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Abstract

Purpose. The purpose of the study is to analyse the spatial variability of chlorophyll @ concentration
(TChl-a) and spectral coefficients of light absorption by phytoplankton (apn(2)), as well
as to determine the relationship between app(A) and TChi-a in the wavelength range from 400 to 700
nm at 2 nm intervals for different layers of the euphotic zone.

Methods and Results. The research was carried out at 79 stations in August—September 2023. Water
samples were collected using Niskin bottles, chlorophyll a concentration was determined
spectrophotometrically, and spectral absorption coefficients were measured on moistened glass fiber
filters using an integrating sphere. The vertical structure was analysed based on the CTD data,
chlorophyll a fluorescence, and photosynthetically available radiation (PAR). The upper mixed layer
(UML) and the underlying layers down to the depths with 1 and 0.1% of PAR were identified.
The parameterisation was performed using a power function app(A) = A(X) - TChi-a®® for two layers
of the euphotic zone and the underlying layer. TChl-a in the surface layer varied within 0.7-14 mg-m™3
in the Pacific Ocean and within 0.87-8.9 mg-m™ in the Sea of Okhotsk. Four types were identified.
Their formation resulted from water stratification, its location within the euphotic zone and nutrient
supply. The coefficients 4(438) and 4(675) were 0.058 and 0.023 m?> mg™"' for the UML, and 0.043
and 0.020 m*mg! for the layer between UML and the bottom of the euphotic zone. It was shown
that at the same light intensity, the chlorophyll a-specific absorption coefficient ay, (1) decreased
with increasing TChl-a, which was related to the stronger pigment package effect as the proportion
of large-celled species in phytoplankton increased.

Conclusions. For the first time, parameterisation of light absorption by phytoplankton for the study area
was performed within the 400-700 nm range (at 2 nm intervals) for two layers in the euphotic zone
and for the underlying one. Statistically significant differences between the parameterisation
coefficients of these layers were revealed. The obtained relationships can be used to retrieve the a,p (1)
spectra from TChl-a, which is necessary for assessing the photosynthetic characteristics
of phytoplankton and determining primary production using the spectral method, as well
as for developing regional satellite algorithms and operational monitoring of water productivity off
the Kamchatka Peninsula.
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Introduction

The Sea of Okhotsk (SO) and the north-western Pacific Ocean (PO) are among
the most biologically productive regions in the global ocean ! [1-4]. In the southern
SO, spring “bloom” of phytoplankton and high productivity [5-9] are due
to the availability of nutrients [6]. In the productive north-western part of the PO, off
the southeast coast of the Kamchatka Peninsula [4, 10], an analysis of satellite data
from 2002 to 2020 [11] showed a regular increase in chlorophyll @ concentration
(phytoplankton “bloom”) in late September — early October. In years with intense
“bloom”, high chlorophyll-a concentrations were observed not only in coastal waters
with intensive river runoff, but also in shelf and continental slope areas, which was
associated with an abnormal increase in temperature and influx from deeper sea
layers due to mixing caused by the passage of cyclones over this area [11].
The highest concentrations of chlorophyll a were observed in the coastal waters
of Avacha Bay [11], which was due to the influx of nutrients mainly of volcanic
origin from coastal and river runoff [12, 13], as well as the influence
of biogeochemical and hydrological factors during the period of maximum water
warming [14].

Intense phytoplankton “bloom” can be dangerous for the ecosystem. Harmful
algal “blooms” (HABs) were observed in the coastal waters both in the SO
and the PO near the Kamchatka Peninsula [15-17]. In the autumn of 2020,
the intensive HAB off the coasts of the Kamchatka Peninsula caused catastrophic
damage to marine life and health problems for humans [17]. In this regard,
an operational monitoring system using remote sensing capabilities is of particular
relevance. The unique capabilities of satellite oceanography [18] make it possible
to track anomalies in real time. However, chlorophyll a concentrations in the SO
in the summer of 2006 retrieved using the OC4v6 (SeaWiFS) and the OC3M
(MODIS) algorithms were overestimated by factors of 2.6 and 3.6 [ 19]. In the coastal
waters of the PO (in Avacha Bay) in the summer of 2017, the inaccuracy of satellite
data was also demonstrated [20].

The problem of accuracy of satellite estimates in optically complex waters [21—
23], which include almost all coastal waters, could be solved by developing regional
algorithms based on bio-optical properties of this region. Variability of light

! North Pacific Marine Science Organization (PICES), 2009. PICES Annual Report 2009:
Eighteenth Annual Meeting. Jeju, Korea, October 23—November 1, 2009. Sidney, British Columbia,
Canada: PICES, 273 p.
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absorption by phytoplankton was studied in the south-western SO in the summer
0of 2006 [19]. However, the relationship between phytoplankton light absorption
coefficient (a,n (1)) and concentration of chlorophyll a plus phaecopigments (7Chl-
a) was not revealed. This parameterisation is necessary for a correct assessment
of TChl-a from ayp (1) retrieved using a bio-optical satellite algorithm, specifically
a three-band algorithm [24].

The aim of this study is to analyse the spatial distribution of TChi-a
and the spectral coefficient ap, (1) and their dependence on environmental factors,

and to parameterise the app(A) vs TChl-a relationship for the visible domain (400
700 nm) with high spectral resolution for different layers of the euphotic zone.

Materials and methods

The study was conducted in the shelf waters of the PO and SO near the southern
part of the Kamchatka Peninsula during an expedition on the RV Professor
Multanovsky from 15 August to 20 September 2023 (Fig. 1). Water samples were
collected using 10-litre Niskin bottles mounted on a CTD system (Sea-Bird)
measuring hydrophysical characteristics (temperature, salinity, water density). The
sampling depths were determined based on the vertical distribution of hydrophysical
parameters and chlorophyll a fluorescence measured using a submersible
fluorometer (WetStar, W535-1246).

Samples (1-2 L) for the analysis of photosynthetic pigment concentrations were
filtered onto 25 mm diameter glass fibre filters (GF/F, Whatman) under low vacuum
pressure (< 25 hPa). Filters were stored in a dewar with liquid nitrogen until analysis.
For the pigment extraction, a two-step method was used: the pigments were extracted
with 90% acetone (5 ml) using a vibro-homogenizer, and then the extract was
clarified by centrifugation. The procedure was repeated: the extract was poured off
and another 5 ml of 90% acetone was added to the residue. Concentrations of
chlorophyll a and phaeopigments were determined spectrophotometrically [25, 26].
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Fig. 1. The southern part of the Kamchatka Peninsula with a scheme of station locations in August—
September 2023. The inset shows the region of the Sea of Okhotsk and the north-western Pacific Ocean,
with the study area outlined by a rectangular contour
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The spectral absorption coefficient of phytoplankton was determined
by the “Quantitative Filter Technique” [27, 28] in line with the protocol 2. Samples
were filtered onto GF/F filters (Whatman) under low vacuum (< 25 hPa). The filters
were stored in liquid nitrogen until analysis. The optical density (OD) of the particles
(collected on the filter) was measured from 350 to 750 nm at 1-nm resolution using
a Perkin Elmer Lambda 35 (the PO samples) and Shimadzu UV-2600 (the SO
samples) dual-beam spectrophotometers equipped with integrating spheres. As
a reference, a wet filter was used. In order to separate the light absorption of all
particles (a,(A)) into a,p(A) and absorption by non-algal particles (anap(R)),
the pigments were extracted with hot methanol [29] and hot distilled water [30].
Then OD of the bleached particles on the filter (non-algal particles, NAP) was
measured. The OD spectra were adjusted so that the average OD at 715-750 nm
was equal to zero. Correction for path-length amplification was applied in accordance
with [31]. The a, (), m ' and ayap (1), m ™' were calculated using the equation:

oD i V)

a;(A) = 2.303 ﬁ

where i denotes p or NAP, 2.303 = In 10, V is the water sample volume, m*; and S is
the filter clearance area, m.
The app(A) , m™', was calculated using the equation:

aph(D) = ap(2) — anap ).
Chlorophyll a-specific absorption coefficient of phytoplankton (a;h A,

m*mg ') was calculated by dividing apn (M), m"' by TChl-a, mg-m™>.
The relationship between ap,(A) and TChl-a was described by a power
function [32]:
aph (W)= AA)*(T Chl-a)®®,

where A()) is a spectral coefficient, m*mg™'; B()) is a spectral power coefficient,
dimensionless.

Water transparency was assessed based on Secchi disk visibility (Zs, m).

The daily value of photosynthetically available radiation (PAR) incident on the
sea surface (PAR(0), E-m™2-d™') was measured with LI-COR (on the wheelhouse
roof) throughout the entire expedition.

Spectral downwelling irradiance (Eq(A), E-m™-d ') was measured at each station
within the euphotic zone at 1 m intervals using a submersible spectroradiometer
RAMSES (TriOS Mess- und Datentechnik GmbH, Germany). The PAR value
(E-m™-day ') at depth z at the time of sampling was calculated by integrating
measured Eq4(A) over the visible domain (400—700 nm):

700

PAR(z) = f E4 (z, )dA.

400

2 Neeley, A.R. and Mannino, A., eds., 2018. Inherent Optical Property Measurements and
Protocols: Absorption Coefficient. IOCCG Ocean Optics and Biogeochemistry Protocols for Satellite
Ocean Colour Sensor Validation; vol. 1.0. Dartmouth, NS, Canada: IOCCG, 83 p.
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Based on these data, the bottom of the euphotic zone (Z.) was estimated
as the depth at which PAR was 1% of the value just below the sea surface (PAR(07))
[33]; the first optical depth for PAR (Ziop) Was estimated as the depth with 37%
of PAR(07) [34], which is acceptable for relatively homogeneous layers, for
example, the upper mixed layer (UML) [35].

The UML depth (Zumr) was assessed using a water density difference criterion
(0.2 kg-m*) from a near-surface (at 1 m) value [36]. The daily PAR averaged over
the UML (PARumr) was calculated using daily PAR(0) measured with LI-COR, in
accordance with [37]:

[ 16 ZUML]
1-e Zeu
PARyy. = 0.94-PAR(0)- i

where 0.94 is the coefficient for converting * from PAR(0) to PAR(07).

Results

The surface temperature of the PO (17-30 August 2023) varied from 9.9 to

16.0 °C and averaged 13.8 + 1.48 °C (Table 1). Surface salinity varied from 23 to 32

PSU. At most stations, salinity was close to the average value of 30.8 + 1.48 PSU,

and only at shallow-water (22—26 m) stations in Avacha Bay (st. /—3) surface salinity

was lower (23-27 PSU), which was associated with discharge from the Avacha
River.

Table 1

Hydrophysical and bio-optical characteristics of the Pacific Ocean
and the Sea of Okhotsk waters in August — September, 2023

Region | Parameter | t ‘ S | Zs ‘ Zeu ‘ Ziopt Zum ‘ PARumL TChl-a
av+SD  13.8+15 30.0+15 64+24 20+64 3.1+1.0 39+24 141+67 28+29

"o min—max 9.9-160 23.0-320 2.0-10.0 8.0-350 12-55 20-11.0 3.0-27.0 0.67-14
j av+SD 109+1.6 323+04 78+20 27+98 4.0+£13 112+63 72+58 29+13

min—max 7.5-129 305-32.6 5.0-13.0 14.0-47.0 22-75 2.0-240 0.77-220 12-55

Comments: t is surface temperature, °C; S is surface salinity, PSU; Ziop is the first optical depth, m; Zs
is the Secchi disk depth, m; Zeu is the euphotic-zone depth, m; Zumr is the upper mixed-layer depth, m; PARumL
is the average level of photosynthetically available radiation in the UML, E-m2d’'; TChl-a
is the concentration of chlorophyll a plus phaeopigments in the surface layer, mg-m™>; av is the average value;
SD is standard deviation.

The surface temperature in the SO during the study period (from 31 August
to 9 September 2023) was lower (7.5-12.9 °C with an average of 10.9 + 1.58 °C)
than in the PO. The surface salinity varied in a narrow range (30.5-32.6 PSU),
averaging 32.3 £0.36 PSU (Table 1). Within the studied water layer, which
extended to the bottom at shallow-water stations and to 50 m in other areas, the
temperature decreased and the salinity increased with depth. As a result, the waters
were density stratified. In the PO, the maximum vertical density gradient (Ac) varied

3 Mankovsky, V.1, 1996. [Fundamentals of Ocean Optics). Study Guide. Sevastopol: Marine
Hydrophysical Institute, National Academy of Sciences of Ukraine, 119 p. (in Russian).
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among stations from 0.19 to 2.5 kg-m * with a mean of 0.61 £ 0.40 kg-m *. In the SO,
the Ac values were lower: from 0.019 to 0.74 kg:m ™ with an average value
(0.22 £ 0.16 kg-m ) three times lower than in the PO.

Zs values ranged from 2.0 to 10 m (mean 6.4 £ 2.4 m) in the PO, which was
lower than in the SO (range 5.0-13 m; mean 7.8 £ 2.0 m) (Table 1). The least clear
waters were observed in Avacha Bay (Fig. 1). The Z., in the PO was shallower (8.0—
35 m, on average 20 = 6.4 m) compared to the SO (14—47 m, on average 27 = 9.8 m).

The ranges and mean values of Ziop and Zuwr, are given in Table 1. The Zjop
values were mainly (at most stations) within the UML (Fig. 2).

10 -
1:1
8
o °
] o o
6
=] %e¢
A
S A In
—_ (o} oA
N A%goﬁ o
A A ., o ogo
E 4090 o 0% o
2 7 8% »
AR
0 —— — T
0 5 10 15 20 25
ZUMLam

F i g. 2. Relationships between the first optical depth Ziopt and the upper mixed layer depth Zumw
in the Pacific Ocean (triangles) and in the Sea of Okhotsk (circles) in August—September 2023
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Fig. 3. Surface concentration of chlorophyll a plus phaecopigments (7Chl-a) in the Pacific Ocean (17—
30 August 2023) and in the Sea of Okhotsk (31 August-9 September 2023) near the southern part
of the Kamchatka Peninsula
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In the study area 7Chl-a was highly variable (Table 1, Fig. 3). In the PO TChi-
a ranged from 0.67 (st. 33) to 14 mg-m > (st. /) within the layer from the surface to
the first optical depth (0—Zip) and from 0.67 (st. 33) to 16 mg-m> (st. 44) within the
euphotic zone (0—Z.,). In the 0—Ziop layer relatively high values of TChil-a (10—
14 mg-m~) were observed in the desalinated waters in Avacha Bay, low values of
TChl-a (< 1 mg-m~) were observed in shelf waters (Figs. 3, 4), which reflects the
influence of the river runoff on the TChl-a.

In the SO, the TChl-a values varied in a narrower range compared with the PO:
from 1.2mgm> to 7.7mgm in the 0-Zjox layer and from 0.87 mgm™ to
8.9 mg-m > in the euphotic zone. The coastal waters (st. 50, 59, 60, 63, 68, 70) were
characterised by relatively high TChl-a values in the surface layer (> 4 mg-m™)
(Fig. 3). The range of TChl-a variability in the 0—Z;op layer differed between the PO
and the SO. However, the mean 7Chl-a values were close: (3.0+3.0) and
(3.3 £ 1.6) mg-m* in the PO and the SO, respectively.
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F i g. 4. Relationships between the surface concentration of chlorophyll a plus phacopigments
(TChl-a) and water salinity in the Pacific Ocean (triangles) and in the Sea of Okhotsk (circles) in
August—September 2023

In the study area, waters were stratified and a vertical density gradient (Acy)
occurred within the 0—Z, layer at almost all stations except for a few stations (st. 77—
79) in the SO (Fig. 1), where Zumr (20-25 m) was close to Ze, (Fig. 5). The density
stratification determined the vertical distribution of the 7Chl-a (Fig. 5). Four types
of chlorophyll a fluorescence profiles can be distinguished based on the position of the
fluorescence maximum relative to the surface, the density gradient, and the bottom of
the euphotic zone (Fig. 5). These types are characterised by the following features:

1) profiles with a fluorescence maximum in the UML (7-8 m) and a sharp
decrease in chlorophyll a content in the lower layers. This type was observed in
the highly productive waters of Avacha Bay (st. /-3);

2) profiles with a narrow and strong fluorescence maximum in the density-
gradient layer (Act) (Fig. 5). In waters with a high-density gradient (Ac, ~ 0.8 kg-m™),
at stations 4/—44, the TChil-a values (5.1-16 mg-m™) at the fluorescence maximum
were about an order of magnitude higher than at the surface (1.0-1.7 mg-m™);

3) profiles with a fluorescence maximum below the density-gradient layer (Ac?),
near the bottom of the euphotic zone;

4) profiles with a uniform distribution of 7Chl-a in the euphotic zone, when
there is no stratification within the euphotic zone (st. 77—79).
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Chlorophyll a fluorescence profiles of the first to third types were observed in
both the PO and the SO (Fig. 5), while the fourth type was only seen in the SO at
stations with deep mixing. In the PO, stratification within the euphotic zone was
noted at all stations. In the SO, it was observed at almost all stations, except for a few
(st. 77-79), where Zumr was close to Z., and even exceeded it (Fig. 5).

The shape of the spectrum app(A) was characterised by the presence of two
maxima: in the blue region at a wavelength of 438 nm (ap,(438)) and in the red
region at a wavelength of 675 nm (a,,(675)). At the surface, the a,,(675) and
apn(438) varied within an order of magnitude: from 0.018 to 0.20 m" and from
0.049 to 0.31 m™', respectively. In the UML, the apn(675) and a,p,(438) varied in
a wider range (from 0.018 to 0.26 and from 0.049 to 0.50 m™'). The apn(675) and
apn (438) variability in the Ze, (from 0.018 to 0.26 m™" and from 0.029 to 0.50 m™")
was close to the one in the UML. Light absorption by phytoplankton is associated
with the complex of pigments in the microalgae cells [38]. However, the
parameterisation of light absorption by phytoplankton is aimed at obtaining
arelationship between ap,(A) and TChl-a [32]. This is due to the fact that
chlorophyll a is the main photosynthetically active pigment, which determines its
ecological significance as an indicator of water productivity.

Due to vertical density stratification, two quasi-isolated layers formed within
the euphotic zone and differed in their environmental factors, in particular, light
intensity (Table 2). Therefore, the link apn(A) vs TChl-a was analysed for the
following layers: the UML, the layer between Zymr and the Z., (depth of 1% PAR)
and the layer between Z., and depth of 0.1% PAR (Zy.1%) (Fig. 6, Table 2).

Coefficients of the relationship ap, (1) (at wavelengths of 438 and 675 nm) vs.
TChl-a obtained for the UML differed from the coefficients for the layer between
UML and Ze, (p < 0.0001) and for the layer between Z., and Zy.1+ (p < 0.0001) (Fig.
6). At the same time, no statistically significant differences between the PO and the
SO were found within a particular layer (p < 0.1). Coefficient A(A) decreased from
layer to layer, which was more marked in the blue region: 0.058, 0.043, and
0.034 m?>mg' (Table 2).
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Continuation of Fig. 5
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F i g. 5. Types of chlorophyll a vertical distribution based on chlorophyll a fluorescence (F)
and concentration of chlorophyll a plus phaeopigments measured by a spectrophotometric method
(TChl-a), water temperature (7), water density (cr), and vertical gradient of o: (Ac/) at particular stations
in the Pacific Ocean (19-30 August 2023) and in the Sea of Okhotsk (31 August—9 September 2023)
off the Kamchatka Peninsula. The black line indicates the euphotic zone (1% PAR)
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Table 2
Coefficients (A(A), m2mg™, and B())) of the power relationship
aph(2) = A(X) (TChl-a)B@ for different water layers
Layers PAR + SD n A(438) B(438) r2 A(675) B(675) r2
UML 11.0+7.3 122 0.058 0.606 081 00231 0843  0.94
Zum — Zeu 23+30 60 0.043 0.788 081  0.0203 0.94 0.92

Zeuw—Zoan 0.48 +1.30 25 0.0340 1.03 0.78 0.0162 1.03 0.83

Comments: UML is the upper mixed layer; Zumc is the lower boundary of UML,; Ze, is the bottom of the
euphotic zone; Zo.aw is the 0.1% photosynthetically available radiation depth; n is the number of data points;
PAR = SD is the mean PAR value for the layer and standard deviation, E-m2.d".

Value of the coefficient A(A) corresponds to a;h(k) at TChl-a equal to 1 mg
m~3. Therefore, the decrease in A(L) reflects the decrease in a;h(k) with depth.
Comparison of the ay, () between layers within the euphotic zone (UML and layer
between Zum and Zeu) shows that the average a,,p, (1) differed significantly between
the layers.

The relationship between a,, (1) (at wavelength of 438 and 675 nm) and TChl-
a in both layers within the euphotic zone was described by a power function with
coefficient B(h) < 1 (Table 2), which reflects the decrease in ay, (1) with the increase
of TChl-a (Fig. 6). The coefficient B(A) obtained for the UML was lower than in the
deeper layers (Table 2), which indicates a more pronounced decrease in app, (1) with
an increasing TChl-a in the UML.

The Zym. values varied in a wide range: from 2 to 11 m in the PO and from 2 to
24 min the SO (Table 1). Due to the high variability of Zum. and Zs, which determine
the light conditions in the UML, the PARum. values varied within an order of
magnitude or more: from 3 to 27 and from 0.77 to 22 E-m 2d ! in the PO and the
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SO, respectively (Table 1). Although the PARumL varied by an order of magnitude,
a weak correlation between the PARumL and the a;, (675) was observed (Fig. 7).

Variability in a;, (675) under similar light conditions in the UML was caused by
TChl-a. Thus, in the SO under similar PARum. (12-16 E-m 2d™), the values of
a,n(675) decreased approximately twofold while TChl-a increased approximately

fivefold (Fig. 7, points in the ellipse). It should be noted that the decrease in
apn (675) was accompanied by a decrease in R (Fig. 7), which was caused by a more

significant decrease in app, (1) in the blue region, while TChl-a increased.
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Fig. 7. Relationships between the chlorophyll a specific coefficient of phytoplankton light absorption
at the 675 nm (a;;h(675)) wavelength and the average photosynthetically available radiation

in the upper mixed layer (P4ARumr) in the Pacific Ocean (triangles) (a, c¢) and in the Sea of Okhotsk
(circles) (b, d)
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To retrieve the app, (A) spectra based on the TChl-a data, the a,, (1) vs. TChl-a
relationship was parameterised for the layers within the visible domain (400-
700 nm) with a spectral resolution of 2 nm (Fig. 8, Supplements 1 and 2).

The A(L) values for the layers within the euphotic zone exceed the A(A) for the
oceanic waters [32]. For the layer below Z.,, the A(L) values coincide with those for
oceanic waters [32] (Fig. 8).
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F i g. 8. Spectral coefficients (A(A) (a) and B(A) (b)) of the dependence of phytoplankton light
absorption coefficient (a,, (A)) on the concentration of chlorophyll a plus phaeopigments (TChl-a) -
apgn(W) =AQ) - (TChl-a)B® — for the UML (turquoise colour), the layer between UML and the bottom
of the euphotic zone Zeu (blue colour), and the layer between Ze, and the 0.1% PAR depth (red colour)
in shelf waters near the Kamchatka Peninsula. The black line corresponds to the relationship
coefficients obtained for the global ocean [32]

Discussion

The research area was characterised by high variability in the parameters being
studied. Values of the TChl-a varied by one to two orders of magnitude (0.7 to
14 mg-m™3) at the surface. High TChl-a values were observed in coastal desalinated
waters (Fig. 3). Relatively high values of the TChl-a were noted in the coastal
desalinated waters (see Fig. 3), resulting from coastal and river runoff [12-14] that
brings the necessary nutrients (P, Si, N and Fe) for phytoplankton growth [39],
mainly of volcanic origin [12, 13].

The observed diversity of TChl-a vertical profiles (Fig. 5) is the result of the
interaction of a complex of factors: nutrient supply and hydrophysical characteristics
such as light intensity, vertical density stratification and water mixing [33, 40, 41].
A change in a key factor leads to the formation of a certain type of TChl-a vertical
profile [42].

During vertical water stratification within the euphotic zone, the TChl-a profile
is characterised by the presence of a maximum, the position of which depends
on environmental factors. The TChl-a profile with a deep chlorophyll a maximum
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near the Ze, (DCM) (type 3, Fig. 5) occurs because active phytoplankton growth in
the UML leads to nutrient depletion there [33, 43]. Relatively high values of the
TChl-a in the DCM are caused mainly by an adaptive increase in intracellular
chlorophyll a content and only partially by an increase in phytoplankton abundance
[42, 43]. The formation of the profile with a subsurface maximum of TChl-a (type
1, Fig. 5) is related to a permanent nutrient supply inthe subsurface layer
(desalination of Avacha Bay can be considered as a marker of the permanent nutrient
supply) [33, 42]. In the stratified waters another profile was identified. This profile
has the TChl-a maximum within the density-gradient layer (type 2, Fig. 5), which is
related to favourable conditions (light intensity and nutrient availability) for
phytoplankton growth [40, 41].

In the absence of stratification within the euphotic zone, a uniform distribution
of TChl-a (type 4, Fig. 5) is observed due to active vertical mixing [33, 43].

Values of the app, (1) and TChl-a varied in a wide range, which made it possible
to reveal relationships between these parameters for the visible range of light with
an interval of 2 nm for two layers of the euphotic zone and the underlying layer
(Supplements 1 and 2) (Fig. 8). The results of the parameterisation make it possible
to retrieve the a,,(4) spectra from TChl-a, which is needed for modelling the
spectral downwelling irradiance in the sea and calculating the primary production of
phytoplankton. Zio,x was located within the UML at most stations (Fig. 2), and
consequently bio-optical properties of the UML determine spectral water-leaving
radiance [44]. Therefore, coefficients of the apy, (1) vs. TChl-a relationship obtained
for the UML (Supplements 1 and 2) can be used to develop a regional satellite
algorithm, in particular to assess TChl-a based on a,, () retrieved using satellite
data and algorithms like the three-band algorithm [24]. The application of the
regional parameterisation provides a more accurate retrieval of TChl-a values
compared to the standard products, which overestimated TChl-a by up to 260% in
the SO [19, 45].

The decrease in a;h(k) with an increase in TChl-a (see Fig. 7) was probably
due to an increase in the proportion of large-celled species in the phytoplankton.
Studies in waters with different trophic status (from hyper-oligotrophic to eutrophic)
showed that an increase in TChl-a was accompanied by an increase in mean cell size
of phytoplankton [46—49]. The twofold decrease observed in our study in a;h(678)
(from 0.025 t0 0.012 m?mg ") under similar PARum. and an increase in TChl-a (Fig.
7) was probably related to an increase in average cell size of phytoplankton from ~
5 to ~ 20 pm [50, 51]. The decrease in a,, (675) and R as the size of microalgal
cells increases [46, 52] is due to an increase in the degree of self-shading of pigments
within the cells [53].

The revealed difference between the layers of the euphotic zone in the A(A) and
B(2) coefficients in the relationship a,p (1) vs. TChl-a (see Fig. 8, Table 2) was due
to a decrease in ay, (A) (under similar TChl-a) with depth from one layer to another,
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resulting from changes in the intracellular pigment concentration, content of
accessory pigments (relative to TChl-a) [32, 54-57] and species and size structure
of phytoplankton [56-59] during adaptation to environmental factors (light,
temperature and nutrients) [60-62]. The greatest degree of variability in intracellular
pigment concentration is caused by the influence of light [61]. A comparison of the
parameterisation of phytoplankton absorption (the coefficients A(438) and A(675))
among different seasons and regions showed a relationship with the light conditions
(r2=0.99 and r2=0.94) (Fig. 9). Values of A(438) and A(675) were almost the same
in different regions (the UML of the Black Sea in winter and the layer between Zum.
and Zg, in the study area) under similar PARumL. This means that differences in
phytoplankton absorption parameterisation between layers of the euphotic zone and
between regions were associated with adaptive changes at the cellular level (the
intracellular pigment concentration) and at the community level (the species/size
structure of phytoplankton) mainly under the influence of light.
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F i g 9. Impact of photosynthetically available radiation (PAR) on coefficient A(}) in equation
apn (A)=A(L)-TChl-aB® in the study area for the UML (turquoise), for the layer between the UML
and optical depth 4.6 (blue), and for the layer between optical depths 4.6 and 6.9 (red); in the UML
of the Black Sea (summer in yellow and winter in purple) [56]; in the UML of the Barents Sea,
the Norwegian Sea and the adjacent Arctic Ocean (pink) [63]. Values of A(438) (square) and A(675)
(rhombus) are shown

Conclusions

For the first time in the shelf waters of the SO and the PO near the southern part
of the Kamchatka Peninsula, the variability of spectral phytoplankton light
absorption coefficient and its relationship with the chlorophyll a concentration were
studied. The study area was characterised by high variability in these parameters (by
an order of magnitude or more). The influence of coastal and river runoff on the
spatial distribution of these parameters was shown. Four types of vertical distribution
of chlorophyll a concentration were identified depending on environmental factors.
A dependence of chlorophyll a-specific absorption coefficient on the PAR and
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chlorophyll a concentration was found, which was due to photoadaptive changes in
the intracellular pigment concentration and an increase inthe degree of their
packaging in large-celled phytoplankton, the proportion of which in the total
phytoplankton biomass increases with increasing water trophicity.

For the first time for the study area, parameterisation of phytoplankton light
absorption was performed in the wavelength range 400-700 nm (with 2 nm
resolution) for two layers within the euphotic zone isolated by density stratification
and the underlying layer. Differences between the parameterisation coefficients for
the layers were revealed. The obtained coefficients of the ap,(2) vs TChl-a

relationship enable correct retrieval of a,;, (1) based on TChl-a within the euphotic

zone, which is crucial for modelling spectral downwelling irradiance and calculation
of primary production as well as for developing a regional satellite algorithm to
assess chlorophyll a concentration. The obtained results can be used to establish a
system of operational monitoring of water productivity and quality indicators off the
Kamchatka Peninsula.
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Supplement 1

Values of spectral coefficients obtained for the relationship between apn()
and TChl-a described by the power equation apn(A) = A(A)-(TChl-a)5®

for the upper mixed layer (UML); determination coefficient (r?)

Ahom | AQ) B(V) r2 hom | AQ})  BQ) r2
400 | 0.038 0702 0.775 | 402 | 0040 0700  0.776
404 | 0041 0699 0781 | 406 | 0.042  0.696  0.787
408 | 0.044 0694 0788 | 410 | 0.045  0.692  0.796
412 | 0047 0690 0798 | 414 | 0.048  0.687  0.800
416 | 0049 0684 0803 | 418 | 0.050  0.683  0.804
420 | 0051 0683 0.807 | 422 | 0051  0.691  0.802
424 | 0052 0683 0798 | 426 | 0.053  0.682  0.802
428 | 0.054 0685 0.808 | 430 | 0055 0.684  0.809
432 | 0056 0688 0815 | 434 | 0057 0.687 0813
436 | 0.058 0687 0814 | 438 | 0059 0684  0.811
440 | 0058 0685 0812 | 442 | 0058 0682  0.811
444 | 0056 0684 0810 | 446 | 0.055  0.680  0.804
448 | 0054 0680 0801 | 450 | 0.053  0.678  0.794
452 | 0052 0679 0792 | 454 | 0052 0677  0.787
456 | 0051 0679 0788 | 458 | 0.051  0.677  0.785
460 | 0051 0676 0784 | 462 | 0.051  0.675  0.782
464 | 0051 0675 0781 | 466 | 0.051  0.670  0.775
468 | 0050 0667 0770 | 470 | 0.050  0.665  0.766
472 | 0049 0660 0760 | 474 | 0.048  0.659  0.757
476 | 0.047 0656 0752 | 478 | 0046  0.656  0.752
480 | 0.045 0655 0751 | 482 | 0.043  0.659  0.758
484 | 0.042 0664 0763 | 486 | 0041 0669  0.771
488 | 0.039 0680 0784 | 490 | 0.038  0.688  0.792
492 | 0036 0701 0803 | 494 | 0035 0713  0.813
496 | 0033 0726 0821 | 498 | 0.031  0.740  0.830
500 | 0.029 0751 0.834 | 502 | 0.028 0763  0.840
504 | 0.026 0777 0846 | 506 | 0.024 0789  0.850
508 | 0.023 0799 0851 | 510 | 0.022  0.809  0.853
512 | 0021 0821 0857 | 514 | 0019 0.831  0.860
516 | 0018 0.839 0861 | 518 | 0.018 0.848  0.864
520 | 0.017 0859 0867 | 522 | 0016 0.867  0.870
524 | 0015 0876 0871 | 526 | 0015 0883  0.874
528 | 0014 0890 0877 | 530 | 0013 0898  0.880
532 | 0013 0903 0882 | 534 | 0012 0908  0.885
53 | 0.012 0912 0887 | 538 | 0011 0916  0.888
540 | 0.011 0919 0891 | 542 | 0010 0923  0.894
544 | 0010 0926 0.895 | 546 | 0.009 0930  0.897
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Table concluded
A, nm AA) BV I A, nm A(L) B(L) r
548 0.009 0.931 0.897 550 0.009 0.935 0.898
552 0.008 0.937 0.899 554 0.008 0.941 0.899
556 0.007 0.944 0.900 558 0.007 0.946 0.899
560 0.006 0.947 0.897 562 0.006 0.956 0.899
564 0.006 0.954 0.894 566 0.005 0.955 0.892
568 0.005 0.955 0.889 570 0.005 0.953 0.888
572 0.005 0.954 0.884 574 0.005 0.954 0.882
576 0.005 0.953 0.880 578 0.005 0.950 0.875
580 0.005 0.950 0.872 582 0.005 0.943 0.867
584 0.005 0.940 0.861 586 0.005 0.936 0.856
588 0.005 0.929 0.848 590 0.005 0.924 0.841
592 0.005 0.918 0.835 594 0.005 0.914 0.830
596 0.005 0.908 0.829 598 0.005 0.900 0.826
600 0.005 0.896 0.830 602 0.005 0.893 0.836
604 0.005 0.893 0.841 606 0.005 0.894 0.851
608 0.005 0.900 0.861 610 0.005 0.905 0.871
612 0.005 0.910 0.875 614 0.005 0.916 0.884
616 0.005 0.922 0.892 618 0.005 0.926 0.896
620 0.005 0.927 0.901 622 0.006 0.927 0.903
624 0.006 0.928 0.905 626 0.006 0.929 0.903
628 0.006 0.927 0.901 630 0.006 0.921 0.900
632 0.006 0.914 0.901 634 0.007 0.903 0.898
636 0.007 0.894 0.894 638 0.007 0.879 0.890
640 0.007 0.867 0.883 642 0.007 0.849 0.877
644 0.007 0.833 0.872 646 0.008 0.821 0.869
648 0.008 0.814 0.876 650 0.008 0.817 0.884
652 0.008 0.829 0.892 654 0.008 0.840 0.895
656 0.008 0.854 0.896 658 0.009 0.859 0.891
660 0.011 0.861 0.889 662 0.013 0.855 0.888
664 0.015 0.851 0.890 666 0.017 0.846 0.894
668 0.019 0.844 0.900 670 0.021 0.843 0.906
672 0.023 0.844 0.913 674 0.023 0.847 0.920
676 0.023 0.852 0.926 678 0.022 0.860 0.931
680 0.020 0.870 0.935 682 0.017 0.894 0.938
684 0.014 0.924 0.939 686 0.011 0.958 0.936
688 0.008 0.999 0.921 690 0.006 1.038 0.896
692 0.004 1.070 0.858 694 0.003 1.087 0.819
696 0.002 1.092 0.788 698 0.002 1.081 0.761
700 0.001 1.060 0.751
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Supplement 2

Values of spectral coefficients obtained for the relationship between apn(i)
and TChl-a described by the power equation apn() = A(A)-(TChl-a)5®
for the layer ZymL — optical depth 4.6; determination coefficient (r?)

Anm | AQY) B(L) r2 hom | A B(L) r2
400 | 0.032 0.740 0834 | 402 | 0033 0732 0.827
404 | 0034 0731 0830 | 406 | 0035 0729  0.825
408 | 0.037 0726 0822 | 410 | 0.038 0.728  0.822
412 | 0039 0721 0816 | 414 | 0040 0719 0815
416 | 0041 0717 0812 | 418 | 0041 0715 0811
420 | 0.042 0713 0808 | 422 | 0042 0721 0812
424 | 0042 0721 0810 | 426 | 0.043 0720  0.807
428 | 0044 0719 0801 | 430 | 0045 0721  0.798
432 | 0046 0717 0791 | 434 | 0047 0719  0.791
436 | 0.047 0717 0784 | 438 | 0.048 0714  0.782
440 | 0047 0718 0781 | 442 | 0047 0715 0781
444 | 0046 0709 0775 | 446 | 0.046 0705  0.773
448 | 0045 0702 0768 | 450 | 0.044 0703  0.767
452 | 0044 0699 0762 | 454 | 0.043 0697  0.760
456 | 0.043 0698 0760 | 458 | 0.043  0.692  0.755
460 | 0.043 0692 0755 | 462 | 0.043  0.689  0.752
464 | 0044 0684 0746 | 466 | 0.044 0679  0.741
468 | 0.043 0676 0738 | 470 | 0.043 0670 0.731
472 | 0.043 0666 0728 | 474 | 0.042 0660  0.722
476 | 0.041 0657 0721 | 478 | 0.040 0658  0.721
480 | 0039 0656 0721 | 482 | 0.038 0660 0.726
484 | 0037 0664 0731 | 486 | 0.036 0670  0.738
488 | 0035 0677 0748 | 490 | 0.034 0684  0.755
492 | 0032 0693 0764 | 494 | 0031 0703  0.772
496 | 0030 0712 0780 | 498 | 0.028 0721  0.787
500 | 0.027 0729 0794 | 502 | 0.026 0738  0.802
504 | 0.025 0744 0.807 | 506 | 0024 0750  0.812
508 | 0.022 0758 0818 | 510 | 0022 0762  0.822
512 | 0021 0770 0.828 | 514 | 0020 0776  0.834
516 | 0.019 0780 0.838 | 518 | 0.018 0.785  0.844
520 | 0.018 0792 0.849 | 522 | 0017 0796  0.853
524 | 0016 0801 0858 | 526 | 0.016 0.809  0.863
528 | 0015 0813 0.869 | 530 | 0015 0.821  0.874
532 | 0014 0826 0879 | 534 | 0013 0.829  0.884
53 | 0.013 0835 0.88 | 538 | 0012 0.836  0.890
540 | 0012 0842 0.894 | 542 | 0011 0.846  0.895
544 | 0011 0849 0.897 | 546 | 0.010 0.856  0.898
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Table concluded
A, nm A(N) B(L) I A, nm AL B(L) r2
548 0.010 0.857 0.898 550 0.009 0.860 0.897
552 0.009 0.864 0.896 554 0.009 0.865 0.895
556 0.008 0.868 0.895 558 0.008 0.873 0.893
560 0.007 0.873 0.888 562 0.007 0.872 0.889
564 0.007 0.870 0.887 566 0.006 0.868 0.882
568 0.006 0.865 0.878 570 0.006 0.859 0.874
572 0.006 0.857 0.865 574 0.006 0.860 0.864
576 0.006 0.858 0.858 578 0.006 0.859 0.849
580 0.006 0.859 0.846 582 0.005 0.859 0.840
584 0.006 0.853 0.830 586 0.006 0.854 0.824
588 0.006 0.848 0.811 590 0.006 0.845 0.802
592 0.006 0.841 0.795 594 0.005 0.839 0.792
596 0.005 0.835 0.794 598 0.005 0.832 0.797
600 0.005 0.833 0.806 602 0.005 0.830 0.815
604 0.005 0.831 0.825 606 0.005 0.839 0.840
608 0.005 0.842 0.849 610 0.005 0.849 0.860
612 0.005 0.856 0.870 614 0.005 0.864 0.878
616 0.005 0.870 0.884 618 0.006 0.874 0.890
620 0.006 0.878 0.894 622 0.006 0.882 0.897
624 0.006 0.881 0.897 626 0.006 0.884 0.896
628 0.006 0.880 0.893 630 0.006 0.875 0.890
632 0.006 0.864 0.891 634 0.007 0.857 0.889
636 0.007 0.849 0.889 638 0.007 0.842 0.885
640 0.007 0.835 0.881 642 0.007 0.823 0.877
644 0.007 0.813 0.877 646 0.007 0.809 0.883
648 0.007 0.808 0.889 650 0.007 0.812 0.897
652 0.007 0.824 0.901 654 0.008 0.832 0.898
656 0.008 0.841 0.893 658 0.009 0.844 0.886
660 0.011 0.837 0.879 662 0.013 0.828 0.879
664 0.015 0.817 0.880 666 0.017 0.810 0.887
668 0.019 0.806 0.897 670 0.021 0.804 0.907
672 0.022 0.808 0.915 674 0.022 0.816 0.919
676 0.022 0.827 0.918 678 0.020 0.842 0.914
680 0.018 0.860 0.908 682 0.016 0.884 0.902
684 0.013 0.920 0.894 686 0.010 0.959 0.883
688 0.007 1.010 0.868 690 0.005 1.062 0.845
692 0.004 1.108 0.812 694 0.003 1.133 0.786
696 0.002 1.126 0.760 698 0.002 1.092 0.745
700 0.002 1.041 0.729
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