Vesijdrvi) the chloro-
phyll content appears to increase with time,
while in N. Valgjarv and Vartsjirv seasonal
variations of C_ predominate. In Pédjérvi,
Vesijdrvi, N. Valgjirv and Vértsjérv the con-
centration of CDOM and the Secchi depth
showed practically no long-term trend in all
four lakes.

3. The multiple regression c*,, . vs. (C, C_,
c*(380 nm)) gave the following statistical
parameters: R* = 0.962, SD = 2.15 m™', and
p <0.000001. The regression of K, vs. zg,,
can be described by a power function with R?



=0.724 and K, vs. ¢*,,, with linear func-
tion with R? = 0.653.

With the aid of measurements by the ac-
9 instrument, we parametrized the spectral
curve of scattering coefficient, using a power
function with exponent p,. The multiple
regression p, vs. (C, C_ , ¢*(380 nm)) gave
the following statistical parameters: R*> =
0.668, SD =0.259 and p < 0.000001.

During 1995-2005 we also measured the
spectra of downwelling and upwelling irra-
diance in SUVI lakes (in all 132 measure-
ment cycles, the LI-1800 UW instrument
was used). The most striking feature in many
Estonian and Finnish lakes is the very rapid
attenuation of irradiance with depth in the
region of 400-500 nm, due to strong absorp-
tion by CDOM. Irradiance also diminishes
rapidly at the red end of the spectrum (due to
absorption by water itself), although not to
the same extent as at the blue end. The wave-
length of maximal penetrating radiation (4__ )
is around 550 nm, but it shifts to the red part
of the spectrum in brown-water lakes.

We studied the underwater light field, using
two quantum sensors, the LI-192 SA (planar
irradiance, ¢ d,PAR) and LI-193 SA (scalar irra-
diance, ¢q,,,,) both measuring the quantum
irradiance in the PAR band of the spectrum.
We determined the spectra of K (1) from data
obtained with the LI-1800 UW and found the
vertical profiles of K, . based on the LI-192
SA data. Since all optically active compo-
nents affect irradiance in a different manner,
the spectral values of K, could give much
more information on the underwater light
field than the broad-band K, ..
We elaborated three versions of the optical
classification of lake waters, based on: (a)
the apparent optical properties in the PAR
region and the amount of OAS, (b) the irradi-
ance reflectance spectra just below the water
surface, (c) light attenuation coefficient in the
water and the predominant OAS.

We developed two models for determining
the K Dl(ﬂ.) spectra: (a) based on K d(/l) values
for one wavelength in the PAR region; (b)
based on K d(}L) values for three wavelengths
in the PAR region (an improved version).

We elaborated a semi-empirical model for
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quantitative description of the underwater
light regime. This model allowed us to cal-
culate the values of underwater irradiance
using data on (a) light attenuation coefficient
spectra determined in the laboratory from
episodically taken water samples, and (b)
incident solar irradiance recorded throughout
the observation period (day, week, month,
etc.).

10. We used the remote sensing data to develop
empirical algorithms (band ratios, their com-
binations and more sophisticated colour algo-
rithms) for estimating OAS as well as Secchi
depth and the beam attenuation coefficient
from remote-sensing reflectance. We devel-
oped a bio-optical model for interpretation
of remote sensing data that allowed simula-
tion of the reflectance spectra based on the
concentrations of OAS. We assumed that if
a modelled spectrum is similar to a remote-
sensing spectrum, the concentrations of OAS
used to simulate the most similar spectrum
will match with those found in the water
body.

11. The wintertime experiments have shown
that the under ice radiation is very strongly
dependent on the snow cover on the ice due
to the higher albedo and attenuation coef-
ficient of the snow. In contrast to ice-free
situations, scalar irradiance decreases with
increasing depth more rapidly than planar
irradiance.

12. The attenuation coefficient of ice is close to
the attenuation coefficient of the lake water,
and may be either larger or smaller. The cor-
relation between optical parameters of ice
and ice meltwater is quite low probably fol-
lowing from the scattering of gas bubbles in
the ice sheet. Precipitation processes during
the freezing-melting cycle may also have a
notable influence on the results.
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