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1. Introduction

Content of chlorophyll a (Ca), which is the main 
photosynthetically active pigment, is widely used 
as water trophic status and productivity indicator. 
At present, values of the chlorophyll a fluorescence 
measured in situ by submersible sensors are used for the 
analysis of temporal and spatial Ca variability as well as 
for validation of remote sensing data (Ca) (Odermatt et 
al., 2012; Xing et al., 2012; Wojtasiewicz et al., 2018). 

In situ fluorescence intensity (F) depends on a 
number of variables: the photosynthetically available 
radiation (PAR, µmol/m2/s); the Ca values (in mg/
m3) and phytoplankton functional characteristics, in 
particular, the chlorophyll a specific light absorption 
coefficient of phytoplankton (a*

ph(λ) m2/mg), the 
quantum yield of fluorescence (φF, mol emitted 
quantum (mol absorbed quantum)-1) and fluorescence 
intracellular reabsorption factor (Q*

a, dimensionless) 
(Babin, 2008).

Submersible fluorescence sensors that measure 
in situ the chlorophyll a fluorescence intensity (FCTD) 
are not equipped with a special chamber for adapting 
phytoplankton to the dark (so-called “dark chamber”). 

Due to this technical peculiarity, the sensors can 
measure the fluorescence of phytoplankton adapted 
to the environmental conditions, in particular, light 
intensity. In this case, some of the reaction centers 
(RC) of photosystem 2 are in an inactive state. These 
inactive RC are closed for acceptance of the electron, 
pathing the electron transport chain (Govindjee et al., 
1990). It results in decreased F values (Pogosyan and 
Matorin, 2005) due to the effect of light only but not Ca 
(Falkowski and Raven, 2007).

Correct assessment of chlorophyll a concentration 
via fluorescence requires additional processing of the 
fluorescence signal to compensate the decreasing effect 
of PAR on the fluorescence intensity, which is especially 
obvious in the upper part of the euphotic layer, i.e. in 
the upper mixed layer (UML).

Quasi-synchronous in situ measurements of 
temperature, fluorescence and PAR profiles as well 
as pulse amplitude modulation (PAM) fluorescence 
parameters were carried out during the scientific cruise 
on Lake Baikal in September 2019. The obtained results 
represent the required scientific basis, allowing an 
attempt for a correction of the PAR influence on the 
fluorescence intensity measured by the submersible 
sensor.
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Therefore the aim of this research is to investigate 
in situ the effect of PAR on the fluorescence intensity 
and PAM fluorescence parameters; to develop a general 
algorithm for restoring the fluorescence affected by 
PAR and test the algorithm for Lake Baikal.

2. Methods

The research was carried out in different areas 
of Lake Baikal (Fig. 1) during the scientific cruise 
onboard the RV “Titov” on September 3-11, 2019. 
The measurements were fulfilled at 21 stations during 
daylight time (from 7:00 AM to 7:00 PM). 

The vertical profiles of temperature, salinity, 
density, fluorescence (chlorophyll a concentration), 
and photosynthetically available radiation (PAR) were 
measured by a JFE Rinko AAQ-177 water quality probe 
(Japan) (Table 1). 

The measured parameters (downcast data) were 
displayed in real time on the screen of a laptop. 

The submersible F sensor provided the 
fluorescence measurements of the sample 
(phytoplankton) adapted to the environment, i.e. the 
light intensity at the sampling depth (z) - PAR(z).

For the laboratory measurements, water samples 
were collected from different depths within the UML 
using Niskin bottles. PAM fluorescence parameters 
were measured with laboratory fluorometer “Smart”, 
which was developed in Moscow State University, 
Biophysical Department (Konyukhov et al., 2017). 
The fluorescence intensity due to colored dissolved 
organic matter (FCDOM) was used as a background 
fluorescence, which was subtracted from each sample 
measurement (Moiseeva et al., 2018). For measurement 
of FCDOM, the sample was filtered through a membrane 
filter (Sartorius), which was prerinsed with 50 ml of 
deionized water. Before measurements, the samples 
were adapted to the dark for 15-30 minutes (Gaevsky 
and Morgun, 1993). The laboratory fluorometer 
“Smart” provided the measurements of maximum (Fm) 
and minimum (F0) fluorescence intensity of the sample: 
the F measured at 0 µmol/m2/s (dark measurement) 
corresponds to the parameter F0, when all RC are open; 
the F measured at saturating light flash − Fm, when all 
RC are closed (Schreiber et al., 1994; Matorin et al., 
2012). Using laboratory fluorometer, we measured the 
dependence of the fluorescence parameters (F0, Ft, Fm 

Fig.1. Map of the stations (●) that were investigated 
during the scientific cruise onboard the RV “Titov” on Lake 
Baikal on September 3-11, 2019

Table 1. Characteristics of the JFE Rinko AAQ-177 water quality probe (Japan) and sensors equipped

Measured parameter Measurement 
range Resolution Accuracy Response 

time

Depth 0 - 100 m 0.002 m ±0.3% of full scale 0.2 s

Water temperature -3 - 45 °C 0.001 °C ±0.01 °C (0 - 35 °C) 0.2 s

Fluorometer 0 to 400 ppb
(Uranin reference)

0.01 ppb ±1% of full scale 0.2 s

Photosynthetically 
available radiation in 

water

0 – 5000
µmol/m2/s

0.1
µmol/m2/s

±4% 0.2 s

and F`m) on the light intensity, varying from 0 to 1000 
µmol/m2/s (90 s light adaptation to each light intensity 
before measurements). The F value measured at light 
intensity PAR(z) (the sampling depth) was denoted as 
Ft (steady-state fluorescence). The difference between 
the maximum F value measured after continuous 
illumination (F`m) and Ft is proportional to the number 
of open RC (Schreiber et al., 1994; Matorin et al., 2012). 
The relative amount of open RC in phytoplankton 
that exists at a depth –z with radiance – PAR(z) can 
be assessed based on parameters F0, Ft, Fm and F`m 
according to (Falkowski and Kiefer, 1985):

                          (1)

3. Results and discussion

Due to different cloudiness and different daytime 
of sampling, the solar radiance incidence on the lake 
surface varied from ~200 to 1950 µmol/m2/s (Table 
2). The UML depth changed from 3 m to 19 m between 
almost all stations, except for three stations with more 
shallow UML (< 3 m) and one station with deepest 
UML (21m) (Table 2).
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For the UML, we have revealed a relationship 
between the dopen and the intensity PARZ (Fig. 2) and 
described it by the exponential function:

   (2)

where the coefficient A = 1 since all RC are open 
(dopen = 1) in the dark (PAR = 0).

The fraction of closed RC, which do not 
contribute to the fluorescence intensity recorded by the 
CTD probe, can be calculated using equation 6:

                          (3)

Consequently, the F value of closed RC (potential 
fluorescence, Fclosed), which is not detected by a 
submersible sensor (without a dark chamber), can be 
calculated as follows:

       (4)

To compensate for the decreasing effect of PAR 
and restore the fluorescence profile, it is necessary to 
take into account the value of Fclosed (z):

 ,                    (5)

where Freal is the fluorescence intensity provided 
that all RC are in the open state.

Based on equations 4 and 5, we get equation 6:

                                                                (6)

which is transformed into equation 7:

  (7)

The fluorescence profiles were restored at all 
stations based on the obtained relationship (equation 
7). Figure 3 shows the restored F profiles, which were 
measured in different day-time. We have revealed that 
Freal exceeds FCTD within the UML at all stations. The 
relative differences between Freal and FCTD (ΔF) reflect a 
decrease in chlorophyll a fluorescence intensity in the 
upper layer due to light effect. We have correlated the 
ΔF values with the PAR0 (Table 2).

Early in the morning, when PAR0 was 11 µmol/
m2/s, there was almost no effect of light on F. At noon, 
under a cloudless sky, PAR0 reached 1950 µmol/m2/s. 
In this case, the F values in the surface layer decreased 
~ 2 times (Table 2).

Correct assessment of Ca based on the fluorescence 
measured by the submersible sensor requires the 
compensation of the PAR effects of on the chlorophyll 
a fluorescence. This problem remains relevant to date 
(Barbieux et al., 2019). To solve this problem, it was 
proposed to use chlorophyll a fluorescence profiles 
measured at night only when there is no PAR effect 
(Wojtasiewicz et al., 2018). However, this approach 

Fig.2. Dependence of the fraction open reaction centers 
(dopen) on light intensity (PAR) in the UML layer of Lake 
Baikal on September 3-11, 2019

Fig.3. Vertical profiles: photosynthetically available 
radiation (PAR, blue line), temperature (T, red line), 
fluorescence intensities (F) measured by the submersible 
sensor (black line) and F, which was reconstructed, taking 
into account the light intensity (green line) in Lake Baikal on 
September 3-11, 2019

significantly reduces the data set for analyzing the 
spatial and temporal variability of Ca and limits the 
use of this data (nightly) for validation of satellite data 
(daily). In this study, the observed two-fold decrease 
in F under the influence of solar insolation evokes one 
doubt about the validation of satellite data, according 
to BioArgo floats, without this correction of the light 
effect on fluorescence (Kubryakov et al., 2017).
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Conclusions

In this study, we have developed an algorithm 
that compensates a decrease in fluorescence intensity 
due to the light influence in situ. The algorithm 
enables to retrieve the “real” fluorescence profile, 
which is required for the correct retrieval of the 
vertical distribution of the chlorophyll a content as 
the main photosynthetically active pigment. The 
upper layer of water, being most illuminated, makes 
the main contribution to the primary productivity of 
the water column. Consequently, the correction of 
the Ca estimation affects the accuracy of the primary 
productivity assessment.
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