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A comparison of values of photosynthetically absorbed radiation calculated with spectral
and broad-band models was performed. Special attention was paid to turbid lake waters
(Secchi depth ranging from 0.3 to 3 m). Ten measurement series of bio-optical character-
istics were carried out in June and August 2003 at three Estonian lakes, Peipsi, Vortsjirv
and Harku. Photosynthetically absorbed radiation was calculated from measured quantum
irradiance and a radiation model. The results obtained showed that in case of moderately
clear waters (Secchi depth about 3 m) it is especially important to use a correct spectral
model, as the errors of the broad-band model can be more than 40%—50%. For very turbid
waters these errors usually do not exceed 20%. In our measurement results there was a
rather remarkable variability of the bio-optical characteristics of the lakes. The relation-
ships between depth-averaged assimilation number and primary production and between
depth-integrated primary production and chlorophyll concentration could be described by
polynomial functions with intercept = 0.

Introduction

Under the term primary production, P, we under-
stand the production of autotrophic organisms
which transform inorganic carbon and nutrients
into living matter. The first step is photosynthesis
which can be defined as the formation of carbon
skeletons from inorganic precursors by utilizing
radiant energy. The second step is biosynthesis
where carbon skeletons serve as building-blocks
for formation of all cellular components (Tilzer
1987). In photosynthesis, both photochemical
and enzymatical processes take part. The rates

of photochemical processes depend on the light
quanta absorbed by the photosynthetic pigments,
and therefore both on the concentrations of these
pigments and on the illumination intensity. Fur-
thermore, the rates of enzymatical processes
depend both on the concentration of the enzymes
active in photosynthesis and temperature (Stee-
mann-Nielsen 1974).

There are several studies with the purpose
of estimating primary production based on light
intensity and the abundance of phytoplankton
pigments (Bannister 1974, Platt and Jassby 1976,
Morel 1978, Platt 1986, Tilzer 1987, Platt and
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Sathyendranath 1988, Morel and Berthon 1989,
Sathyendranath and Platt 1989, Sathyendranath
et al. 1989, Smith et al. 1989, Schofield et al.
1990, Platt et al. 1991, Berthon and Morel 1992,
Kyewalyanga et al. 1992, Wozniak et al. 1995,
Kirk 1996, Sosik 1996, Siegel et al. 2001). Most
often the water-column integrated primary pro-
duction was determined from daily mean aver-
ages of photosynthetically available radiation.
There are also publications where algorithms
for estimating primary production are developed
using remote sensing data (Platt 1986, Morel and
Berthon 1989, Sathyendranath et al. 1989, Platt
et al. 1991, Berthon and Morel 1992, WozZniak
et al. 1995). When the objective of a study is to
determine the daily variation of vertical profiles
of primary production, it is important that the
respective models have to be based on spectral
data of underwater scalar quantum irradiance.
However, often these data were missing and the
fraction of radiant energy absorbed by algae at
different depths was determined only approxi-
mately, mostly relying on the data on incident
integral irradiance and absorption coefficient of
light, averaged over photosynthetically-active
region, PAR (400-700 nm). Note also that some-
times only underwater planar irradiance (E,,,)
is measured, but for primary production models
we need quantum irradiance (q,,,). However,
converting the PAR irradiance at different depths
from planar irradiance (W m™) into quantum
irradiance (ymol m? s7!), may bring about nota-
ble errors (Jerlov 1976, Reinart et al. 1998). The
“air” value of g, /E , is usually estimated to be
4.6 ymol W' s7! (Morel and Smith 1974). Jerlov
(1976) showed that when we use this “air” value
for all depths in the water, we get the relative
errors, which are maximal for Jerlow’s oceanic
water types I and II (e.g. for depth of 20 m they
are 14%—16%). In oceanic waters absolute values
of Gp/Eyppr are smaller than 4.6. For waters
characterized by low transparency, on the con-
trary, g, /E, ,\y €xceeds 4.6, and corresponding
errors quickly increase with the depth. In estima-
tions of Reinart et al. (1998) for six Estonian and
Finnish lakes the average value of this error in the
layer 1-3 m varied from 9% to 24% (Secchi disk
depth was within the limits 0.4-2.4 m). Note that
maximal errors were observed in lakes with high
concentration of yellow substance.
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The importance of the “spectral approach” in
the primary production models was under spe-
cial attention in Platt and Sathyendranath (1988),
who proposed that spectral values of available
light multiplied by respective spectral values of
absorption coefficients of algae had to be inte-
grated over the region of 400-700 nm. While in
earlier publications the terms “incident illumina-
tion”, “light intensity”, “radiant energy” and/or
“available light” were used, in the primary pro-
duction model described by Smith et al. (1989)
the need of spectral quantum irradiance was
claimed. In this model, the photosynthetically
absorbed radiation was computed from vertical
distribution of spectral quantum irradiance and
pigment-specific absorption coefficients spec-
tra. The “spectral approach” for calculating the
photosynthetically absorbed quantum irradiance
was also used by Schofield et al. (1990). In Kye-
walyanga et al. (1992) a comparison between
primary production values measured in situ and
calculated from spectral and broad-band models
in the North Atlantic Ocean was made. However,
only in a few publications (e.g. Kirk 1996, Sosik
1996) is it clearly stated that due to the fact that
the algal cells are illuminated from all directions,
primary production calculations have to be per-
formed using the spectral data of scalar quantum
irradiance.

As is known, parametrizing of primary pro-
duction models is a rather complicated problem,
as their parameters depend on the type of water
body, biological activity of water (varies in time)
and on the total effect of biological, hydro-
physical and radiative characteristics at different
depths (Bannister 1974, Morel 1978, Kiefer and
Mitchell 1983, Morel and Berthon 1989, Smith
et al. 1989, Kiefer and Gullen 1990, Morel and
Ahn 1990, Berthon and Morel 1992, Kirk 1996,
Sosik 1996, Noges and Noges 1998). We started
to investigate the possibilities to elaborate a
primary production model, that uses the spectral
values of underwater scalar quantum irradiance
and chlorophyll concentration as initial param-
eters. The first data series were collected in the
summer of 2003. Our results allow a comparison
of photosynthetically absorbed radiation obtained
by a spectral to those obtained by broad-band
models, for waters of moderate and low trans-
parency. Consequently, errors caused by using a
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broad-band model can be estimated. On the basis
of our data also the relationships between differ-
ent bio-optical characteristics can be determined
and the vertical profiles of quantum yield can
be calculated. However, the database obtained
during our measurements in 2003 is yet insuf-
ficient for creating and final parametrizing a
primary production model.

Material and methods

According to Smith et al. (1989) primary pro-
duction P(z) (mg C m~ h™) at depth z can prin-
cipally be described with the following simple
equation:

P(2) = M X F(2) X Q,,(2), ey

where M is the factor for converting moles of
carbon to milligrams of carbon, equalling 12 000,
F(z) is the quantum yield of carbon fixation (mol
C Einst™) at depth z, Q,,.(z) is photosynthetically
absorbed radiation (in Einst m~ h™') at depth z.
The index “PAR” denotes the photosynthetically-
active region of the spectrum (400-700 nm):

700

Op (2)= Joqo(l,z)[ia; (1) C,(z)]d}t )

Here g,(A.7) is the scalar quantum irradiance
at wavelength A and depth z (Einst m™ nm™ h™'),
a/(A) are the pigment-specific absorption coef-
ficients for the major absorbing pigment groups,
and C(z) is the pigment concentration at depth
z. In case of only one algal species, or if using
the a’(A) spectrum, obtained as an average for
some typical species combinations (e.g. a,(4)
determined by formulae presented by Bricaud et
al. (1995) or Strombeck and Pierson (2001)) Eq.
2 can be simplified:

0. (2)= [ 4, (22)e. (A)Cu()ar )

where C_ is the concentration of chlorophyll a.
As stated before, because of the lack of the
spectral data, primary production models are
often built on integral values of incident irradi-
ance and the vertical profile of irradiance is
calculated using absorption coefficient of phyto-

plankton averaged over the PAR region, A par:
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In this case:

Q;AR (Z) =) par (Z)aph,PAk (Z) “

where
Gopne (2) = 7}0 q,(A.z)dA (5)
and
j a,(1)dA
Ay = ©)

ph,PAR 700

400

Let us call the model based on Eq. 3 a “spec-
tral model”, and that based on Egs. 4-6, a “broad-
band model”. Of course, applying Eq. 4 (instead
of Eq. 3) infers some errors, which should be
estimated. Kyewalyanga et al. (1992) carried
out these kind of estimations in 1990 during
a spring bloom in the North Atlantic Ocean.
They compared the results of primary produc-
tion in situ measurements with those obtained
by model calculations (a broad-band model and
three versions of spectral models). In a 10-day
period the percentage error in computed primary
production was 0.6%—19.5% for spectral models
1 and 3, 12.6%-29.9% for spectral model 2, and
60%—69.8% for the broad-band model.

Returning to Eq. 1, the theoretical upper limit
of F = F_ isequal to 1 mole CO, reduced per
8 moles of quanta harvested by the phytoplank-
ton pigments, hence 0.125 mol C Einst™! (Smith
et al. 1989). Actually, the value of F is always
smaller as a result of the influence of several
factors, part of which are still poorly physically
formalised (Smith e al. 1989). In this situation,
investigators either continue in sifu measurements
of quantum yield or apply some simple estimates.
In some cases, F can be modelled using some
empirical relationships (Smith et al. 1989). As
already noted, the theoretical limit of F__ is
0.125 mol C Einst™, but in bio-optical models, the
apparent F__is often treated as a constant rang-
ing from 0.06 (Berthon and Morel 1992) to 0.1
mol C Einst™' (Smith et al 1989). Rather often the
value 0.08 is used (Tilzer 1987, Noges and Noges
1998). In our study, relying on the values of meas-
ured P(z) and calculated Q,,,, we can estimate the
vertical profiles of F(z) (Egs. 1 and 3).
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In open oceans phytoplankton is a strongly-
dominating optically-active substance in water
and the values of underwater irradiance are
formed under the influence of absorption proper-
ties of phytoplankton and water itself. However,
in coastal and inland waters also the other opti-
cally-active substances (suspended particles and
dissolved organic matter) significantly absorb
and scatter the light. The concentration of phyto-
plankton is usually much higher than in oceans,
and Secchi disk transparency in turbid lakes can
be more than 30 times lower than in open oceans.
Thus, in addition to the studies by Kyewalyanga
et al. (1992) for an ocean, the estimation of
errors caused by applying the broad-band model
for turbid waters is of interest. As the first step
of these studies, we calculated the errors in the
values of photosynthetically absorbed radiation
for lake waters, Q,,,, by comparing the results
obtained from Eqgs. 3 and 4.

The study areas were three Estonian lakes:
Peipsi, Vortsjiarv and Harku. Trophic type and
main morphometric data of these lakes are shown
in Table 1. In 2003 we performed six field trips,
three in June and three in August (i.e. two to each
lake). Measurement series were planned twice a
day (about 11:00-13:00 and 15:00-17:00), but
due to rain at Peipsi only one series was per-
formed both in June and August. The following
characteristics were measured:

From water samples in the laboratory:

— Concentration of chlorophyll a (C, , mg m™),

— Difference c*(4) = ¢(1) — ¢, (1), where c(A) is
the beam attenuation coefficient for natural
water, and c(4) is that for distilled water
(spectral values with the step of 10 nm in the
range of 400-700 nm). We call it “spectro-
metric” attenuation coefficient, measured in
m! (Arst 2003).
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Field measurements:

— Water transparency by Secchi disk (z,, m).

— Incident plane quantum irradiance (gp,p .)
in the photosynthetically-active region (400—
700 nm), in micromol m~ s,

— Underwater downwelling plane quantum irra-
diance (g,,,(z)) in the same region (micromol
m2s™).

— Underwater downwelling scalar quantum
irradiance (qOYPAR(z)) in the same region
(micromol m™ s7).

— Primary production at different depths (P(z),
mg C m~ h™).

We determined the concentration of chloro-
phyll a by filtering the water samples through
Whatman GF/C glass microfibre filters (pore
size ~1.2 ym, diameter 47 mm; Whatman Inter-
national Ltd., Mainstone, U.K.) extracting the
pigments with hot ethanol (90%, 75 °C) and
measuring the absorption at the wavelengths
of 665 and 750 nm. Then the value of C_ was
calculated according to the Lorenzen (1967)
method. For determination of the c*(A) spectra
from water samples we used a Hitachi U1000
spectrophotometer.

We measured the incident irradiance, Doa air®
and underwater downwelling plane irradiance,
qppx(2), by means of two quantum sensors (LI-192
SA), and for measurement of the underwater scalar
irradiance, qO,PAR(Z)’ we used a quantum sensor
(LI-193 SA). Both instruments were manufac-
tured by LI-COR Corporation (Lincoln, Nebraska,
USA) and measure the quantum irradiance in the
PAR region of spectrum. The sensitivity of the
sensors is 4 pA per 1000 gmol s m™ and 7 A
per 1000 pmol s' m™', respectively. These sen-
sors have almost ideal quantum response between
400 and 700 nm and they are calibrated in ymol
m~ s~ with uncertainty of +5%. For recording of

Table 1. Trophic type and main morphometric data of the lakes under investigation. Typical variation of Secchi

depth (z,;) in summer is also shown.

Lake Trophic type Area (km?) Average depth (m) Maximum depth (m) Zg, (M)
Peipsi meso/eutrophic 2611 8.3 12.9 0.9-4.0
Vortsjarv eutrophic 270 2.8 6.0 0.3-1.6
Harku hypertrophic 1.64 2 2.5 0.1-1.0
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the measurements we applied a LI-COR Datalog-
ger LI-1400. The sensors LI-193 SA and LI-193
SA were fastened to a frame, allowing measure-
ments of ¢ and g, at the same depth, and, step by
step, to estimate their vertical profile as well as
the respective ratio ¢,/q. During the measurement
procedure we lowered the instruments into the
water and then brought them back to the surface
(recording was done in both directions).

Because we measured only integral (in PAR
region) values of quantum irradiance, but in Eq.
3 its spectral distribution is needed, we applied
additionally model calculations. Firstly, using
the model by Bird and Riordan (1986), from
the measurement of g, . the values of g, .
were calculated for 30 narrow spectral intervals
between 400 and 700 nm, each bandwidth A4
being 10 nm. The fact that the contribution of
each wavelength interval in PAR region for quan-
tum irradiance and plane irradiance is different,
was thereby taken into account. Then we used a
radiation model, which allows the computation
of the spectra of g(A4,z) on the basis of g, . and
the spectra of ¢*(AA). The full description of this
model is presented in Arst et al. (2002) and Arst
(2003). Note that we cannot derive the spectral
distribution of qo(ﬂ,,z) from the measured qOVPAR(z)
values, because the contribution of each spectral
interval changes with depth and is unknown.
Instead of ¢,(A,2) the g(AA.z) spectra obtained
from the model were used in Eq. 3, but afterwards
the values of Q,,, were corrected using the ratios
9o par/9par determined from our in situ measure-
ments. Additionally, for estimating the reliability
of our model calculations, we integrated the spec-
tra of g(AA,z) from 400 to 700 nm and compared
the results with the values of g,, ,(z) measured in
situ, using a LI-192 SA sensor.

We estimated primary production, P(z), in
situ using '*CO, assimilation technique (Stee-
man-Nielsen 1952). Depth integrated lake water
was poured into 24 ml glass scintillation vials,
50 pl of sterile NaH"“CO, (VKI, Denmark) solu-
tion (1.7 uCi per vial) was added to achieve final
activity 0.07 uCi ml™". The vials were incubated
for 2 hours at six depths in a lake. After incuba-
tion 6 ml of water from each sample was poured
into a clean glass scintillation vial and acidified
(pH < 2) by adding 150 pl of 0.5N HCI. Inor-
ganic “C was assumed to be removed during
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24 hours (Niemi et al. 1983, Hilmer and Bate
1989, Lignell 1992). Next, 5 ml subsamples
were poured into new plastic vials. The radioac-
tivity of water was measured by a LSC RackBeta
1211 counter (Wallac, Finland) using external
standardization for DPM calculations. Scintil-
lation cocktail Optiphase ‘HiSafe 3’ (Wallac,
Finland) was applied. Primary production of dif-
ferent fractions was calculated according to the
standard formula (Nielsen & Bresta 1984). Non-
photosynthetic carbon fixation was measured in
dark vials and subtracted from light assimilation.

For determining the values of Q*, (z) we
calculated the spectra of a, using the formula by
Bricaud et al. (1995):

a,A)=a,(A)C,, (N

where the specific absorption coefficient aph*(l)
is calculated taking into account the “package
effect” (Bricaud et al. 1995, Kirk 1996):

a,(A) = AA)C, ) @®)

Here A and B are positive, wavelength-
dependent parameters (they are tabulated in the
paper by Bricaud et al. 1995).

Note that the coefficients A and B were
obtained by Bricaud et al. on the basis of analys-
ing more than 800 phytoplankton absorption spec-
tra, mainly describing the oceanic waters. Strom-
beck and Pierson (2001) estimated A and B using
measurement data in Swedish lakes. However,
in comparison with our three Estonian lakes the
Swedish lakes were considerably more transpar-
ent. Our test computations of a’,(4) by Strémbeck
and Pierson gave at some wavelengths slightly
higher, at some wavelengths slightly lower values
in comparison with those by Bricaud et al. For the
reason that Bricaud’s results are widely used, we
decided to perform our computations firstly on
the basis of Bricaud’s formula, but in the future
to carry out our own investigations allowing esti-
mates of A and B for turbid lakes.

Results

For demonstrating the numerical values of our
results we chose some characteristics, which are
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presented in Tables 2 and 3. Because our lakes
are non-stratified (in our data the vertical varia-
tion of chlorophyll a did not exceed 15%), only
the depth-averaged values of Chla concentra-
tions are shown. Values of c;,, were calculated
from the spectra of ¢'(A1) (measured from water
samples in laboratory) as average over 400-700
nm. In turbid waters this characteristic is more
suitable for describing the water transparency
than Secchi disk (Arst 2003). Note that averaged
values of Gppg air WETE obtained from repeated, but
discrete measurements performed during each 2-
hour incubation. In condition of variable cloudi-
ness obviously the continuous recording of g, , ..
is needed, and some errors in the results can
appear (e.g. it is possible for Vortsjirv in August
2003). The integral values of primary production
(P,) were calculated for the layer from the sur-
face to the deepest point, where P(z) was meas-
ured. It means that the primary production below

Table 2. Values of C_, (mg m=®), ci,s (M™) (both aver-
aged over depth), K., (averaged over 2—4 series of

Li-192 SA measurements, m~') and Secchi disk depth,

z, (m), measured in the summer of 2003.

Lake Date Coi  Coar  Kipan 2o
Peipsi 11.V1.2003 9 1.4 0.67 275
Peipsi 20.VI11.2003 36 6.4 2.1 1

Voértsjarv  12.V1.2003 44 1241 25 05
Vortsjarv  19.VI11.2003 59 133 23 05
Harku 10.V1.2003 54 13.2 34 05
Harku 18.VIl.2003 107 22.8 45 03
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this depth was not taken into account. For this
reason the values of P, in the lakes Harku and
Vortsjérv are a little bit underestimated (by our
approximate estimations the respective errors
vary between 5% and 13%). Given data on C_,
and P(z) it is possible to compute the values of
chlorophyll-specific primary production (assimi-
lation number, AN, mgC m™ h™' mg Chla™) as
their ratio. The maximal values of AN and P are
also shown in Table 3, as well as the depth where
they were observed (this depth is the same for
AN_and P_ ).

As an example of our in situ measurement
results the depth variation of the plane and
scalar quantum irradiance measured in Peipsi on
11 June 2003 are shown in Fig. 1. The respec-
tive vertical profile of scalar quantum irradi-
ance calculated by our model is also presented.
Because of the cloudiness (7Ci/3Cu) the incident
irradiance varied during the measurements (25
minutes) and the values of underwater irradi-
ance were corrected taking this fact into account.
Note, that just below the surface the accuracy of
Gpar @0d g, 1s probably to some extent lower
than that in deeper layers, because the measure-
ment results can be influenced by roughness
of the water surface (during the measurement
procedure there can be moments when the sensor
is partly in the air). Some scattering of the meas-
urement results in the layer of 0.25-2.5 m was
obviously caused by wave-undulation, creating
fluctuations of irradiance (solar “flashes”) in the
upper layer of a water body. As we can see in the

Table 3. Some results of measurements performed in summer 2003: incident irradiance, Gy, (HMol M= s™)
(approximate average value during 2 hours of primary production measurements), integrated over depth primary

production P, (mgC m= h'), maximum primary production, P

AN, (mgC mg Chla™ h™") (the depth of AN

max

(mgC m= h™"), maximum of assimilation number,

max

(m) is shown together with AN__ in parenthesis).

Lake Date Time Clouds Qoppar AN__ P, P o
Peipsi 11.V1.2003 11:00-13:00 7Ci/3Cu 1555 1.0 (3) 46 9.1
Peipsi 20.VI111.2003 12:00-14:00 10Sc, St 300 3.2 (0) 64 117
Vortsjarv 12.V1.2003 10:45-12:45 10Sc, St 310 1.5(0) 51 66
Vortsjarv 12.V1.2003 14:50-16:50 Clear 1767 2.7 (0.5) 91 119
Vortsjarv 19.VIII.2003 11:35-13:35 1Cu 1765 2.3 (0.5) 148 137
Vortsjarv 19.VI11.2003 14:30-16:30 5Cu 1200 1.4 (0.5) 86 81
Harku 10.V1.2003 11:30-13:30 9Cu 675 1.8(0.5) 107 96
Harku 10.VI1.2003 15:20-17:20 5Ci/1Cu 1275 1.9 (0.25) 94 100
Harku* 18.VI111.2003 11:40-13:40 - - 3.9(0.4) 322 413
Harku 18.VI11.2003 15:30-17:30 8As/3Cu 781 4.1 (0.4) 296 442

* The value of g

air

is missing due to technical failure of measurements.
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Qpar and o par (Micromol m?s™)

00 400 800 1200 1690
1 L
2 L
\E, 3r = 4 g(meas1)
N o go(meas1)
4r * g(meas2)
¢ qo(meas2)
5 by
—qo(calc)
6

Fig. 1. Depth variation of plane (qg,,;(2)) and scalar
(Qpar(2) quantum irradiances in Lake Peipsi on 11
June 2003, measured by sensors LI 192 SA and LI
193 SA, respectively. The vertical profile of q,,,q(2)
obtained from model calculations is also shown.

case shown in Fig. 1, the coincidence between
measured and calculated values of g, , was
very good.

An important part of our study is the quan-
titative estimation of the errors of the primary
production “broad-band” model in lake waters.
This can be made comparing the values of Q,,,
(z) obtained by Eqgs. 3 and 4 (the errors in P(2)
are similar to the errors in Q,,,(z)). The vertical
variation of these errors is also of interest show-
ing the reliability of the “broad-band” model at
different depths. Let us denote the values of pho-
tosynthetically absorbed radiation respectively
Oprsp and Q. (shortened from the words
“spectral” and “broad-band”). Our results show
that Q,,.,, always exceeds Q;AR,SP and the ratio
Oprp/Qoarsp inCreases with increasing depth.
Because we assume that Q:AR’SP (obtained from
Eq. 3) is truthful, the relative error (RE) was
determined as follows:

* *

RE= QPAR,bb *_ QPAR,sp (9)
QPAR@;\

The depth variation of RE is shown in Fig.
2. Note that because of the uncertainities of Q,,,
just below the surface (z = 0), the corresponding
results were left out from correlation analysis.
The maximal values of RE and its most intensive
growth with depth were observed in Peipsi in
June (moderately clear water). In this case RE
at the depth of 5 m is already 40% and seems to
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Fig. 2. Relative errors (RE) determined by Eq. 9 at dif-
ferent depths and in different lakes: PJ and PA are for
Lake Peipsi in June and August respectively, VJ and
VA are the same for Vértsjarv, HJ and HA the same
for Lake Harku. The type of regression formula is also
shown for each case.

grow with depth. However, in very turbid lakes
RE did not exceed 20% and beginning from the
depth of about 2 m it increased only very slightly
with depth. As we can see in Fig. 2, below the
depth of about 0.2 m the depth dependence of
RE was well described either by power or loga-
rithmic functions. Note that for Peipsi in June
the power law was much better, for Harku in
August the logarithmic regression was prefer-
able, for the other cases the power as well as the
logarithmic functions were practically equally
suitable. The coefficients of regression formu-
las and determination coefficients are shown in
Table 4. The values of correlation coefficients
are extremely high and p < 0.005, but there are
only 612 points for each curve. Note that by our
estimations the regression formulas obtained for

Table 4. Regression formulas describing the relative
error RE (Eq. 9) as a function of depth (z) (formulas are
reliable only below the depth of 0.2 m). The respective
values of R2 are also shown.

Lake Month Regression equation R?

Peipsi June RE = 22.4z051 0.998
Peipsi August RE = 7.1In(2) + 22.1 0.996
Vértsjarv  June RE = 7.3In(z) + 20.4 0.998
Vértsjarv  August RE =4.3In(z) + 15.3 0.999
Harku June RE = 5.4In(2) + 16.6 0.999
Harku August RE =5.8In(2) + 12.7 0.992
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Fig. 3. Vertical profiles of primary production P(z)
measured in Estonian lakes in summer 2003 (the deno-
tations are the same as in Fig. 2).

the depths z > 0.2 m are not suitable in the layer
of 0-0.15 m, giving unreliable results.

The results shown in Fig. 2 and Table 4 were
obtained using phytoplankton absorption coef-
ficients calculated by the formula of Bricaud et
al. (1995). We repeated the calculations using
the coefficients obtained for Eq. 8 by Strombeck
and Pierson (2001), and also on the basis of data
on eight different phytoplankton species, taking
respective absorption spectra from Ahn et al.
(1992). The corresponding relative errors were
similar to those in the case of Bricaud’s formula,
and depended only slightly on the different spe-
cies. The species investigated by Ahn et al.
(1992) have not been observed in Estonian lakes.

Vertical profiles of primary production meas-
ured in this study are shown in Fig. 3. The curve
for Peipsi in June is left out from the figure,
because up to 1.5 m P(z) is below 6 mg C m= h™!
and its maximum (9.1 mg C m= h™') is placed
at the depth of 3 m. Naturally, the values of
primary production depend on the amount of
phytoplankton in the water. Figure 4 demon-
strates the correlation of P, and C . Note that
despite the small number of points, p was below
0.0002. The polynomial function (with intercept
= 0) produced a most suitable regression curve.
Our results allowed us to assume that the depth
where P = P__ depends on the value of incident
irradiance and probably also on the transparency
of water. Correlation analysis gave us the follow-
ing relationship

Z(Pmax) = 0'00068qPAR,airZSD (10)
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Fig. 4. Relationship between integral values of primary

production (P, ) and chlorophyll a concentration (C,, ).

where z(P_ ) and zy are in m, g, . is in gmol
m2s!, R? = 0.979, p was below 0.000 000 2.
However, taking into account that only one case
(Peipsi, June) had the value z(P_ ) = 3 m, but
for all other cases z(P_ ) varied between 0.01
and 0.5 m, the correlation results can be strongly
influenced by this one value. When excluding
the point “Peipsi, June”, the correlation of z(P_ )
and g, . Zsp gave us z(P ) = 0.0006q,,, .z
but the value of R*> was only 0.697.

As in all cases there was only a slight vari-
ation of C with depth, we calculated AN(z)
using the depth-averaged values of C_ . This
leads to similar shapes of the profiles of AN(z)
and P(z). However, the regression line between
their depth-averaged values, P_ vs. AN_, is not
linear (Fig. 5).

An example of the vertical profiles of P(z)
(measured) and F(z) (calculated on the basis of Eq.
1) is presented in Fig. 6. Our calculations showed
that for very turbid lakes (Vortsjédrv in August and
Harku in both months) F(z) can exceed its widely
used maximum value, 0.08 mol C Einst™'. It hap-
pened at the maximal depth of primary production
measurements. Note that in all profiles of F(z) the
“weakest points” are (1) at the surface, because
the uncertainty of Q*, .(z = 0), and (2) at the
depths where P(z) and/or Q*,, . (z) have very small
values (their ratio can be with big relative errors).

SD’

Discussion

Our results showed that when comparing the
lakes in June and August there are remarkable



BOREAL ENV. RES. Vol. 11 -

300

2501 y=4148¢ +514x

o= 2o
2 Boa - R?=0.97
£

3, 150

E
~100f
©

[a R

50

0

0 0.5 i 1.‘5 é 2T5 3
ANgy (mgC mgChla™ m?h™)

Fig. 5. Relationship between depth-averaged values
of primary production (P, ) and respective assimilation
number (AN_ ) (the layer where the averaging is made
is shown in Table 3).

differences for Peipsi and Harku, but Vortsjarv
is almost the same in both months. Extremely
high values of C,, P and P, were observed
in Harku in August. In most cases vertical maxi-
mum of P(z) was not located at the surface but
in the layer between 0.5z, and z , reflecting
the inhibition of photosynthesis by surplus light
intensity in surface water layer. The cases where
P_ s at the surface (Peipsi in August and Vort-
sjdrv in June at noon) were caused by low values
Of Gp,p ;e DECAUSE Of Overcast sky.

In general, the vertical profiles of ¢, ,, , meas-
ured in situ and calculated by the model agree
either very well (example in Fig. 1), or rather
well. Note, that the disagreement between the
measured and calculated g, ,,,, does not influence
the results of comparing the “broad-band” and
“spectral” models, because the values of under-
water quantum irradiance are the same for both
versions.

Comparison of the values of Q*, (z) cal-
culated from Eqs. 3 and 4 showed that for very
turbid waters the relative errors of the “broad-
band” model usually did not exceed 10%—20%,
growing rather slowly with depth. However, in
Peipsi in June (moderately transparent) these
errors rather remarkably increased with depth,
reaching 40% at the depth of 5 m. These results
are in good correspondence with the estima-
tions of Kyewalyanga et al. (1992) in the North
Atlantic Ocean, where the percentage errors in
computed production for the broad-band model
were 60%—-69.8%, but for different kind of
spectral models they were mostly below 20%.

Comparison of models for computing photosynthetically absorbed radiation 63

1 15
< 5
e (0 ik |} T A S A PU SR S E
g r10 3
001 &
(6] O
S 3
£ 0.001 P
— F(z) >
% 0.0001 —-— Fmax -
—Oo—P(z), meas
0.00001 ! . L L 0

1 2 3 4 5 6

Fig. 6. Vertical profile of quantum yield F(z) and pri-
mary production P(z) in Lake Peipsi in June 2003. The
maximum value F__ = 0.08 mol C Einst™ is also shown
in the figure.

Consequently, the correct “spectral” version is
important to use not only in clear oceanic waters,
but also in much less transparent lake waters
(remember that Secchi disk depth for Peipsi in
June was only 2.75 m).

Looking at the vertical profiles of primary
production we have to pay attention to the
extremely high values of P and P, in Harku
in August 2003 (Fig. 3). Obviously, it is not
exceptional, because the very intensive phyto-
plankton blooms in late summer (C_ exceeding
sometimes even 400 mg m~) we observed also
in years 1999-2001 (Arst 2003). Unfortunately,
we have no older data about primary production
in Harku.

Our data set showed that AN_ is related
to P and that P, depends rather strongly on
C,,- It occurred that both relationships can be
described by polynomial functions with intercept
= 0 (Figs. 4 and 5). The statistical reliability of
the formulas obtained is high, but probably for
final estimation of the coefficients the regres-
sion formulae should be determined relying on a
larger data set.

The results of calculating the profiles of quan-
tum yield gave realistic shapes of F(z). However,
as already noted before, in some cases in very
turbid lakes the maximal values of F(z) exceed
its generally used value, 0.08 mol C Einst™.
There can be several reasons: (1) the errors in the
characteristics used for calculations of F(z); (2)
the coefficients of Bricaud’s formula are not suit-
able for very turbid lakes; (3) a hypothesis, that
for extremely turbid lakes ¥ can be more than
0.08 mol C Einst™! (e.g. about 0.1 mol C Einst™,
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the limit of which was considered as a commonly
accepted value in Smith et al. (1989)). The values
of F(z) allow estimation also of the errors appear-
ing when instead of qo(l,z) the values of g(A,7)
are used in Eq. 3 (note that g(1,7) is always
smaller than ¢ (4,2)). In this case the values of
the quantum yield are higher and the result F__
> 0.08 mol C Einst! is more possible. Conse-
quently, for obtaining reliable results in primary
production calculation models, the scalar irradi-
ance data has to be used.

Conclusions

Our results show that when applying the primary
production models for very turbid waters, the
relative errors of the “broad-band” model usually
did not exceed 10%—20%, growing rather slowly
with depth. In moderately transparent Peipsi (in
June 2003) these errors grew rather remarkably
with depth reaching 40% at the depth of 5 m.
Thus, it is important to use the correct “spec-
tral” version not only in clear oceanic waters
(Kyewalyanga et al. 1992), but also in much less
transparent lake waters.

From 10 measurement series only one case
corresponded to moderately turbid lakes: Peipsi
in June 2003 (z,, = 2.75 m). All other cases
described turbid or very turbid waters (z,, ranged
from 1 to 0.3 m). Altogether, we got a rather
remarkable variability of the bio-optical charac-
teristics: the values of C, were from 9 to 107
mg m>, K, from 0.67 to 5.5 m”, P from
46 to 322 mgC m™ h' and P from 9 to 442
mgC m~ h™'.

The relationships P, vs. C, and P_ vs.
AN_ can be described by polynomial functions
with intercept = 0. Correlation analysis gave
us a strong relationship also between z(P_ )
and g, . Z,- The statistical reliability of the
formulae obtained is high, but a final regression
formula should probably be determined relying
on a larger data set.

Our results from calculating the profiles of
quantum Yyield showed that in most cases the
measured P(z) and calculated (on the basis of
Bricaud’s formula) Q*,, (z) give rather realistic
shapes of F(z). In some very turbid lakes the
maximal values of F(z) exceeded its widely used
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value, 0.08 mol C Einst™'. There can be different
reasons, but the most probable explanation is that
the coefficients of Bricaud’s formula (Bricaud et
al. 1995) are not suitable for very turbid lakes.

The values of quantum yield help us to
estimate the additional errors appearing when
in primary production models not using scalar
quantum irradiance, g,(4.z), but plane quantum
irradiance, g(A,z). This induces the increase of
the quantum yield and the possibility that />
0.08 mol C Einst! is higher. Consequently, for
obtaining reliable results in primary production
calculation models, the scalar irradiance data has
to be used.
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