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Abstract. On the basis of underwater radiation measurements and laboratory analyses of water
samples, the effect of coloured dissolved organic matter (CDOM) on the light field in the largest
Estonian lake, Lake Peipsi, was investigated. CDOM variation and its optical properties were
compared with two other large European lakes, Vanern and Véttern in Sweden, as well as with 41
small lakes in Estonia, Sweden, and Finland. The light absorption coefficient at 380 nm for filtered
water varied from 4.1 to 16.7 m™* with the highest values close to the inflow of the Suur-Emajdgi
River. CDOM valuesin L. Peipsi are in the same range as measured earlier in small Estonian
and Finnish lakes. Various optica water types (“brown”, “moderate”, “turbid”) were sampled over
L. Peipsi. It is shown that the use of GF/F filters results in on average 4% higher absorption values
than the use of filters with pore size 0.2 um, and the effect might be up to +20% in clear waters.
Comparison of spectral measurements of diffuse attenuation coefficient with three-band spectro-
meter’s data showed high consistence of datasets. This allows supplementing the existing database
of optical properties of lakesin Estoniawith new datafrom L. Peipsi.
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INTRODUCTION

Lake Peips on the border of Estonia and Russiais alarge northern lake, unique
in its nature — shallow, eutrophic, biologically very productive, and bordered by
many wetland areas along its coast. About 240 rivers and streams fall into L. Peips

* Corresponding author, anu.reinart@ebc.uu.se
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and there is only one outflow, the Narva River, carrying the water from L. Peips
to the Gulf of Finland (Ndges, 2001).

The underwater light field determines components of ecological conditions
in water: primary production (Krause-Jensen & Sand-Jensen, 1998), species
composition of the phytoplankton communities (Schanz, 1985), depth distribution
of submerged macrophytes (Duarte, 1991), and heat budget of the water body
(Fedorov & Ginsburg, 1992).

The diffuse attenuation coefficient, (K,), characterizes the gradient of the
vertical decrease of irradiance in the water. It depends on surface and illumination
conditions, but also on concentrations of optically active substances (OAS) in
water (Dera, 1992). This parameter is widely used in practice to characterize the
light field and propagation of photosynthetically active radiation (PAR, spectral
range 400-700 nm) inside water, because it is rather easily determined by standard
and commercialy available instruments, and also closely related to inherent optica
properties of water (Kirk, 1994; Mobley, 1994). The water in Lake Peipsi is rich
in al OAS: phytoplankton, suspended mineral particles, and dissolved organic
matter (DOM).

In natural water bodies DOM is not identifiable as a distinct molecule, but it
is arather indeterminate mixture of dissolved organic substances (Dera, 1992).
Its chromophore-containing compounds contribute significantly to the total light
absorption in the water. These OAS are mostly referred to as coloured dissolved
organic matter (Hoge et al., 1993; Kallio, 1999) or chromophoric dissolved organic
matter, CDOM (Miller et a., 2000). In northern inland waters DOM is an important
variable of the water ecosystem asit affects the water colour and quality, it captures
energy that could be available for photosynthesis, and influences photochemical
mineralization of dissolved organic carbon (Davies-Colley & Vant, 1987; Jansson,
1998; Kallio, 1999). Concentrations of DOM are especially high in boreal and
northern lakes, where it is transported to lakes from soil leaching and surface
water runoff (mainly rivers). The lakes influenced by high amounts of DOM
develop carbon dioxide supersaturation of the water and export of carbon dioxide
to the atmosphere (Cole et al., 1994; Sobek et al., 2003). Released carbon dioxide
on the other hand has an effect for climate change (Freeman et al., 2001). The
concentration of DOM in freshwater environments has implications for the further
transport to the marine environment and therefore has a significant influence on
coastal ecosystems.

CDOM (aso caled yellow substance and gilvin) refers to any type of DOM,
regardless of its origin, which has optical effect (Bricaud et a., 1981) and can
be measured by optical methods (Lindell et al., 1999). Its amount in water is
commonly expressed as the absorption coefficient of filtered water at some fixed
wavelength and a parameter describing spectral variation (Davies-Colley & Vant,
1987; Dera, 1992; Gege, 2000).

We investigated the effect of CDOM on the light field in Lake Peips, relying
on the data obtained in the course of field measurements of downwelling and
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upwelling irradiances, as well as by laboratory analyses of water samples. For
comparison analogous data from two other large European lakes (Vanern and
Véttern in Sweden) and numerous small lakes and coastal waters in Estonia and
Finland were used. As the datasets were collected using different instruments and
different methods, special attention was paid to comparative analyses.

MATERIALS AND METHODS

Field campaigns to measure optical properties were carried out on 11-18 and
26 June, 18 Aug, and 4 Nov 2003 in Lake Peipsi s.s. and in narrow Lake Lammi-
jarv (Fig. 1). Asthe third basin of Lake Peipsi — Lake Pihkva (Pskov) — belongs
almost entirely to Russiait was not visited by usin 2003.

Underwater irradiance measurements were made using two instruments. One
of them was a GER 1500 (capable of measuring in the upward and downward
directions, spectral range 400900 nm, resolution 2 nm) mounted into a water-
proof box. The measurements setup was the same as used in deep Swedish lakes
(Strombeck, 2001). The vertical diffuse attenuation coefficient, K (1), can be
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Fig. 1. Scheme of L. Peipsi with measurement sites during the field campaign in 2003: dots show
points for water samples, circles for radiation measurements, and crosses for spectral measurements.
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calculated for the depth interval from the measured irradiances at two different
depths (z, and z,) using the equation:

(1)

Kd(/l)z—z iqln{Ed(l, Zz)}
2

E.(4,2)

where E4 (4,z) and E4(4,z,) are the values of irradiances at depths z and
z,. During our field trips it was possible to use this instrument setup only in the
deepest places (7-9 m) in the centre of L. Peips s.s. (Fig. 1; 3 measurements), as
a specia ship was needed to lower the frame with all instruments (Reinart et d.,
2004).

Another instrument that we used for measuring underwater irradiance was
a profiling radiometer BIC-2104 (Biospherical Instruments Inc.) with three
bands (412, 555, 665 nm), a PAR sensor (units pEinsteinsm?s™), and an
additional surface PAR sensor. This instrument is easy to handle and suitable for
measurements even in very shallow water (at least ~20 cm). Data were collected
continuously during lowering and lifting the instrument and stored together with
the respective depth (precision £2 cm) and temperature datainto alaptop compulter.
Immediately after vertical profiling dark current values were also measured during
5 s and subtracted from data according to the measurement instructions provided
by the producer. Irradiance data were corrected for changes in incident light
according to Virta & Blanco-Sequeiros (1995). The depth-averaged values of
Kq(4) and K;par (respectively spectral and PAR diffuse attenuation coefficients)
were determined in the following way: irradiance values down to the depth where
the value is 1% of the subsurface value were fitted by least-squares to a straight
line on a semilog plot, the sope of which is determined by K,. The determination
coefficient of logarithmic fit was aways higher than 0.97. The measurements with
the BIC-2104 were made in 11 pointsin L. Peips (Fig. 1).

The effect of a dark current on the value of K, was investigated separately.
Application of a dark current correction yielded 12.7-37.2% higher K, in the
412 nm band; the effect in other channels was much lower, being —2.6 to +0.4%
in the 555 nm band and —2.8 to +0.2% in the 665 nm band. The corrected and
uncorrected results differed by —17.4 to +0.4% in the PAR band. The differences
were highest in the case of low values of irradiance (cloudy day and/or late time
of day).

Water samples (16) were collected only from the surface layer (0.2 m). A
standard water sampler was used and the samples were stored in dark and cold
for lessthan 7 h before filtering. The relative transparency of water was measured
using Secchi disc during the time of sampling. For chlorophyll concentrations
(Cy) 0.5-1.0L of water was filtered through Whatman GF/F filters (pore size
0.6-0.7 um). The chlorophyll a + phagphytin a concentration was measured spectro-
photometrically on ethanol extracts of filters according to the ISO 10260 standard
method (Lindell et al., 1999). The concentration of suspended matter, Cg,, was
measured gravimetrically after filtration of the same amount of water through
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pre-weighed and pre-combusted Whatman GF/F filters; the inorganic fraction,
Cqwm » Was measured after combustion at 550°C for 30 min.

The light absorption coefficient of filtered water was measured spectrophoto-
metricaly using a PERKIN ELMER Lambda 40 UV/VIS spectrometer (in the
range 300-900 nm) in a 10 cm cuvette as the difference between the sample and
distilled water, the result is denoted as ¢, . The values of the absorption coefficient
for yellow substance, a,, can be estimated in the following way (Bricaud et d.,
1981):

ays(4) =¢; (4) - B(A), 2

where f(4) isthe correction for residual scattering:

B) =i (Ar)(2r/A)°. (3)

Usually A is taken equal to 750 nm, but for the parameter g the values O, 1,
and 2 have been proposed (Bricaud et a., 1981; Davies-Colley & Vant, 1987,
Gallie, 1994; Mé&ekivi & Arst, 1996; Kallio, 1999; Aas, 2000; Sipelgas et a., 2003).
In the present study we use the values Az = 750 nm and g =1. The absorption
spectra were approximated by a linear regression between the logarithm of a,(4)
and the wavel engths between 380 and 550 nm (e.g. Bricaud et al., 1981):

8, (2) = ay (o) 7, (4)

where a,(4,) is the absorption coefficient (in m™) at reference wavelength 4,
(in nm), and S is the slope factor of the spectrum. We calculated the factor S
over the spectra range 380-550 nm and took A, = 420 nm as suitable for para-
meterization of the smple bio-optical model elaborated by Pierson & Strombeck
(2001). For comparison with other studies in Estonian lakes made by Arst et al.
(1999), Sipelgas et al. (2003), and Reinart et al. (2003), a,, values at both 420
and 380 nm are used in the present study.

We made repeated measurements using Whatman GF/F (pore size 0.6-0.7 pum)
and Whatman polyethersulfone filters (pore size 0.2 um), as in many previous
studies elsawhere and especially in Swedish, Estonian, and Finnish lakes (Méaekivi
& Arst, 1996; Ostlund et al., 2001; Strombeck & Pierson, 2001; Sipelgas et .,
2003) filters with different pore size were used. Additionally to 16 L. Peipsi water
samples, we analysed water samples collected from 20 southern Swedish lakes
(26 Juneto 7 July 2003), 6 southern Estonian lakes (11-13 June 2003), 15 southern
Finnish lakes (9—19 June 2002), 12 samples from L. Vaéttern (29-31 May 2002),
and 21 samplesfrom L. Vanern (21-23 May 2002). Data on OASin dl investigated
water bodies (102 samples in total) are shown in Table 1. Samples from L. Véanern
were filtered first through GF/F filters and only after two months analyses were
repeated for 0.2 um filters.
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Table 1. Mean values and respective standard deviations for some bio-optical parameters in lake
waters obtained during measurement campaigns in 2002—-03

Cenl» Caums Cam, a,4(380), S(380-550) Secchi
mgm?> | gm® gm? m* depth,
m

L. Peips 12.7+148 95+75 49+41 693+395 0.018+£0.001 1.7x0.9
Estonian lakes* 21.1+201 6.3+59 12+15 492+322 0.016+0002 27+18
L. Véanern 36+15 12+04 04+03 3.63+1.31 0.014+0.002 4.0+0.6
L. Véttern 18+06 06+02 01x0.1 0.95+021 0.014+0.002 9.1+04
Finnish lakes* 13.7£142 59+73 0.3+x02 7.80+4.26 0.016+x0.004 24116

Small Swedishlakes 2.18+2.98 3.0+26 1.1+20 12.03+7.60 0.015+0.001 2.32+1.26

* Data from small |akes database (1994—2000) are included.

For comparison of the results obtained for L. Peipsi with other lakes, we used
the database of small Estonian and Finnish lakes collected by the marine optics
workgroup, Estonian Marine Institute, in cooperation with the Department of Geo-
physics, University of Helsinki, during the years 1994-2000 (published partly by
Reinart & Herlevi, 1999; Arst, 2003; Reinart et a., 2003). We processed raw data
to get values of K,(4) from underwater irradiance measurements with a spectro-
radiometer LI-1800 UW. LI-1800 UW measures in the range 300-850 nm,
with a resolution of 2nm (W m?nm™), at depths 0.5-6 m, depending on
water properties and light conditions. Changes in underwater irradiance due to
variation of incident irradiance (time, cloud cover) were taken into account using
simultaneoudly recorded air pyranometer data. From these spectra the averaged
over depth attenuation coefficient and integral over PAR region (Kypag) were
estimated also by logarithmic fit irradiance vs. depth data. Mostly the values of
K4 for the 0.5-2 m layer were used. Data with exceptionally high (or low) values
were excluded as these contained more errors and noise. All together 84 spectra
(400-800 nm) were analysed. This database includes also values for OAS, which
are shown together with our samplesin Table 1.

RESULTS AND DISCUSSION
Absorption by yellow substance

Over L. Peips 16 points were sampled at different distances from the mouth
of the Suur-Emgjdgi River towards the open area of the lake (0.5-15 km), in
the shallow area around PFiirissaare Island, and in L. Lammijérv. The values of
a,5(380) for samples that were taken at least 2.9 km from the shore were lower
(4.1-5.7 m™), being therefore dlightly lower than the average for many Estonian
and Finnish lakes (6.6 m™) estimated earlier by Sipelgas et al. (2003). The
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concentration of CDOM in the water of L. Vanern was close to the lowest limit
of L. Peipd, while L. Véttern had aredly low absorption by CDOM (Table 1). As
can be expected, the highest value of a,(380) in L. Peipsi was measured in the
point closest to the Suur-Emajdgi River mouth (Fig. 2, at 634 m). The other
pointsin Fig. 2 with high values of a,(380) were sampled up to 12 km from the
river mouth but close to the shore or Piirissaare Island.

There is no systematic variation in the dope parameter S(380-550) estimated
from samples. It varies from 0.015 to 0.019 nm™ and is in the same range as
reported before for Estonian lakes (Arst, 2003; Sipelgas et al., 2003). In L. Vanern
and L. Véttern 380-550) values are dlightly lower, but there is also rather large
variability among samples. For L. Véttern the average value reported earlier is
much higher (0.017 nm™ by Strémbeck, 2001) than the value estimated by our
latest measurements (Table 1) using the same method. However, in L. Véttern
there was also large variation over a limited number of samples (15 samples and
the range of §380-550) was 0.009-0.033 nm*, by N. Strémbeck, 2004, pers.
comm.). In L. Peips the lowest value of §380-550) was measured in the closest
point to the shore (Fig. 2); however, by this one point we cannot conclude that
there is really variation in the types of DOM. In natural waters large variation
of Svalues from 0.004 up to 0.053 nm™ over seasons, locations, and water types
have been reported (overview in Aas, 2000).

A rather thorough investigation on the optical properties of DOM was carried
out by Sipelgas et a. (2003). The measurement data in the period 199499 for
13 Estonian and 11 Finnish small lakes (altogether 462 spectra) were used. The
mathematical approximation of a, (1) spectra aswell asthe values of dope factor
were studied. The respective range of S for Estonian lakes (different spectral
intervals and different values of g) was 0.006—0.030 (Sipelgas et a., 2003).

0O ays(380 S(380-550
18 ys(380) ( ) 0.02
15
- + 0.015 »
E 12 :.;3
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Fig. 2. Variation of a,(380) and S(380-550) in L. Peipsi obtained by measurements in 2003.
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Some authors note a general trend of the shape factor to increase with decreasing
yellow substance absorption in alarge range of lakes and sea areas (Davies-Colley
& Vant, 1987; Aas, 2000). Rather often the dope factor is high in lakes where the
amount of yellow substance is large (Herlevi et al., 1999; Arst, 2003); thisis also
the case in L. Peipsi (0.0176 nm™ compared with 0.0144 nm™ in L. Vénern;
Table 1). This variation may be caused by different organic compounds forming
yellow substance (Kallio, 1999; Miller et a., 2000). As shown by Sipelgas et 4.
(2003), the dope factor is very much affected by the spectral range for which it is
calculated. The slope parameter may be ~30% lower when calculated over the
spectral range 350—700 nm compared with the range 350-500 nm as attenuation
at longer wavelengths is generally small. Correction for residual scattering also
increases S values by 10-20% depending on the correction type (parameter g
may be 0, 1, or 2).

Analyses of the effect of the pore size of the filter on the absorption coefficient
showed a very good correlation between data from GF/F (pore size 0.6-0.7 um)
and 0.2 um filters (Fig. 3). The values estimated using GF/F filters were on average
4% larger than those obtained using filters with the small pore size; however,
the correlation coefficient was very high (R? >0.99) between the two datasets
(Fig. 3a). Differences in absorption values are larger in waters whose a,(380)
values are less than 2.5 m™ (£20%) because of measurement errors. In clear-
water lakes a,4(380) may be even higher after the second filtering as micro
bubbles cause additional scattering (Gege, 2000). In turbid waters a,(380) values
are lower when smaller pore size is used as more particles are removed from the
water. The difference is less than 4% when a,,(380) is higher than 8 m™. The
two months' delay in the second filtering analyses (L. Vanern data) brought about
more scattered results; however, they are still close to other data. A decrease
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- 25 1 1:1 11
£ . glllsamplfes A _ e all samplels :
-2 X delayed filtering v ‘E | Xdelayed filtering
S 201 oL Peipsi b ’ < 0.02 o L. Peipsi
Q 12) 3
& 151 E X
E . ‘
3 101 : S 0.01 |
N () )
o A _ a—,
2 51 y=0971x-0048 ) = y =0.858x +0.003
2 R?=0.993 - B2 - 0.491
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Fig. 3. Comparison of results obtained using filters with pore size 0.6-0.7 um and 0.20 pum:
(a) absorption coefficient at 420 nm and (b) slope parameter S(380-550) in lakes in Sweden,
Finland, and Estonia. Samples for which filtering was delayed are not included into calculation.
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in a,,(380) values after filtering samples through 0.2 um pore filters was also
found in afew samples from eutrophic lakes (Sipelgas et a., 2003).

The slope parameter values estimated from both datasets (GF/F and 0.2 um)
vary more irregularly (Fig. 3b). Analyses with smaller pore size filters gave a
higher dope (in L. Peipsi 0.0176+0.0009) compared with larger pore size analyses
(in L. Peipsi 0.0162+0.0007). Again, samples that were analysed later differed
more from the other samples (standard deviation 0.002), probably because some
colloidal material was formed.

The small negative intercept value in the relationship between absorption
values (Fig. 3a) and the positive intercept in the relationship between dope values
(Fig. 3b) indicate that some small particles had really remained in water after
filtering through a GF/F filter and that these were removed by second filtering.

Bio-optical models by different authors use different wavelengths to para-
meterize yellow substance absorption. In this study we compared the results
obtained for wavelengths 420 and 380 nm. There are very good linear relation-
ships between the absorptions measured at 420 and 380 nm. The relevant para-
meters are listed in Table 2 (only GF/F filter results are shown). The correlation
coefficient obtained using Eq. 4 and dope parameters cal culated from measured
spectra was also very high. The respective standard error was 0.08 m™. When a
constant slope factor is applied (0.00154 nm™ as average over the whole dataset),
correlation will still remain high and the relative error of the estimate is the same
as when the empirical linear relationship is used (0.13 m™). This suggests that a
slope value as close as possible to the value for the water body under investigation
should be used in bio-optical models. However, variation in measurements still
causes an error around 10% in the estimated values of a,(420).

The suitability of the exponentia function for modelling the yellow substance
absorption coefficient in L. Peipsi was estimated by calculating the relative
differences between the measured and the modelled (Eq. 4) spectra using the
average slope value 0.0162 (+0.0007) nm™, and also the slope values calculated
from every single measured spectrum. In the blue region of the spectrum both
results are very close to the measured values—average S resultsin alarger standard
deviation among results, but the error does not exceed 1% (Fig. 4). In other spectral
regions differences are larger (around 20%) and the use of average S increases
the standard deviation among samples up to 42%. In general, the exponential

Table 2. Parameters for linear regression between measured (Y) and calculated (X) ays(420)
values (N =102)

X | Relationship | R? | =
2,5(380) measured Y = 0.499(+0.002)X — 0.087(0.023) 0998 0.3
,5(420) = 2, (380) exp(~Sx 40) Y = 0.880(20.003) X 0999 008

a,5(420) = a,(380) exp(-0.0152x 40) Y =0.918(+0.005)X — 0.087(+0.023)  0.997 0.3
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Fig. 4. Comparison of values of relative differences [ays(me%) - ays(calc)] / ays(meas) using the
average slope S(380-550) and estimated from each sample of L. Peipsi. Boxes show the average
value and vertical linesthe standard deviation of samples.

model gives dslightly higher values of absorption in the region 380—480 nm, but
in other spectral regions the values are underestimated by up to 40%. When
A>700 nm, errors may increase many times, as absolute values become very
lowinall L. Peips samples.

Analysing 462 filtered water samples from different lakes, Sipelgas et al.
(2003) showed that the smallest difference between modelled and measured
spectra is achieved when the slope parameter is calculated over a narrow wave-
length interval (380500 instead of 350—700 nm) despite the scattering correction
method. For models over the whole PAR 350-700 region it causes underestimation
of absorption in the red region of the spectrum by around £40%, which is very
similar to our results for L. Peipsi spectra. As total absorption in the red region
is high because of absorption of light by water itself, the produced errors may
be considered insignificant except for waters with high concentrations of CDOM
where a,(380) > 6.3 m™. Then a,5(600) becomes higher than absorption by water
at this wavelength, 0.2224 m™ (Pope & Fry, 1997). Therefore these errors will be
significant in bio-optical modelling of L. Peipsi coastal waters.

Spectral diffuse attenuation coefficient
All optically active components affect irradiance attenuation in water in a

different manner, therefore the absolute values and shape of K, spectra may
differ significantly (Fig. 5). In L. Peipsi the spectral diffuse attenuation coefficient
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Fig. 5. Examples of diffuse attenuation coefficient spectra: (a) average measured in different lakes;
(b) measured in different sampling stationsin L. Peipsi by spectral and multispectral spectrometers.

K4(4) was measured only in the deepest part of the lake where OAS have the
lowest concentrations (Cy, =2.9-6.9 mgm™=, Cg, =0.2-1.7 gm™, and
a,5(380) =4.7-4.9 m™). Therefore they represent the lowest K, values in this
lake, being still notably higher than the average spectra from lakes Véttern,
Vanern, and Paukjérv. Lake Paukjérv represents the lowest K, values measured
during the expeditions in Estonia and Finland in 1994-2000 (Fig. 5a). However,
K4 values measured with a three-channel spectrometer BIC-2104 show that
attenuation in shallow areas of alake is sometimes comparable with most turbid
samples measured earlier (e.g. L. Tuusulanjarvi) (Fig. 5b).

Detailed analysis of diffuse attenuation spectra in different types of lakes is
presented by Reinart & Herlevi (1999). In clear lakes (like L. Véttern) a small
amount of CDOM causes an increase in the attenuation in the violet and blue parts
of the spectrum, but the main attenuating factor in the red part of the spectrum
is water itsalf. For these lakes it is characterigtic that the highest attenuation is in
the red part of the spectrum and that the irradiance that penetrates to the deepest
layersisin the range 540-550 nm. The values of K (1) measured in the open area
of L. Pelpsi are comparable to the surface waters of L. Verevi, while in shallow
areas of L. Peips they are similar to those in lakes Vortgarv and Ulemiste. In these
shallow lakes rich in phytoplankton, the attenuation in the violet and blue parts
of the spectrum typically exceeds the attenuation in the red part. An additional
attenuation peak around 680 nm, caused by absorption in phytoplankton pigments,
is remarkable (even a weak maximum ~620 nm could be seen). In these lakes
irradiance is attenuated strongly over the whole spectrum, the most penetrating
radiation being in the spectral range 590-650 nm.

By our earlier measurements (Reinart & Herlevi, 1999) the values of K\
range from 0.3 m™ in L. Paukj&rv to 7.2 m™ in Nohipalu Mustj&rv. In L. Peipsi

98



Kgpar Varied from 0.89 to 3.76 m™, which means that the euphotic depth (the
depth to which 1% of the subsurface irradiance reaches) varies there from 1.2 to
5.2m. As the mean depth of L. Peipsi is only 7 m, large areas of bottom should
be well lighted. This makes the light conditionsin L. Peipsi very different from
deep Swedish lakes, Vanern and Véttern, where PAR penetrates on average
to depths of 5.7 m and 11.9 m, the mean depth of lakes being 27 and 40 m,
respectively.

To understand the effect of the different configuration of the instrumentation
to measurement results, K,z data were plotted against K, values at three
wavelengths extracted from spectral K, according to BIC-2104 bands 412, 555,
and 665 nm (Fig. 6). There is a significant correlation between K, at these three
bands (R*=0.74-0.95). The Kgp.g values estimated from earlier spectral
measurements in small Estonian and Finnish lakes gave the highest correlations
with K4(555) (R?=0.67). Thisband is centred in the middle of the PAR region,
and obviously is less affected by different OAS in water. Lower correlation
coefficients were observed for bands 412 and 665 nm (R*=0.58 and 0.57,
respectively). The BIC-2104 instrument gave quite similar results (see L. Peips
measurements in Fig. 6) and despite the noteworthy scattering of points they are
al in 95% limits estimated by previous measurements.

band 421 vs PAR

= = = band 665 vs PAR

------ lower and upper 95% limits
A Peipsi, band 412 nm
A  Peipsi, band 665 nm

14 4 K 4(412) = 3.859*K ((PAR) - 0.102 -°
R2=0.59 ’

N =84
d"

-
.
.
A.-

=
o
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= 84 A
X .. *R4(665) = 0.788*K 4(PAR) + 0.243
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Fig. 6. Linear relationships of Kypag With Ky for bands centred at 412 and 665 nm (thin dotted
lines show lower and upper limits of 95% confidence) and results from measurements in L. Peipsi
(triangles).
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Effect of coloured dissolved organic matter on the diffuse attenuation
of downwelling irradiance

A statistical analysis was performed using the spectral values of K, and
concentrations of OAS from Estonian and Finnish small lakes. The database was
compiled during the years 1994-2000. The values of C,, varied from 1.28
to 87.33 mg m™, Cys was 0.5-20.80 gm™>, and a,,(380) 0.68-14.24 m™. The
spectral distributions of the correlation coefficients between K, and other water
parameters are presented in Fig. 7. According to these results the main factor
influencing the light attenuation in the violet and blue parts of the spectrum is
yellow substance (at 400 nm R? =0.897). In the orange and red parts of the K,
spectra the correlation coefficient was highest for suspended particles containing
chlorophyll a. Secchi depth is correlated negatively with spectral attenuation — its
higher values correspond to lower attenuation, R? being 0.64-0.76. These not
very high values can be explained by simultaneous influence of many factors,
including weather and sensitivity of human eyes.

To derive an empirical relationship between CDOM and K, relying on BIC-
2104 data the earlier dataset was reviewed and from K, spectra values according
to three spectral bands of the BIC instrument were extracted. Best relationships
with a,,(380) were shown by K,(412) and theratio K,(555)/K,(655) (Table3
and Fig. 8). The respective errorsin the vaues of a,(380) were 1.28 and 1.45 m.
The non-zero intercept in the relationship using bands 555 and 665 shows that a
significant part of the attenuation at these bands is caused by other OAS than
CDOM.
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Fig. 7. Spectral distribution of correlation coefficient R (p < 0.05) between K (4) and concentrations
of optically active substances (left axis) and Ky pag and Secchi depth (right axis). The wavelength
interval for each curveis5 nm.
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Table 3. Determination coefficients (Rz) for regression between the absorption coefficient of

yellow substance a,(380) and K at three BIC bands

| Bad412 | Badsss Band 665
ay5(380) vs. Ky 0.85 0.77 0.42
In[ays(380)] vs. In[K4] 0.91 0.74 0.44
Ratio 412/665 Ratio 412/555 Ratio 555/665
ays(380) vs. ratio 0.61 Insignificant 0.89
In[ays(380)] vs. In[ratio] 0.75 Insignificant 0.83

Yellow substance is the most powerful light absorbing component in many
Estonian lakes (Arst et al., 1997; Reinart et d., 2003) and also in lakes investigated
by usin Finland and Sweden (Reinart et al., 2004). In Lake Peipsi 34—80% of the
attenuation of daylight in the blue region is caused by yellow substance. Its effect
is comparable with absorption by pure water in the middle of the visible region
(band centred at 555 nm), where the absorption by CDOM is 13-39%. The effect
of CDOM is lowest in the 665 nm band (2-10%). This large variahility in every
spectral region is caused by the large variation of OASin L. Peipsi and shows that
CDOM cannot be considered similarly over the whole aguatorium. In L. Vé&ttern
the influence of CDOM in the blue region of the spectrum is higher (~90%) than
in L. Peips, because the concentration of other OAS is very small. In L. Vénern,
where also the concentration of OAS is generally smaller than in L. Peipsi
(Table 1), the effect caused by CDOM varies around 80% in the blue region and
36% in the green, being slightly higher than in L. Peipsi. On the basis of this
limited number of samples the variation of the CDOM effect in L. Vénern and
L. Véttern was not so large asin L. Peipsi.
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Fig. 8. Relationships between a,(380) and K, values at BIC-2104 bands derived from spectral
measurements in Estonian and Finnish lakes (filled squares) and data obtained for L. Peipsi in 2003
(open circles).
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The variations caused by spatial and seasona variability of DOM and other
substances in waters induce the different water types over the lake. In June the
open area of the lake is mainly of “Moderate” type by the classification of small
lakes (Reinart et a., 2003), while measurements in August showed very turbid
water in the southern part of L. Peipsi s.s. and in L. Lammijérv, and coastal waters
probably belong even to “Brown” type.

The concentration and properties of allochthonous CDOM brought into the
lake by rivers and from coastal soils depend very much on the annual water
balance. The water level and its seasonal change in L. Peipsi are highly variable
(difference more than 1.5 m), the inflow to the lake is usually 56 times higher in
April and May than in June, and very low around midsummer (Jaani & Kullus,
2001). According to regular monitoring data (T. Ndges, pers. comm., 2004) in
2001-02 a,,(380) showed an almost twofold variation (5.0-7.9 m* in the open
area of the lake and 6.9-12.6 m™ close to the Suur-Emajdgi River inflow). How-
ever, for the open area the highest values of CDOM are measured in June, but
in the river mouth in November (in 2001) or August (in 2002). Even these
values may be slightly higher than were obtained in the present study (because no
correction for residua scattering was applied), they still show large spatial and
temporal variability due to the complexity of problems related to the effect of
DOM to thelight climatein L. Peips. This points out the need for more extensive
and detailed investigations.

CONCLUSIONS

Results obtained by in situ measurements and analysis of water samplesin 16
sampling stations in Lake Peips in June, August, and November 2003 describe
the variability of light attenuation in water as well as the influence of dissolved
organic matter on the underwater light field in alarge, seasonally changeable lake.

The beam absorption coefficient of filtered water at 380 nm varied from 4.1 to
16.7 m™. In general there was no direct connection between the distance from the
mouth of the Suur-Emajdgi River and the concentration of coloured dissolved
organic matter, but its highest values were observed in the area of the river
inflow. All water samples taken from L. L&mmijérv and closer than 1.9 km to the
coast of L. Peipsi gave the values of a,(380) higher than its average over the
Estonian and Finnish lakes studied earlier. The amount of CDOM in L. Peipsi is
also much higher than in two other large European lakes, Vanern and Véitern in
Sweden.

In L. Peipsi the slope factor §380-550) varied from 0.015 to 0.018 nm™* when
GF/F filters were used, and in the range 0.016-0.019 nmi™ in the case of filters
with pore size 0.2 um. These values are within the range obtained by us and other
authors for small lakes, but slightly higher than we estimated in large Swedish
lakes.

Comparison of the results obtained using filters with pore size 0.6-0.7 (GF/F)
and 0.2 um (102 water samples from various types of lakes in Estonia, Finland,
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and Sweden were analysed) showed that two datasets of a,,(380) had very high
determination coefficients (R? =0.993). Using smaller pore size filters we got on
average 4% lower absorption values. When a,,(380) was more than 8 m?, the
effect of smaller pore size was less than 4%. The respective values of the slope
factor Y380-550) had lower values of R? (0.49), and an increase of about 10%
was observed in the slope. This needs to be taken into account when different
datasets are merged.

In L. Peipsi yellow substance causes 34-80% of the attenuation of daylight in
the blue region of the spectrum. CDOM absorption constitutes 13—-39% of the
attenuation in the middle of the visible region, and its effect there is comparable
with the absorption by pure water.

The measurement results of the diffuse attenuation coefficient carried out
by new instrumentation (BIC-2104) are highly consistent with our earlier data
(spectral measurements using a spectrophotometer LI-1800UW) in Estonian and
Finnish lakes. The values of a,(380) can be predicted by the logarithmic
relationship with K, at 412 nm or theratio of K,(555) to K,(665) (the standard
error is 1.3 and 1.5 m™, respectively). For a more profound description of spatial
and seasonal variation in bio-optical parameters (including CDOM) over L. Peips
complex optical and hydro-meteorol ogical investigations are needed.
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Vees lahustunud orgaanilise aine mgju valguse
norgenemisele Peips jarves

Anu Reinart, Birgot Paavel jaLea Tuvikene

K&esolevas t6ds on uuritud vees lahustunud varvunud orgaanilise aine (CDOM)
mdju Peips jarve veealusele valgusvéljale veesiseste kiirgusmdbtmiste ja vee
proovide analliliside kaudu. Tulemusi on vorreldud suurte jarvede Vanerni ja
Vétterniga (Roots) ja 41 véike arvega Eestis, Soomes ja Rootsis. CDOM-i hulk
kaldast kuni kauguseni 1,9 km on suurem (a,(380) = 7,1-16,7 m™) kui avajérve
maoGtepunktides (a,5(380) = 4,1-5,6 m). Otsest seost CDOM-i kontsentratsiooni
ja kauguse vahel Suure-Emaj6e suudmest ei leitud. Peips jarvele on iseloomulik
suur galine jaruumiline CDOM-i hulga varieeruvus, kuid see j&&b siiski sama-
desse piiridesse, kui varem uuritud Eesti ja Soome véikejarvedes. Peipsi vesi
sisaldab keskmiselt 2 korda rohkem lahustunud orgaanilist ainet kui Vanern ja
7 korda rohkem kui Véttern. Vee optiline tlilp Peipsi jarves varieerub sBltuvalt
piirkonnast. CDOM-i hulka vees on isdloomustatud filtreeritud vee neeldumis-
koefitsiendi jargi fikseeritud lainepikkusel ja neel dumise eksponentsiaal set vahene-
mist lainepikkusega kirjeldatava nn tdusu parameetriga. On uuritud sageli kasutata
vate erineva poorisuurusega filtrite moju neile tulemustele (0,6-0,7 um ja 0,2 um).
Osutub, et kahel viisil méddetuna korreleerusid CDOM-i hulga v8artused oma-
vahel véga hésti (R? = 0,99), kuid tdusu parameetrid vahem (R? = 0,49). Varem
kogutud spektraal se vertikaal se ndrgenemiskoefitsiendi andmebaas ja uue, 3-kana-
lilise spektromeetri modtmiste vordlemine andis kooskdlalised tulemused. Leitud
on ka esialgsed empiirilised seosed CDOM-i ja kiirguse ndrgenemiskoefitsiendi
vahel Peipsi jarve jaoks. Tapsemaid seoseid ning CDOM-i ruumilist ja gjalist
varieeruvust Peipsi jarve akvatooriumis tuleks aga edaspidi uurida kooskdlas teiste
hudrometeorol oogiliste faktoritega.
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