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Abstract: Climate affects the characteristics of the Southern Ocean ecosystem, including bio-optical 
properties. Remote sensing is a suitable approach for monitoring a rapidly changing ecosystem. 
Correct remote assessment can be implemented based on a regional satellite algorithm, which re-
quires parameterization of light absorption by all optically active components. The aim of this study 
is to analyse variability in total chlorophyll a concentration (TChl-a), light absorption by phyto-
plankton, non-algal particles (NAP), coloured dissolved organic matter (CDOM), and coloured de-
trital matter (CDM = CDOM+NAP), to parameterize absorption by all components. Bio-optical prop-
erties were measured in the austral summer of 2020 according to NASA Protocols (2018). High var-
iability (1–2 orders of magnitude) in TChl-a, absorption of phytoplankton, NAP, CDOM, and CDM 
was revealed. High variability in both CDOM absorption (uncorrelated with TChl-a) and CDOM 
share in total non-water absorption, resulting in a shift from phytoplankton to CDOM dominance, 
caused approximately twofold chlorophyll underestimation by global bio-optical algorithms. The 
light absorption of phytoplankton (for the visible domain in 1 nm steps), NAP, CDOM, and CDM 
were parametrized. Relationships between the spectral slope coefficient (SCDOM/SCDM) and CDOM 
(CDM) absorption were revealed. These results can be useful for the development of regional algo-
rithms for Chl-a, CDM, and CDOM monitoring in the Southern Ocean. 

Keywords: chlorophyll a; light absorption; phytoplankton; non-algal particles; coloured dissolved 
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1. Introduction 
The Southern Ocean is identified as a very productive region of the global ocean [1], 

providing important ecosystem services, particularly fisheries [2,3] and maintenance of 
biodiversity [1,4]. However, the Southern Ocean is currently the most vulnerable area to 
ongoing atmospheric and oceanic warming [5–8]. Climate affects the biological and phys-
ical characteristics of the Southern Ocean ecosystem [1]. Ocean warming leads to glacial 
and ice sheet melting [1]. Ice melting is associated with the release of suspended dissolved 
organic matter (including its coloured fraction—CDOM) into the surrounding waters [9]. 
The ice melting opens new ice-free areas for additional primary production (PP) [1,10]. In 
the Southern Ocean, despite high macronutrient concentration [11,12], low surface chlo-
rophyll a concentration (mean is ca. 0.25 mg m−3) is typical for a major part (ca. 48%) of the 
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ocean [12]. It is related to the strong limitation placed upon phytoplankton growth and, 
consequently, chlorophyll a concentration by the lack of ambient light due to deep vertical 
mixing, persistent cloud cover, large solar zenith angles in polar regions and particularly 
in the Southern Ocean [13,14]. Moreover, the phytoplankton growth in the Southern 
Ocean is limited significantly by micronutrients, in particular by iron availability, which 
changes due to ice melting [15–17]. All these factors influence the inherent optical proper-
ties (IOPs) and biological productivity of the Southern Ocean [10]. Due to rapid climatic-
driven changes in the physical environments, the assessment of the current state of water 
quality and ecosystem productivity becomes especially relevant. Since phytoplankton is 
the basis of marine food webs and is the most sensitive and quick-responding to changes 
in the environment, the biomass and species structure of phytoplankton and its photosyn-
thetic characteristics are considered as key indicators of the state and productivity of the 
Antarctic marine ecosystems [1,7]. The concentration of the main photosynthetically ac-
tive pigment, chlorophyll a, is widely used as a marker of phytoplankton biomass [18,19]. 
In addition to in situ observations, long-term (multi-decadal) remote sensing data series 
can be used to obtain fundamental observational data of upper water layer properties 
with a high spatial and temporal resolution, which are crucial for understanding the cur-
rent state of the Southern Ocean ecosystem and investigation of climate-scale phenomena 
as well as predicting possible changes [1]. Evaluations of the accuracy of remote sensing 
of chlorophyll a concentration (Chl-a) showed good performance (±35%) in the open ocean 
[20]. However, global satellite-based Chl-a algorithms were shown to perform poorly in 
the Southern Ocean, resulting in underestimations of Chl-a up to almost twice in most 
cases [21–24]. Several regional Chl-a algorithms were proposed for the Southern Ocean to 
improve the accuracy of satellite Chl-a retrievals [20,25]. However, a recent assessment of 
the accuracy of these algorithms [24] showed that the application of the algorithms led to 
the underestimation of Chl-a. In this recent work [24], the performance of both global and 
regional satellite algorithms (currently available for the Western Antarctic Peninsula) was 
assessed based on the most comprehensive in situ dataset ever collected from the Western 
Antarctic Peninsula (N = 1812, with Chl-a concentration from 0.01 mg m−3 to 46.58 mg m−3). 
Noted [21–23] differences between in situ and remote sensing Chl-a data can be large due 
to regional differences in Chl-a specific phytoplankton light absorption coefficient, domi-
nating phytoplankton taxon and low particulate backscattering [20,21,26]. In the Indian 
sector of the Southern Ocean, similarly to the Atlantic sector, the underestimation of Chl-
a based on satellite data was associated with the pigment package effect and the structure 
of phytoplankton community, which affected Chl-a specific phytoplankton light absorp-
tion coefficient [14,27,28]. In a recent study in the Western Antarctic Peninsula region [24], 
unlike previous ones, no clear link was revealed between Chl-a underestimation and the 
impact of pigment packaging on Chl-a specific phytoplankton light absorption, nor with 
the species composition of phytoplankton. This indirectly indicates the influence of other 
optically active components on the accuracy of the algorithms. The signal “visible” by 
satellite scanners (remote sensing reflectance, Rrs) is determined in general by scattering 
and absorption of light by all in-water optically active substances. The absorption has a 
predominant effect on Rrs compared to scattering [29,30]. The total absorption (a(λ)) con-
sists of the absorption by all optically active components [30]: 𝑎(𝜆) =  𝑎௣௛(𝜆) + 𝑎ே஺௉(𝜆) + 𝑎஼஽ைெ(𝜆) + 𝑎௪(𝜆), (1)𝑎௣(𝜆) =  𝑎௣௛(𝜆) + 𝑎ே஺௉(𝜆), (2)

where 𝑎௣௛(𝜆), 𝑎ே஺௉(𝜆), 𝑎஼஽ைெ(𝜆), 𝑎௣(𝜆) and 𝑎௪(𝜆) are light absorption coefficients at 
the wavelength (λ) of phytoplankton, non-algal particles (NAP), coloured dissolved or-
ganic matter (CDOM), particles, and pure water, respectively. The IOPs, particularly 𝑎௣௛(𝜆), 𝑎ே஺௉(𝜆) and 𝑎஼஽ைெ(𝜆), largely determine the variability in the spectral features 
of Rrs. In general, not only phytoplankton but also CDOM and NAP absorption can affect 
the Rrs signal. The CDOM content was found to be highly variable in the Southern Ocean 
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due to both physical (ice melting, photobleaching) and biological factors (phytoplankton, 
bacteria, and other pelagic organisms’ production) [1,6,7]. It was shown that the NAP con-
centration in the surface waters strongly depended on ice melting [9]. The variability of 
spectral absorption by phytoplankton was studied in the Southern Ocean [14,26,27,31,32]. 
However, only single studies of spectral absorption by all optical components (phyto-
plankton, NAP, and CDOM) are known to date [28,33]. 

Recently, a new satellite algorithm was developed for more accurate Chl-a estimation 
[20]. For a comprehensive assessment of the quality and productivity of this climate-sen-
sitive region, additional indicators could be provided by a three-bands algorithm dividing 
total absorption into two, viz., absorption by phytoplankton 𝑎௣௛(𝜆௥) and coloured detri-
tal matter (𝑎஼஽ெ(𝜆௥) = 𝑎஼஽ைெ(𝜆௥) + 𝑎ே஺௉(𝜆௥)) [34]. This three-bands algorithm was devel-
oped for the Black Sea based on regional spectral bio-optical properties, which allowed 
the retrieval of Chl-a based on the revealed phytoplankton absorption parameterization 
[35]. In addition to Chl-a, this algorithm provides two indicators: (1) 𝑎௣௛(𝜆), i.e., the phy-
toplankton photosynthetic characteristic required for PP assessment by the spectral ap-
proach; (2) 𝑎஼஽ெ(𝜆௥) used as a marker of CDOM and NAP content and required for the 
spectral downwelling radiance model enabled for the full spectral PP model [36]. The ac-
curacy of the three-bands algorithm was proven by validation, comparing it to other al-
gorithms known for the Black Sea, including the standard algorithm [37]. Adaptation of 
the three-bands algorithm for the Southern Ocean requires parametrization of the absorp-
tion by all optical components based on newly collected in situ data. It should be noted 
that for different scanners (to obtain a merged product) as well as for another model (light 
and PP), the relationship between 𝑎௣௛(𝜆) and Chl-a is required to be parameterized for 
the entire visible domain, which has not been done before. In the Southern Ocean, the 
relationship between 𝑎௣௛(𝜆) and Chl-a (summed with phaeopigments) was previously 
obtained only for particular wavelengths corresponding to the maxima of the 𝑎௣௛(𝜆) 
spectrum [26,32]. 

The aim of this study is to analyse variability in chlorophyll a concentration, and 
spectral light absorption coefficients by phytoplankton, NAP, CDOM, and CDM, to pa-
rameterize the absorption by all components (including the relationship between 𝑎௣௛(𝜆) 
and the sum of Chl-a with phaeopigments for the visible domain in 1 nm steps) based on 
newly (11 January–4 February 2020) collected in situ data in the Atlantic region of the 
Southern Ocean (Bransfield Strait, Falkland Current, Drake Passage, and the Powell Ba-
sin). One of the objectives of the study was to evaluate the accuracy of the standard satel-
lite product, Chl-a, based on a comparison with the measurement results. 

2. Materials and Methods 
2.1. Sampling 

Data were collected during a scientific cruise on RV “Akademik Mstislav Keldysh” 
in the Atlantic region of the Southern Ocean in the austral summer of 2020 (11 January–4 
February). The study area covered the Bransfield Strait (BS), Falkland (Malvinas) Current 
(FC), Drake Passage (DP), and the Powell Basin (PB) (Figure 1). Salinity and temperature 
profiles were recorded with a Sea-Bird SBE-911 plus CTD unit. The chlorophyll a fluores-
cence profiles were recorded with the fluorometer sensor Minitracka-II (Chelsea), which 
was installed on the transparency sensor PUM-200. Photosynthetically available radiation 
(PAR) incident on the sea surface was measured with Li-COR set on the deck (LI–190SA). 
PAR vertical profile was measured with a submersible sensor (LI-192). Water samples 
were collected at 3–7 depths using Niskin bottles. The sampling depths were chosen based 
on the temperature, salinity, PAR, and chlorophyll a fluorescence profiles. Immediately 
after sampling, water aliquots were filtered gently (under low vacuum) under red light 
for analyses of Chl-a and for light absorption by particles, phytoplankton, NAP, and 
CDOM. 
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Figure 1. Station map showing station locations (black circles) covered during cruise No. 79 of RV 
“Akademik Mstislav Keldysh” from 11 January–4 February 2020. 

2.2. Chlorophyll a Concentration 
The concentration of chlorophyll a (Chl-a) and phaeopigments was determined spec-

trophotometrically with 90% acetone using Whatman GF/F glass fiber filters (25 mm di-
ameter, 0.7 μm size pore) [38,39]. 

Satellite-derived Chl-a (chlor_a) were extracted from the “Ocean Color Web” portal 
[40]. The chlor_a are level 3 data with a spatial resolution of approximately 4 × 4 (pixel) 
km, retrieved based on colour scanners Aqua-MODIS, SNPP-VIIRS, and S3A-OLCI meas-
urements and by merging various ocean colour scanners measurements (Merged_ATV 
dataset). The default algorithm for chlor_a estimation [41] employs the standard OC3/OC4 
(OCx) band ratio algorithm [42] merged with the colour index [43]. The satellite data were 
selected for the same day of in situ measurements from an area of 3 ×3 pixels around each 
station of in situ measurements. Then chlor_a values were filtered by outliers by the 1.5 
IQR (Inter Quartile Range) rule. Data left after the filtering were averaged. 

Statistical analysis of comparison in situ and satellite data of Chl-a was carried out 
based on metrics—systemic bias (Equation (3)) and Median Absolute Error (MAE) (Equa-
tion (4)) calculated according to refs. [44,45]: 𝑏𝑖𝑎𝑠 =  10^ ቀଵே ∑ ቀ𝑙𝑜𝑔ଵ଴൫𝐶ℎ𝑙௦௔௧(𝑖)൯ − 𝑙𝑜𝑔ଵ଴൫𝐶ℎ𝑙௠(𝑖)൯ቁே௜ୀଵ ቁ, (3)𝑀𝐴𝐸 =  10^ ቀଵே ∑ ห𝑙𝑜𝑔ଵ଴൫𝐶ℎ𝑙௦௔௧(𝑖)൯ − 𝑙𝑜𝑔ଵ଴൫𝐶ℎ𝑙௠(𝑖)൯หே௜ୀଵ ቁ  (4)

2.3. Particulate Absorption 
Particulate absorption was measured by the quantitative filter technique (QFT) using 

wet filters in accordance with the current NASA protocol [46]. Water samples (1–2 L) were 
filtered on Whatman GF/F glass fiber filters (25 mm diameter, 0.7 μm size pore), then fil-
ters were wrapped in aluminum foil (chlorophyll a) and put in plastic boxes (particulate 
absorption), which were stored in liquid nitrogen until analysis. Optical density (OD, di-
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mensionless) of total particulate matter (ODp(λ), dimensionless) was measured by scan-
ning the sample filter from 350 to 750 nm in 1 nm increments using a dual-beam UV/Vis 
spectrometer Lambda 35 (Perkin Elmer) equipped with an integrating sphere. To separate 
the phytoplankton pigments from non-algal particles (NAP) within the particulate matter, 
the pigments were extracted with hot methanol [47]. To remove phycobilin pigments, sub-
sequent extraction with hot water was used [48]. After depigmentation, the sample was 
scanned again to obtain OD of NAP (ODNAP(λ), dimensionless). To minimize the differ-
ences between the sample and blank filters, all the sample spectra were shifted to zero 
near the infrared region by subtracting the average absorbance from 715 to 750 nm. The 
OD were corrected for path length amplification using the β-correction algorithm [49]. 
The OD corrected for pathlength amplification (ODp/corr(λ) or ODNAP/corr(λ)) were con-
verted to absorption coefficients 𝑎௣(𝜆) (in m−1) or 𝑎ே஺௉(𝜆) (in m−1): 𝑎௝(𝜆) = 2.303 × 𝑂𝐷௝/௖௢௥௥(𝜆)/(𝑉 𝑆⁄ ). (5)

where j denotes total particles (p) or NAP, 2.303 = ln 10, V is the water filtration volume 
(in m3), and S is the filter clearance area (in m2). 

Phytoplankton component 𝑎௣௛(𝜆) (in m−1) of total particulate matter was then deter-
mined by subtracting 𝑎ே஺௉(𝜆) from 𝑎௣(𝜆): 𝑎௣௛(𝜆) = 𝑎௣(𝜆) − 𝑎ே஺௉(𝜆). (6)

Chlorophyll a specific absorption coefficient of phytoplankton (𝑎௣௛∗ (𝜆), m2 mg−1) was 
calculated by dividing 𝑎௣௛(𝜆) by the sum of chlorophyll a and phaeopigment concentra-
tion (TChl-a). Regression analysis was conducted to determine the relationship between 𝑎௣௛(𝜆) and TChl-a from 400 to 700 nm in 1 nm increments [50]: 𝑎௣௛(𝜆) =  A(λ) × TChl-𝑎୆(஛), (7)

where A(λ) and B(λ) are the coefficients of non-linear fit derived from our data. 
Statistical analysis of the similarity (or not) of the A(λ) and B(λ) at 438 and 678 nm 

within the euphotic layer was executed based on the Fisher criterion. 

2.4. CDOM Absorption 
CDOM absorption was measured following the NASA protocol [46]. Water samples 

were filtered under low vacuum using 0.2 μm nylon filters (Sartorius Nuclepore) and 
GF/F (Whatman) filters for prefiltration. The filters were rinsed with deionized water (ca. 
50 mL) before filtration. OD of the CDOM was measured from 250 to 750 nm in 1 nm 
increments using a dual-beam UV/Vis spectrometer Lambda 35 (Perkin Elmer), a 10 cm 
quartz cuvette, and deionized water as a reference. The ODCDOM(λ) was null-point cor-
rected at 700 nm by subtraction of the mean value over a 5 nm interval around 700 nm 
from each wavelength [51]. The CDOM absorption coefficient (𝑎஼஽ைெ(𝜆), m−1) was calcu-
lated from the null corrected OD: 𝑎஼஽ைெ(𝜆) = ቀ𝑂𝐷஼஽ைெ(𝜆) − 𝑂𝐷ௗ௘௜௢௡ ௪⁄ (𝜆)ቁ × 2.303/𝑙, (8)

where l is the cuvette path length (in meters). 
The 𝑎஼஽ைெ(𝜆), 𝑎ே஺௉(𝜆), and 𝑎஼஽ெ(𝜆) (CDM = NAP + CDOM) spectra can be repre-

sented as exponential functions as follows [52]: 𝑎௜(𝜆) =  𝑎௜(𝜆௥) × 𝑒ିௌ೔∙(ఒିఒೝ), (9)

where i denotes NAP, CDOM, or CDM, the wavelength λr is the reference wavelength, in 
this study λr = 438 nm, and Si denotes the spectral slope. 𝑆ே஺௉ and SCDOM (SCDM) were ob-
tained by means of a non-linear least square fit of an exponential function (Equation (4)) 
to the data from 400 to 700 nm and from 350 to 500 nm [46], respectively. The calculation 
routine consists in finding the smallest value of the quadratic discrepancy function Δ, i.e., 
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the sum of squares of differences of the measured and theoretically calculated values of 
ai(λ) at each wavelength, by fitting the guess parameters ai(438) and si: ∆= ∑ ቀ𝑎௜exper(𝜆) − 𝑎௜theor(𝜆)ቁଶ଻଴଴ఒୀସ଴଴ . (10)

To assess the quality of fitting, we used the coefficient of determination 𝑟ଶ = 1 − ୼∑ ൫௔೔exper(ఒ)ି〈௔೔exper(ఒ)〉൯మళబబഊసరబబ , (11)

where 〈𝑎௜exper(𝜆)〉 is the average of experimental spectrum ai(λ) over all wavelengths. 
The computational algorithm was implemented using Python 3 programming lan-

guage. 
To justify statistically the possibility of using the same coefficient of Equation (7) of 

phytoplankton absorption within the euphotic zone, Fisher’s and Student’s criteria were 
used. 

The euphotic zone (Zeu) was defined as the depth where the photosynthetically avail-
able radiation was 1% of that incident at the surface. 

3. Results 
3.1. Hydrophysical Characteristics 

In the area studied, hydrographical characteristics were different (Figure 2). The sur-
face temperature varied from –0.47 °С to 3.19 °C and was 1.29 ± 1.4 °C on average in the 
BS. In the PB, the surface temperature was lower than in the BS; it varied from –0.77 °C to 
2.01 °C and was 0.72 ± 0.89 °C on average. Water in the FC was warmer than in other 
investigated regions: the surface temperature was in the range of 10.6–13.0 °C. In the DP, 
the temperature at the surface was 7.4 °C (the bio-optical investigation was carried out at 
one station). At all stations, the vertical temperature distribution had low gradients (0.001–
0.78 °C m−1), although, in the layer of 0–120 m, the temperature decreased to 6–7 °C in the 
FC, in 1.4–3 °C in the DP and the BS, and in 0.7–3.0 °C in the PB (Figure 2). 
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Figure 2. Vertical profiles of temperature (T, °C, blue line), salinity (S, ‰, black line), the fluores-
cence of chlorophyll a (TChl-a, mg m−3, green line), and photosynthetic available radiance (PAR, μE 
m−2 s−1, red line) at some stations in all regions investigated in Atlantic sector of the Southern Ocean. 
The horizontal black line denotes the depth of 1% PAR. 

The salinity of the surface layer varied from 31.2 to 35.8 ‰ and was 33.6 ± 1.0 ‰ on 
average. In the salinity profile, there was a minimum in the layer from 0 to ca. 25 m. In 
this minimum, the salinity was 0.5–5 ‰ lower than the salinity in the surface layer. In a 
deeper water layer (more than ca. 25 m), salinity remained constant at all stations at the 
level of ca. 34.5 ‰ (Figure 2). 

The Zeu varied about three times from 29 m in the PB (station 6609) to 87 m in the DS 
(station 6584) and was, on average, 60 ± 15 m. At stations performed at night, Zeu was 
estimated by an empirical relationship derived from measured Zeu and total non-water 
absorption at 438 nm (atot(438)), measured at surface (1 m depth) for the stations performed 
during daylight (𝑍௘௨ = 27 × 𝑎௧௢௧(438)ି଴.ଷସସ, n = 18, r2 = 0.51). 

3.2. Chlorophyll a Concentration 
Variability in the profiles of hydrographical characteristics resulted in the different 

vertical distributions of chlorophyll a fluorescence (F). At some stations, fluorescence in-
tensity was uniformly distributed within the euphotic layer (Figure 2, stations 6584, 6599, 
6619, 6627). Other stations demonstrated depth-dependent variability in F. Maximum of 
F was observed near the bottom of the euphotic layer (Figure 2, stations 6576, 6591, 6592, 
6607). 

TChl-a in the surface layer varied significantly (from 0.20 to 4.4 mg m−3). Minimum 
values (0.20 - 0.29 mg m−3) were measured in the DP and the deep-water region of the BS 
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(stations 6594, 6595). Maxima of TChl-a were obtained in the PB: 4.4 mg m−3 at station 6609 
and 2.2 mg m−3 at station 6613. The mean surface TChl-a was equal to 0.72 ± 0.35 mg m−3 

for all stations except for 6609 and 6613 stations. Within the investigated water layer, 
TChl-a varied from 0.15 to 1.81 mg m−3 at all stations except for two more trophic stations 
(6609 and 6613). In the layer of TChl-a maximum observed at some stations, the values of 
the TChl-a exceeded the surface ones by 1.3–1.5 times. 

3.3. Light Absorption by Phytoplankton 
High variability in TChl-a was accompanied by significant (about two orders of mag-

nitude) changes in 𝑎௣௛(𝜆) coefficients. The spectrum 𝑎௣௛(𝜆) had two main maxima typ-
ical for phytoplankton pigment complex: in the blue spectral domain at ca. 438 nm 
(𝑎௣௛(438)) and in the red domain at ca. 678 nm (𝑎௣௛(678)) (Figure 3). The values of 𝑎௣௛(438) and 𝑎௣௛(678) varied from 0.0051 to 0.29 m−1 and from 0.0032 to 0.12 m−1, re-
spectively. The maximum values were recorded in relatively high trophic waters (TChl-a 
was 2.2–4.4 mg m−3) fixed in the PB (stations 6609 and 6613). The shape of the spectra was 
the same at all stations except for some stations, where TChl-a was more than 1 mg m−3. 
At these stations in the upper layer, the shape of 𝑎௣௛(𝜆) differed from other spectra by 
two local maxima at wavelengths of ca. 490 and 545 nm, which were most pronounced at 
the 6609 station (Figure 3). 

 
  

   

 
  

Figure 3. The spectral light absorption coefficient of particles (𝑎௣(𝜆), blue line), phytoplankton 
(𝑎௣௛(𝜆), green line), non-algal particles (𝑎ே஺௉(𝜆), brown line) and coloured dissolved organic matter 
(𝑎஼஽ைெ(𝜆), yellow line) at particular stations corresponding to all regions investigated in the South-
ern Ocean. 

The local maxima correspond to the absorption bands of phycobilin pigments [53]. 
In the surface and the euphotic layers, the chlorophyll a specific absorption coefficient of 
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438 nm, 𝑎௣௛∗ (438) ranged from 0.025 to 0.075 m2 mg−1 (with mean 0.048 ± 0.012 m2 mg−1) 
and from 0.021 to 0.080 m2 mg−1 (with mean 0.046 ± 0.013 m2 mg−1), respectively (Figure 4). 
The 𝑎௣௛∗ (678) and 𝑎௣௛∗ (438) varied from 0.015 to 0.028 and from 0.013 to 0.031 m2 mg−1 
in the surface and the euphotic layers, with averages equal to 0.022 ± 0.0041 and 0.022 ± 
0.0048 m2 mg−1, respectively. The ratio between the 𝑎௣௛∗ (438) and 𝑎௣௛∗ (678) (R) was in the 
range of 1.5–2.8, with a mean for the euphotic zone of 2.1 ± 0.34 (Figure 4). At most stations, 
the R-value was almost constant (around 2.1) within the euphotic zone. At stations with a 
deep maximum of chlorophyll (four such stations out of a total number of thirty-seven 
stations), R decreased with depth from 2.4–2.8 in the surface layer to 1.5–1.9 near the bot-
tom of the euphotic zone (Figure 4). 

   

 
  

   
Figure 4. Vertical distribution of the chlorophyll a specific light absorption coefficient of phyto-
plankton at 678 nm ( 𝑎௣௛∗ (678) ) (A) and at 438 nm ( 𝑎௣௛∗ (438) ) (B), the ratio between 𝑎௣௛∗ (438)/𝑎௣௛∗ (678) (R) (C), light absorption by non-algal particles at 438 nm (𝑎ே஺௉(438)) (D) and 
colored dissolved organic matter at 438 nm (𝑎஼஽ைெ(438)) (E), the spectral slope of NAP (SNAP) (F) 
and of CDOM (SCDOM) (G), the ratio between 𝑎ே஺௉(438) and particulate absorption (𝑎ே஺௉(438)/
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𝑎௣(438)) (H) and ration between phaeopigments and its sum with chlorophyll a concentration (I) 
with optical depth. 

Mostly 𝑎௣௛∗ (438) and 𝑎௣௛∗ (678) values did not differ in the surface layer and within 
the euphotic zone (Figure 4). For the surface and the layer at the end of the photosynthesis 
zone (10–1% PAR), the dependences of 𝑎௣௛(𝜆) on TChl-a at 438 and 678 nm were ob-
tained. Based on Fisher’s and Student’s criteria [54], it was found (for 95% reliability) that 
they are not statistically distinguishable. Therefore, a relationship between 𝑎௣௛(438) (or 𝑎௣௛(678)) and TChl-a was determined on the dataset obtained in the water layer above 1 
% PAR in the form of a power law (see Equation (7)) (Figure 5). The obtained high values 
of the coefficients of determination (Table 1) demonstrate a tight relationship between 𝑎௣௛(438) (𝑎௣௛(678)) and TChl-a for all data retrieved within the euphotic zone. It indi-
cates the homogeneity of the photosynthesis zone in terms of the light-absorbing charac-
teristics of phytoplankton, namely, in terms of 𝑎௣௛∗ (𝜆). The obtained coefficient B indicates 
no decrease in 𝑎௣௛∗ (𝜆) with the growth of TChl-a increasing by more than an order of 
magnitude. 

The relationship (B95) obtained based on datasets from different regions of the global 
ocean, not including the Southern Ocean [50], is shown in Figure 5. It is evident that our 
data agree with B95 only in the middle of the TChl-a range of variability (0.5–0.6 mg m−3). 
However, under lower and higher TChl-a values, there are deviations of our data (line 
correlation) from B95’s line. 

  
Figure 5. Variations of the light absorption coefficients of phytoplankton at 678 nm (𝑎௣௛(678)) (A) 
and at 438 nm (𝑎௣௛(438)) (B) as a function of the sum chlorophyll a and phaeopigments concentra-
tion (TChl-a), for various water layers: surface—blue symbols; euphotic zone, but below 1 m 
depth—green symbols; layer below euphotic zone—purple symbols. The red and black lines are the 
regression lines corresponding to Equation (7) for our data in the euphotic zone and obtained by 
[50], respectively. Coefficients for the regression and the coefficients of determination (r2) are shown 
in Table 1. 

Comparison of the obtained coefficients (Table 1) with those for a large dataset of 
ocean data [50] and the Southern Ocean [26] showed the difference in B(λ) coefficients. 
The obtained values of coefficient B (near 1) indicate no decrease in 𝑎௣௛∗ (𝜆) with a rise of 
the TChl-a by more than an order of magnitude in the surface layer. 
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Table 1. Coefficients, number of samples (n), and coefficient of determination (r2) for the power fit 
Equation (7) described a link between phytoplankton absorption coefficient (𝑎௣௛(𝜆)) and the sum of 
chlorophyll a and phaeopigments (TChl-a) for data within the euphotic zone, λ is either 438 nm or 
676 nm. 

A(λ) B(λ) r2 n Region Reference 
λ = 438 nm 

0.042 0.93 0.83 126 Bransfield Strait, Falkland Current, 
Drake Passage, and the Powell Basin 

This research 

0.038 0.63 0.90 815 
Different regions of the global ocean, 

not including the Southern Ocean 
Bricaud et al., 

1995 

0.042 0.74 0.90 455 
Gerlache Strait, the Bransfield Strait, 
and the northwestern Weddell Sea 

Ferreira et al., 
2017 

λ = 678 nm 

0.018 0.92 0.92 126 
Bransfield Strait, Falkland Current, 

Drake Passage, and the Powell Basin This research 

0.017 0.82 0.94 815 Different regions of the global ocean, 
not including the Southern Ocean 

Bricaud et al., 
1995 

0.020 0.79 0.93 455 Gerlache Strait, the Bransfield Strait, 
and the northwestern Weddell Sea 

Ferreira et al., 
2017 

3.4. Parameterization of a Link between Phytoplankton Absorption Coefficient and Sum of 
Chlorophyll a and Phaeopigments Concentration 

Good correlation between 𝑎௣௛(438) (𝑎௣௛(678)) and TChl-a obtained for the eupho-
tic zone (Figure 5, Table 1) suggests that it would be appropriate to parameterize 𝑎௣௛(𝜆) 
with TChl-a over the visible irradiance (400–700 nm) at a 1 nm spectral resolution using 
Equation (7). Comparison of the obtained A(λ) and B(λ) coefficients (Figure 6 and Table 
2) with those revealed for a global ocean data set [44] (B95) shows the difference in B(λ) at 
shorter wavelengths, while the A(λ) is almost the same.  

 
 

 
Figure 6. Values of the spectral constant 𝐴(𝜆) (A) and 𝐵(𝜆) (B) obtained when fitting power laws 
in the form of Equation (7) of the variations of phytoplankton light absorption coefficients (𝑎௣௛(λ)) 
versus the sum of chlorophyll a and phaeopigment concentrations (TChl-a) for the euphotic zone of 
the Atlantic sector of the Southern Ocean from 11 January–4 February 2020 (green lines). Compari-
son data are shown for a global ocean data set (black lines) described by [50]. The 𝑎௣௛(𝜆) spectra 
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modeled using our parameterization coefficients when TChl-a equal 0.2 mg m−3 (C) and 4.0 mg m−3 
(D) (green line) and [50] (black line) are shown for comparison. 

Table 2. Spectral values of the constants (A(λ) and B(λ)) were obtained by fitting variations of aph(λ) 
versus the Chl-a plus phaeopigment concentrations (TChl-a) to power law as Equation (7). 

λ A(λ) B(λ) λ A(λ) B(λ) 
400 0.0286 0.9319 478 0.0257 0.8877 
402 0.0295 0.9347 480 0.0246 0.8822 
404 0.0304 0.9356 482 0.0236 0.8803 
406 0.0315 0.9371 484 0.0228 0.8859 
408 0.0326 0.9396 486 0.0220 0.8960 
410 0.0337 0.9407 488 0.0212 0.9127 
412 0.0346 0.9410 490 0.0205 0.9316 
414 0.0354 0.9420 492 0.0198 0.9529 
416 0.0360 0.9425 494 0.0191 0.9723 
418 0.0364 0.9440 496 0.0183 0.9896 
420 0.0367 0.9450 498 0.0176 1.0027 
422 0.0373 0.9551 500 0.0167 1.0103 
424 0.0377 0.9545 502 0.0159 1.0122 
426 0.0383 0.9530 504 0.0151 1.0071 
428 0.0390 0.9531 506 0.0142 0.9961 
430 0.0399 0.9505 508 0.0134 0.9807 
432 0.0408 0.9471 510 0.0126 0.9599 
434 0.0415 0.9433 512 0.0119 0.9382 
436 0.0418 0.9399 514 0.0111 0.9130 
438 0.0417 0.9344 516 0.0105 0.8905 
440 0.0412 0.9304 518 0.0099 0.8694 
442 0.0403 0.9249 520 0.0093 0.8534 
444 0.0391 0.9221 522 0.0088 0.8415 
446 0.0378 0.9191 524 0.0084 0.8330 
448 0.0367 0.9166 526 0.0080 0.8296 
450 0.0356 0.9136 528 0.0076 0.8314 
452 0.0349 0.9141 530 0.0073 0.8377 
454 0.0344 0.9154 532 0.0070 0.8470 
456 0.0341 0.9179 534 0.0068 0.8617 
458 0.0338 0.9222 536 0.0066 0.8787 
460 0.0336 0.9242 538 0.0063 0.8943 
462 0.0333 0.9262 540 0.0061 0.9133 
464 0.0329 0.9274 542 0.0059 0.9309 
466 0.0322 0.9270 544 0.0057 0.9451 
468 0.0314 0.9242 546 0.0055 0.9599 
470 0.0304 0.9196 548 0.0053 0.9706 
472 0.0293 0.9134 550 0.0051 0.9802 
474 0.0281 0.9047 552 0.0049 0.9886 
476 0.0269 0.8957 554 0.0047 0.9925 
λ A(λ) B(λ) λ A(λ) B(λ) 

556 0.0045 0.9909 630 0.0059 0.8759 
558 0.0043 0.9832 632 0.006 0.8739 
560 0.0041 0.9802 634 0.0061 0.8698 
562 0.004 0.968 636 0.0062 0.8701 
564 0.0039 0.9559 638 0.0063 0.8684 
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566 0.0039 0.9371 640 0.0063 0.8685 
568 0.0038 0.9233 642 0.0063 0.8621 
570 0.0038 0.9064 644 0.0063 0.8533 
572 0.0039 0.8898 646 0.0063 0.8409 
574 0.0039 0.8744 648 0.0064 0.8282 
576 0.004 0.8603 650 0.0065 0.819 
578 0.0041 0.8498 652 0.0068 0.8172 
580 0.0042 0.8411 654 0.0074 0.8217 
582 0.0043 0.8394 656 0.0082 0.8305 
584 0.0045 0.8355 658 0.0094 0.8416 
586 0.0046 0.8346 660 0.0108 0.8514 
588 0.0047 0.8307 662 0.0124 0.8612 
590 0.0047 0.8258 664 0.0142 0.8649 
592 0.0047 0.8229 666 0.0159 0.867 
594 0.0047 0.8174 668 0.0175 0.8667 
596 0.0046 0.8163 670 0.0186 0.869 
598 0.0045 0.8135 672 0.0193 0.874 
600 0.0045 0.8148 674 0.0194 0.8845 
602 0.0044 0.8182 676 0.0189 0.8991 
604 0.0044 0.8227 678 0.0177 0.9163 
606 0.0045 0.8302 680 0.0159 0.935 
608 0.0046 0.8398 682 0.0138 0.9501 
610 0.0047 0.8494 684 0.0114 0.9656 
612 0.0049 0.8552 686 0.0092 0.9721 
614 0.0051 0.8635 688 0.0072 0.9745 
616 0.0052 0.8664 690 0.0056 0.975 
618 0.0053 0.8696 692 0.0042 0.9692 
620 0.0055 0.8705 694 0.0033 0.9612 
624 0.0056 0.8777 696 0.0025 0.9491 
622 0.0056 0.8737 698 0.002 0.9383 
626 0.0057 0.8775 700 0.0016 0.8634 
628 0.0058 0.878    

Using the parameterization, the 𝑎௣௛(𝜆) spectra can be retrieved for a wide range of 
TChl-a variability in the euphotic zone. The 𝑎௣௛(𝜆) retrieved based on low (0.2 mg m−3) 
and high (4.0 mg m−3) TChl-a using the coefficients of our parameterization differed mark-
edly from the 𝑎௣௛(𝜆) retrieved using the B95 parameterization. It is evident that 𝑎௣௛(𝜆) 
for low TChl-a is lower significantly than the B95, but for high TChl-a is higher than the 
B95 at all wavelengths (Figure 6). The apparent difference between the spectra is caused 
by the difference in B(λ) coefficient. 

3.5. Light Absorption by NAP, CDOM, and CDM 
The 𝑎ே஺௉(438) varied in the range of 0.002–0.033 m−1. Values of 𝑎ே஺௉(438) showed 

a positive trend with TChl-a but with only a slight correlation (r2 = 0.42) (Figure 7). The 
share of the NAP in total particulate absorption was variable (Figure 4). The ratio between 𝑎ே஺௉(438) and 𝑎௣(438) was on average 0.24 ± 0.12 in the surface layer, 0.15 ± 0.08 in the 
euphotic zone, and 0.30 ± 0.13 below 1% PAR depth (Figure 8). The SNAP values were found 
to vary between 0.006 to 0.016 nm−1 with an average value of 0.011 ± 0.0017 nm−1. 
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Figure 7. Effect of the sum of chlorophyll a concentration and phaeopigments (TChl-a) on light ab-
sorption coefficients of non-algal particles (𝑎ே஺௉(438)) (A) and coloured dissolved organic matter 
at 438 nm (𝑎஼஽ைெ(438)) (B). Symbol notations are the same as in Figure 5. 

 
Figure 8. Relationship between light absorption coefficient of non-algal particles (𝑎ே஺௉(438)) and 
total particulate absorption (𝑎௣(𝜆)) at 438 nm. Symbols are denoted as in Figure 5. Blue, black and 
purple lines denote the linear relationship for the surface (𝑎ே஺௉(438)  =  0.24 × 𝑎௣(438) r2 = 0.83 (n 
= 35)), for euphotic (𝑎ே஺௉(438)  =  0.15 × 𝑎௣(438), r2 = 0.75 (n = 127)) and below layers (𝑎ே஺௉(438)  = 0.30 × 𝑎௣(438), r2 = 0.72 (n = 28)), respectively. 

Light absorption by CDOM (𝑎஼஽ைெ(438)) changed by almost two orders of magni-
tude (0.0054 – 0.19 m−1), but no dependence of the 𝑎஼஽ைெ(438) on TChl-a was observed 
for neither the surface, the photosynthesis zone, nor the deeper layer (Figure 7). It should 
be noted that the variability of CDOM absorption at 438 nm was comparable with that of 
phytoplankton absorption (about two orders of magnitude) and significantly higher than 
NAP absorption variability. 𝑆஼஽ைெ values were found to vary between 0.0082 and 0.029 
nm−1 with an average value of 0.013 ± 0.0034 nm−1 (Figure 4). At the surface, the SCDOM 
values co-varied with photosynthetic available radiation incident on the surface (Figure 
9). Based on all datasets, an inverse relation between SCDOM and 𝑎஼஽ைெ(438) was revealed 
(Figure 9). The relationship was described well (r2 = 0.60) by the following equation: 𝑆஼஽ைெ = 0.0054 × 𝑎஼஽ைெ(438)ି଴.ଶ଻. (12)

 



Remote Sens. 2023, 15, 634 15 of 25 
 

 

   

Figure 9. Dependence of the spectral slope coefficient (𝑆஼஽ைெ and SCDM) on light absorption coeffi-
cient at 438 nm of coloured dissolved organic matter (𝑎஼஽ைெ(438)) (A) coloured detrital matter 
(𝑎஼஽ெ(438))) (B) and the effect of daily photosynthetic available radiance (PAR) on the SCDOM (C). 
Symbol notations are the same as in Figure 5. The black line denotes the relationship for the euphotic 
zone: 𝑆஼஽ைெ = 0.0054 × 𝑎஼஽ைெ(438)ି଴.ଶ଻, n = 105, r2 = 0.60; 𝑆஼஽ெ = 0.0054 × 𝑎஼஽ைெ(438)ି଴.ଶ଻ n = 
105, r2 = 0.41, the blue line stands for the surface 𝑆஼஽ைெ = 0.00046 × 𝑃𝐴𝑅, r2 = 0.92. 

No dependence of CDOM absorption on water salinity was revealed (r2 = 0.040) (Fig-
ure 10). 

The light absorption coefficient of coloured detrital mater (𝑎஼஽ெ(𝜆)), which is the sum 
of NAP and CDOM absorption coefficients, varied by about one order of magnitude. Val-
ues of 𝑎஼஽ெ(438)) was in the range of 0.010–0.20 m−1 with an average value of 0.055 m−1. 
CDM spectral slope coefficient (SCDM) values varied about three times (0.0061–0.021 nm−1), 
mean was equal to 0.012 ± 0.0025 nm−1. An inverse relationship between the 𝑎஼஽ெ(438) 
and SCDM was revealed (Figure 9). This link was described by the power function (Equation 
(13)), but the determination coefficient was less (r2 = 0.44) than that for CDOM (Equation 
(12)). The reason is the NAP absorption, which is not co-varied with CDOM absorption. 𝑆஼஽ெ = 0.0062 × 𝑎஼஽ெ(438)ି଴.ଶଶ. (13)

 

  
 

   



Remote Sens. 2023, 15, 634 16 of 25 
 

 

   
Figure 10. Influence of the surface temperature (A–F) and salinity (G–I) on the sum of chlorophyll 
a and phaeopigments concentration (TChl-a) (A,G), TChl-a specific light absorption coefficient of 
phytoplankton at 678 nm (𝑎௣௛∗ (678)) (B), the ratio between phytoplankton light absorption coeffi-
cients at blue and red peaks (R) (C), non-algal particles light absorption coefficient at 438 nm 
( 𝑎ே஺௉(438)  (D,H), coloured dissolved organic matter light absorption coefficient at 438 nm 
(𝑎஼஽ைெ(438)) (E,I) and light absorption coefficient of phytoplankton at 438 nm (𝑎௣௛(438)) (F) in the 
surface layer of the Southern Ocean. 

3.6. Absorption Budget 
To analyse the contributions of phytoplankton, NAP, and CDOM to the total non-

water absorption, their normalized coefficients were shown on a ternary plot at 438 and 
490 nm that corresponded to the specific characteristic of phytoplankton, in particular 
maximum absorption (438 nm), as well as to the waveband of most ocean colour sensors 
(490 nm) (Figure 11).  

  
Figure 11. Contribution of phytoplankton (𝑎௣௛(𝜆)/𝑎௧௢௧(𝜆)), non-algal particles (𝑎ே஺௉(𝜆)/𝑎௧௢௧(𝜆)), 
and coloured dissolved organic matter (𝑎஼஽ைெ(𝜆)/𝑎௧௢௧(𝜆)), to the total non-water absorption at 438 
nm (blue symbols) and at 490 nm (green symbols) in the surface layer of the Southern Ocean from 
11 January–4 February 2020. 

In the surface layer and wavelengths examined, 𝑎஼஽ைெ(𝜆) or 𝑎௣௛(𝜆) dominated the 
total non-water absorption. An increase in the phytoplankton (or CDOM) share in the 
total non-water absorption was due to an increase in phytoplankton absorption coefficient 
(and TChl-a). In this case, the CDOM share decreased, correlating with the CDOM absorp-
tion coefficient (Figure 12). The phytoplankton and CDOM shares were highly variable. 
At 438 nm, the CDOM contribution varied from 3 to 92% with an average value of 45 ± 
26%; phytoplankton contribution varied from 6 to 87% with an average of 42 ± 21%. The 
NAP contribution, with the exception of one point, was the smallest 2–21% with an aver-
age value equal to 13 ± 8%. At 490 nm CDOM and phytoplankton remained dominant in 
the total non-water absorption. However, the share of NAP increased up to 42% in com-
parison with that observed at 438 nm (Figure 11). 
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Figure 12. Relationship of the contribution of phytoplankton (𝑎௣௛(438)/𝑎௧௢௧(438)) (A,C) and col-
oured dissolved organic matter (𝑎஼஽ைெ(438)/𝑎௧௢௧(438)) (B,D) to the total non-water absorption at 
438 nm with the sum of chlorophyll a and phaeopigments concentration (TChl-a) (A,B) and with 𝑎௣௛(438) (C) and with 𝑎஼஽ைெ(438) (D). 

4. Discussion 
The study area was very contrasting in terms of hydrological characteristics. The cur-

rents with relatively warm (FC and DP) and cold waters (in the BS from the Weddell Sea), 
as well as frontal zones (in the BS and the northern PB), caused different environmental 
factors for phytoplankton growth regarding not only temperature but also the light inten-
sity and nutrient availability [55,56]. As a result, the TChl-a varied widely across investi-
gated regions. The TChl-a range of variability and vertical fluorescence profiles were in 
good agreement with the results obtained in the western-northern Antarctic Peninsula in 
austral summer [26,33,57,58]. Although in some water areas, the influence of temperature 
on TChl-a was noted (Figure 10) but generally, for the entire study area, there was no 
dependence of TChl-a on temperature. It is due to the multifactorial dependence of TChl-
a. TChl-a depends on phytoplankton photosynthesis/growth, which is determined not 
only by temperature but also by the light “history” of phytoplankton related to water 
stratification and by nutrient availability as well [14,28,59,60]. The Southern Ocean is 
known to be a high-nutrient ecosystem [12], but iron limitation observed locally resulted 
in the heterogeneity of the region in terms of phytoplankton photophysiology and photo-
synthetic production [17,61,62]. Moreover, zooplankton grazing affects phytoplankton bi-
omass and, consequently, the TChl-a [63]. Hence, the observed TChl-a variability is due to 
a combination of environmental factors. 

However, for such a wide range of TChl-a variability, the relative stability of 𝑎௣௛∗ (678), 𝑎௣௛∗ (438) and R was noted within the euphotic zone. Based on known regular-
ities of 𝑎௣௛∗ (𝜆) variability [64], stability of 𝑎௣௛∗ (𝜆) indicates that pigment package effect 
associated with intracellular pigment concentration and phytoplankton species and the 
cell size composition changed insignificantly with depth within the euphotic zone, if 
changed at all. Such homogeneity in the vertical distribution of functional characteristics 
of phytoplankton (in particular, specific light absorption) was probably due to the insuf-
ficient stability of the water column (although temperature and salinity changed with 
depth), which led to vertical mixing and the planktonic algae could not manage to change 
their light-absorbing characteristics with depth [65]. 

It could be noted that below the euphotic zone a tendency to decrease in 𝑎୮୦∗ (678), 𝑎୮୦∗ (438) and R was observed (Figure 4). Below the euphotic zone, phaeopigment share 
summed with chlorophyll a was increased. In most stations, phaeopigments share in the 
euphotic zone was 4–35 % except for three stations with 58–75%, where TChl-a exceeded 
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1 mg m−3. The high content of phaeopigments (58–75%) in the Southern Ocean was de-
tected before and was linked to increased grazing pressure [32]. An increase in the phae-
opigment share below the euphotic zone resulted in a decrease in a୮୦∗ (𝜆) and R (Figure 
4). This effect is related to the phaeopigment-specific light absorption coefficient (absorb-
ance extinction), which is almost three times lower than that of chlorophyll a [66]. 

Parameterization of the phytoplankton absorption within the euphotic zone revealed 
a noticeably higher coefficient B(λ) for the blue spectrum domain compared to what was 
generally reported in the literature [26,50,52]. The observed invariance of 𝑎௣௛∗ (438) and 𝑎௣௛∗ (678) (while TChl-a changed by 20 times), which resulted in a coefficient B(λ) close to 
1, explains no increase in intracellular pigment package degree [67,68] under TChl-a rise 
in contrast to results observed before in different regions of the global ocean [50,52] and 
the Southern Ocean [26,28]. General pattern of 𝑎௣௛∗ (𝜆)-TChl-a relationship is a decrease in 𝑎௣௛∗ (𝜆) with increasing TChl-a [26,28,32,50,52]. 

Another pattern of 𝑎௣௛∗ (𝜆)-TChl-a relationship observed in our research could be due 
to the fact that in the summer of 2020, increasing TChl-a was likely associated with 
changes in the size structure of phytoplankton and, in particular, associated with a shift 
towards small-celled phytoplankton observed during our scientific cruise [69] and in this 
region before [70]. This change in the cell size explains the observed absence of a decrease 
in TChl-a specific absorption, which was expressed in the phytoplankton absorption pa-
rameterization by the B coefficient near 1. In the Southern Ocean, a shift in dominant phy-
toplankton taxon has been noted: from large diatoms to small dinoflagellates, including 
cryptophyte algae [1]. Our measurements of 𝑎௣௛(𝜆) showed that local maxima at 490 and 
550 nm were noticeable at particular stations (Figure 13). 

These local maxima are associated with absorption bands of phycoerythrin, which 
contains in the pigment complex of cryptophyte and cyanobacteria [53,71,72]. Previously, 
we showed that local maxima became visible on the spectrum if a contribution of the phy-
coerythrin-containing species to the total phytoplankton biomass reached ca. 20% [73]. At 
a smaller phycoerythrin share, the local maxima were masked by other pigment absorp-
tion. The spectral features of 𝑎௣௛(𝜆) confirm the assumption of the predominant devel-
opment of small-celled species (including cryptophytes) in more trophic waters, which 
may be the reason for the noted features in the parametrization of light absorption by 
phytoplankton (B coefficient near 1 in the blue domain) obtained in our research. In-
creased abundance of the cryptophytes (assessed indirectly via 𝑎୮୦(𝜆) shape) in more 
trophic and warmer waters agrees with earlier results that showed that the cryptophytes 
were most abundant during the summer months, and they were associated with warmer 
surface waters [70,74]. 

  
Figure 13. Phytoplankton light absorption spectra (𝑎௣௛(𝜆)) normalized on its value at red maximum 
( 𝑎௣௛(678) ) at stations (6585, 6609, 6614, 6631, RS4) (A); the difference between spectra 𝑎௣௛(𝜆)/𝑎௣௛(678) with and without local maxima (B). The red line denotes the spectrum with a more 
pronounced local maximum at station 6609. 

Generally, the NAP light absorption is determined by the absorption of suspended 
organic (non-living) particles, which are not associated with phytoplankton (bacteria and 
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detritus), and absorption of mineral particles which are typical for shallow and coastal 
waters [75,76]. The obtained variable NAP absorption contribution to 𝑎௣(438) (Figure 7) 
and a slight correlation between 𝑎ே஺௉(438) and TChl-a (𝑎௣௛(438)) in the euphotic zone 
(Figures 4) are in good agreement with that observed earlier [32,33]. Salinity did not affect 𝑎ே஺௉(438) variability (Figure 10). Consequently, in the investigated area, an influence of 
ice melting on NAP was not detected. NAP is likely to have both a biological and physical 
origin, which could be related to the currents and frontal zones in the area studied (Figure 
1). The 𝑆ே஺௉ (0.011 ± 0.0017 nm−1) agreed with results obtained in different regions of the 
global ocean [33,35,52,77,78]. The SNAP values were less variable as compared to SCDOM, 

which was consistent with the results of ref. [52]. The obtained 𝑆஼஽ைெ values agreed with 
data in the western-northern Antarctic Peninsula [33]. The range of 𝑆஼஽ைெ variability ob-
tained for the Southern Ocean corresponded to that obtained for the open ocean (0.015–
0.030 nm−1) [79] and the European coastal waters 0.014–0.020 nm−1 [52], but with a lower 
limit to the range. 

The SCDOM showed an inverse relation with 𝑎஼஽ைெ(438)  as observed elsewhere 
[35,79]. The positive correlation between the SCDOM and PAR incident on the surface was 
revealed (Figure 9). It justifies that the inverse trend of SCDOM against aCDOM(438) is related 
to photobleaching near the surface. Due to CDOM photodegradation, low-molecular-
weight compounds occurred, which resulted in SCDOM increasing and 𝑎஼஽ைெ(438) de-
creasing [80]. 

CDOM absorption at 438 nm was found to vary widely ((0.0054–0.19 m−1). The high 
CDOM variability was observed before in the Antarctic Peninsula area [81]. No correla-
tion between CDOM absorption and both TChl-a and salinity (Figure 7, 10) suggests the 
influence of various factors on the CDOM content: biological (phytoplankton, bacteria, 
and other pelagic organisms) and physical (photobleaching, ice melting), which can oper-
ate in different directions [81–83]. 

We obtained that at the surface layer and examined wavelengths (438 and 490 nm), 
CDOM and phytoplankton alternately dominated the total non-water absorption (Figure 
11). Earlier investigations showed only the phytoplankton domination in the northern 
Antarctic Peninsula in 2013–2014 [33] and the Indian sector of the Southern Ocean [28]. In 
our research, the increasing share of phytoplankton or CDOM resulted from an increase 
in the absolute content of this optically active component (Figure 12). In the more trophic 
area, the CDOM content was lower than in less trophic waters. The region of our studies 
was highly contrasted in terms of TChl-a content in the surface layer and in terms of hy-
drological and optical characteristics of the waters as well. As a consequence, in our stud-
ies, there were areas where phytoplankton or CDOM dominated in light absorption in the 
upper layer (Figure 14). The increase in the share of phytoplankton or CDOM (Figure 14) 
was, in general, coincident with the rise of their content and absorption coefficient. 
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Figure 14. Contribution of the phytoplankton (green), non-algal particles (brown), and coloured 
dissolved organic matter (yellow) to the total non-water absorption at 438 nm in the surface layer of 
the Southern Ocean from 11 January–4 February 2020. 

Comparison of the Chl-a measured in this research with satellite retrievals shows that 
satellite assessments underestimate (except two stations of the FC: the first corresponding 
to 1:1 line and the second corresponding to above 1:1 line) the Chl-a about two times (Fig-
ure 15, Table 3), which agreed with the previous studies [20–25]. The satellite Chl-a vali-
dation in ref. [24] fulfilled on a larger dataset than in our research showed a trend to an 
increase in deviation of the satellite data from the 1:1 correspondence with an increase in 
Chl-a (Figures 2 and 3 in [24]). This trend is possibly related to the high variability in 
CDOM absorption without correlation with TChl-a, which leads to a decrease in the 
CDOM share in total non-water absorption at high TChl-a, as observed in our research 
(Figure 12). 

Table 3. Validation of satellite (Merged ATV, Aqua-MODIS, S3A-OLCI, SNPP-VIIRS) chlorophyll a 
retrieval based on statistical metrics: bias (Equation (3)) and MAE (Equation (4)). 

Satellite Scanners n bias MAE 
Merged ATV 12 0.63 1.9 
Aqua-MODIS 17 0.51 2.4 

S3A-OLCI 8 0.54 1.8 
SNPP-VIIRS 14 0.47 2.2 

without maximum value (one point highlighted in Figure 15) 
Merged ATV  11 0.55 1.8 
Aqua-MODIS 16 0.45 2.3 
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Figure 15. Comparison of the satellite chlorophyll a concentration Chl and the concentration meas-
ured in situ (Chlm). The green line 1:1 represents an ideal correspondence: (A)—S3A-OLCI data 
(ChlOLCI), (B)—SNPP-VIIRS data (ChlVIIRS), (C)—Aqua-MODIS data (ChlMA) and (D)—Merged_ATV 
data (ChlATV). The red line represents the correlation between Chlm and satellite data without one 
maximal satellite value—dot in the blue circle (C,D). 

5. Conclusions 
Expedition (No. 79) on RV “Akademik Mstislav Keldysh” allowed us to collect the 

dataset to investigate the variability in spectral light absorption coefficients by all optically 
active components in the Atlantic region of the Southern Ocean in the austral summer of 
2020. The high spatial variability in 𝑎஼஽ைெ(𝜆) (uncorrelated with TChl-a) and CDOM 
share in the total non-water absorption resulting in a shift in the dominance from CDOM 
to phytoplankton reflects the regional specificity of the bio-optical properties of the South-
ern Ocean that cause deviations (underestimation about two times) in the global bio-opti-
cal algorithms (different scanners) when applied to the Southern Ocean (Figure 15, Table 
3). The performed parametrization of the link between phytoplankton absorption coeffi-
cients and TChl-a within the visible domain in 1 nm increments allows the retrieval of a 
spectrum based on TChl-a data required for the assessment of the photosynthetic charac-
teristics of phytoplankton and primary production, as well as to solve the inverse task, 
i.e., the assessment of the TChl-a based on remote sensing data using the developed three-
band algorithm for separating light absorption by phytoplankton and coloured detrital 
matter [34]. The results of NAP, CDOM, and CDM light absorption parameterization and 
the retrieved relationship between SCDOM (SCDM) and CDOM (CDM) absorption coefficient 
can be useful for adaptation of the three-band algorithm developed for the Black Sea to 
the Southern Ocean waters, which is planned to be realized in future research. 

Author Contributions: Conceptualization, T.C.; methodology, T.C. and N.M.; software, A.B.; for-
mal analysis, T.C., N.M., T.E. and E.S.; resources, N.M., V.A. and P.S.; writing—original draft prep-
aration, T.C.; writing—review and editing, T.C. and P.S.; visualization, N.M.; supervision, T.C; pro-
ject administration, T.E; funding acquisition, T.C. All authors have read and agreed to the published 
version of the manuscript. 

Funding: Analysis of variability of the spectral light absorption by optically active components and 
manuscript writing were supported by Russian Science Foundation (grant No. 22-27-00790). 

Data Availability Statement: Not applicable. 



Remote Sens. 2023, 15, 634 22 of 25 
 

 

Acknowledgments: We would like to thank the captains and crew of the RV “Akademik Mstislav 
Keldysh” for technical assistance. The authors are indebted to NASA’s Ocean Biology Processing 
Group (OBPG) for providing access to the satellite ocean colour dataset used in this work. The au-
thors are very thankful to anonymous reviewers for their comments and helpful suggestions. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manu-
script, or in the decision to publish the results. 

References 
1. Kerr, R.; Mata, M.M.; Mendes, C.R.B.; Secchi, E.R. Northern Antarctic Peninsula: A marine climate hotspot of rapid changes on 

ecosystems and ocean dynamic. Deep Sea Res. Part II Top. Stud. Oceanogr. 2018, 149, 4–9. 
https://doi.org/10.1016/j.dsr2.2018.05.006. 

2. CCAMLR. Statistical Bulletin; Commission for the Conservation of Antarctic Marine Living Resources: Hobart, Australia, 2018; 
p. 30. 

3. FAO. The State of World Fisheries and Aquaculture; Food and Agriculture Organization: Rome, Italy, 2018. 
4. Grant, S.M.; Hill, S.L.; Trathan, P.N.; Murphy, E.J. Ecosystem services of the Southern Ocean: Trade-offs in decision-making. 

Antarct. Sci. 2013, 25, 603–617. https://doi.org/10.1017/s0954102013000308. 
5. Atkinson, A.; Siegel, V.; Pakhomov, E.; Rothery, P. Long-term decline in krill stock and increase in salps within the Southern 

Ocean. Nature 2004, 432, 100–103. 
6. Clarke, A.; Murphy, E.J.; Meredith, M.P.; King, J.C.; Peck, L.S.; Barnes, D.K.; Smith, R.C. Climate change and the marine ecosys-

tem of the western Antarctic Peninsula. Phil. Trans. R. Soc. 2007, 362, 149–166. 
7. Ducklow, H.W.; Baker, K.; Martinson, D.G.; Quetin, L.B.; Ross, R.M.; Smith, R.C.; Stammerjohn, S.E.; Vernet, M.; Fraser, W. 

Marine ecosystems: The West Antarctic Peninsula. Phil. Trans. R. Soc. 2007, 362, 67–94. 
8. IPCC. Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergov-

ernmental Panel on Climate Change; Masson-Delmotte, V., Zhai, P., Pirani, A., Connors, S.L., Péan, C., Berger, S., Caud, N., Chen, 
Y.,Goldfarb, L., Gomis, M.I.; et al., Eds.; Cambridge University Press: Cambridge, UK, 2021; (in press). 

9. Pan, B.J.; Vernet, M.; Reynolds, R.A.; Mitchell, B.G. The optical and biological properties of glacial meltwater in an Antarctic 
fjord. PLoS ONE 2019, 14, e0211107. https://doi.org/10.1371/journal.pone.0211107. 

10. Morley, S.A.; Abele, D.; Barnes, D.K.A.; Cárdenas., C.A.; Cotté, C.; Gutt, J.; Henley, S.F.; Höfer, J.; Hughes, K.A.; Martin., S.M.; 
et al. Global Drivers on Southern Ocean Ecosystems: Changing Physical Environments and Anthropogenic Pressures in an 
Earth System. Front. Mar. Sci. 2020, 7, 547188. https://doi.org/10.3389/fmars.2020.547188. 

11. Pitchford, J.W.; Brindley, J. Iron limitation, grazing pressure and oceanic high nutrient-low chlorophyll (HNLC) regions. J. 
Plankton Res. 1999, 21, 525–547. https://doi.org/10.1093/plankt/21.3.525. 

12. Pollard, R.; Tréguer, P.; Read, J. Quantifying nutrient supply to the Southern Ocean. J. Geophys. Res. Ocean. 2006, 111, C05011. 
https://doi.org/10.1029/2005JC003076. 

13. Mitchell, B.G. Predicative bio-optical relationships for polar oceans and marginal ice zones. J. Mar. Syst. 1992, 3, 91–105. 
14. Kerkar, A.U.; Tripathy, S.C.; Minu, P.; Baranval, N.; Sabu, P.; Patra, S.; Mishra, R.K.; Sarkar, A. Variability in primary produc-

tivity and bio-optical properties in the Indian sector of the Southern Ocean during an austral summer. Polar Biol. 2020, 43, 1469–
1492. https://doi.org/10.1007/s00300-020-02722-2. 

15. Boyd, P.W.; Jickells, T.; Law, C.S.; Blain, S.; Boyle, E.A.; Buesseler, K.O.; Coale, K.H.; Cullen, J.J.; de Baar, H.J.W.; Follows, M.; 
et al. Mesoscale iron enrichment experiments 1993-2005: Synthesis and future directions. Science 2007, 315, 612–617. 
https://doi.org/10.1126/science.1131669;. 

16. Wadley, M.R.; Jickells, T.D.; Heywood, K.J. The role of iron sources and transport for Southern Ocean productivity. Deep. Res. 
Part I Oceanogr. Res. Pap. 2014, 87, 82–94. https://doi.org/10.1016/j.dsr.2014.02.003. 

17. Yoon, J.-E.; Yoo, K.-C.; Macdonald, A.M.; Yoon, H.-I.; Park, K.-T.; Yang, E.J.; Kim, H.-C.; Lee, J.I.; Lee, M.K.; Jung, J.; et al. 
Reviews and syntheses: Ocean iron fertilization experiments—Past, present, and future looking to a future Korean Iron Fertili-
zation Experiment in the Southern Ocean (KIFES) project. Biogeosciences 2018, 15, 5847–5889. https://doi.org/10.5194/bg-15-5847-
2018. 

18. Qian, Y.; Jochens, A.E.; Kennicutt li, M.C.; Biggs, D.C. Spatial and temporal variability of phytoplankton biomass and commu-
nity structure over the continental margin of the northeast Gulf of Mexico based on pigment analysis. Cont. Shelf Res. 2003, 23, 
1–17. https://doi.org/10.1016/s0278-4343(02)00173-5. 

19. Wright, S.W.; Jeffrey, S.W. Pigment markers for phytoplankton production. Handb. Environ. Chem. 2006, 2, 71–104. 
https://doi.org/10.1007/698_2_003. 

20. Garcia, C.A.E.; Garcia, V.M.T.; McClain, C.R. Evaluation of SeaWiFS chlorophyll algorithms in the southwestern Atlantic and 
Southern Oceans. Remote Sens. Environ. 2005, 95, 125–137. 

21. Dierssen, H.M.; Smith, R.C. Bio-optical properties and remote sensing ocean color algorithms for Antarctic Peninsula waters. J. 
Geophys. Res. 2000, 105, 26301–26312. 

22. Szeto, M.; Werdell, P.J.; Moore, T.S.; Campbell, J.W. Are the world’s oceans optically different? J. Geophys. Res. 2011, 116, 
C00H04. https://doi.org/10.1029/2011JC007230. 



Remote Sens. 2023, 15, 634 23 of 25 
 

 

23. Pereira, E.S.; Garcia, C.A. Evaluation of satellite-derived MODIS chlorophyll algorithms in the northern Antarctic Peninsula. 
Deep Sea Res. Part II Top. Stud. Oceanogr. 2018, 149, 124–137. 

24. Ferreira, A.; Brito, A.C.; Mendes, C.R.B.; Brotas, V.; Costa, R.R.; Guerreiro, C.V.; Sá, C.; Jackson, T. OC4-SO: A New Chlorophyll-
a Algorithm for theWestern Antarctic Peninsula Using Multi-Sensor Satellite Data. Remote Sens. 2022, 14, 1052. 
https://doi.org/10.3390/ rs14051052. 

25. Johnson, R.; Strutton, P.G.; Wright, S.W.; McMinn, A.; Meiners, K.M. Three improved satellite chlorophyll algorithms for the 
Southern Ocean. J. Geophys. Res. Ocean. 2013, 118, 3694–3703. 

26. Ferreira, A.; Ciotti, Á.M.; Mendes, C.R.B.; Uitz, J.; Bricaud, A. Phytoplankton light absorption and the package effect in relation 
to photosynthetic and photoprotective pigments in the northern tip of Antarctic Peninsula. J. Geophys. Res. 2017, 122, 7344–7363. 

27. Jena, B. The effect of phytoplankton pigment composition and packaging on the retrieval of chlorophyll-a concentration from 
satellite observations in the Southern Ocean. Int. J. Remote Sens. 2017, 38, 3763–3784. 
https://doi.org/10.1080/01431161.2017.1308034. 

28. Kerkar, A.U.; Tripathy, S.C.; Pandi, S.R. Bio-optical depiction of a polar ocean under global change: Exploring the regional 
absorption traits. Glob. Planet. Change 2022, 213, 103818. https://doi.org/10.1016/j.gloplacha.2022.103818. 

29. Reynolds, R. A., Stramski, D., Mitchell, B. G. A chlorophyll-dependent semianalytical reflectance model derived from field 
measurements of absorption and backscattering coefficients within the Southern Ocean. J. Geophys. Res. Ocean. 2001, 106, 7125–
7138. 

30. Kirk, J.T.O. Light and Photosynthesis in Aquatic Ecosystems; Cambridge University Press: Cambridge, UK, 2011; p. 649. 
31. Sosik, H.; Vernet, M.; Mitchell, B.G. A comparison of particulate absorption properties between high- and mid-latitude surface 

waters. Antarct. JUS 1992, 27, 162–164. 
32. Robinson, C.M.; Huot, Y.; Schuback, N.; Ryan-Keogh, T.J.; Thomalla, S.J.; Antoine, D. High latitude Southern Ocean phyto-

plankton have distinctive bio-optical properties. Opt. Express 2021, 29, 21084–21112. https://doi.org/10.1364/OE.426737. 
33. Ferreira, A.; Ciotti, Á.M.; Garcia, C.A.E. Bio-optical characterization of the northern Antarctic Peninsula waters: Absorption 

budget and insights on particulate backscattering. Deep Sea Res. Part II Top. Stud. Oceanogr. 2018, 149, 138–149. 
https://doi.org/10.1016/j.dsr2.2017.09.007. 

34. Suslin, V.; Churilova, T. The Black Sea regional algorithm of separation of light absorption by phytoplankton and colored de-
trital matter using ocean color scanner’s bands from 480-560 nm. Int. J. Remote Sens. 2016, 37, 4380–4400. 
https://doi.org/10.1080/01431161.2016.1211350. 

35. Churilova, T.; Moiseeva, N.; Efimova, T.; Suslin, V.; Krivenko, O.; Zemlianskaia, E. Annual variability in light absorption by 
particles and colored dissolved organic matter in coastal waters of Crimea (the Black Sea). In Proceedings of the 23rd Interna-
tional Symposium on Atmospheric and Ocean Optics: Atmospheric Physics, Irkutsk, Russia, 3–7 July 2017; SPIE: Bellingham, 
WA, USA, 2017; p. 10466. https://doi.org/10.1117/12.2288339. 

36. Churilova, T.; Suslin, V. Parameterization of light absorption by all in-water optically active components in the Black Sea: Impact 
for underwater irradiance and primary production modeling. In Proceedings of the Coastal to Global Operational Oceanogra-
phy: Achievements and Challenges: Proceedings of the Fifth International Conference on EuroGOOS, Exeter, UK, 20–22 May 
2010; EuroGOOS Publication: Brussels, Belgium, 2010; pp. 199–205. https://doi.org/10.1117/12.2203660. 

37. Suslin, V.V.; Churilova, T.Y.; Lee, M.; Moncheva, S.; Finenko, Z.Z. Comparison of the Black Sea chlorophyll-a algorithms for 
SeaWiFS and MODIS instruments. Fundamentalnaya i Prikladnaya Gidrofizika 2018, 11, 64—72. 
https://doi.org/10.7868/S2073667318030085. 

38. Jeffrey, S.W.; Humphrey, G.F. New spectrophotometric equations for determining chlorophylls a, b, c1 and c2 in higher plants, 
algae and natural phytoplankton. Biochem. Physiol. Pflanz. 1975, 167, 191–194. https://doi.org/10.1016/S0015-3796(17)30778-3. 

39. Lorenzen, C.J. Determination of chlorophyll and pheo-pigments: Spectrophotometric equations. Limnol. Оceanogr. 1967, 12, 343–
346. 

40. Oceancolor. Level-3 Browser. Available online: https://oceancolor.gsfc.nasa.gov/l3/ (accessed on 1 December 2022). 
41. Oceancolor. Chlorophyll A. Available online: https://oceancolor.gsfc.nasa.gov/atbd/chlor_a (accessed on 1 December 2022). 
42. (accessed on 1 December 2022). 
43. O’Reilly, J.E. McClain, C.R.; Ainsworth, E.; Barnes, R.; Eplee, R.E., Jr.; Patt, F.S.; Robinson, W.; Wang, M.; Bailey, S. SeaWiFS 

Postlaunch Calibration and Validation Analyses. NASA Tech. Memo. 2000, 11, 49. 
44. Hu, C.; Lee, Z.; Franz, B. Chlorophyll a algorithms for oligotrophic oceans: A novel approach based on three-band reflectance 

difference. J. Geophys. Res. 2012, 117, C1. https://doi.org/10.1029/2011jc007395. 
45. O’Reilly, J.E.; Werdell, P.J. Chlorophyll algorithms for ocean color sensors—OC4, OC5 & OC6. Remote Sens. Environ. 2019, 229, 

32–47. https://doi.org/10.1016/j.rse.2019.04.021. 
46. Seegers, B.N.; Stumpf, R.P.; Schaeffer, B.A.; Loftin, K.A.; Werdell, P.J. Performance metrics for the assessment of satellite data 

products: An ocean color case study. Opt. Express 2018, 26, 7404–7422. https://doi.org/10.1364/OE.26.007404. 
47. Neeley, A.R.; Mannino, A. Ocean Optics and Biogeochemistry Protocols for Satellite Ocean Colour Sensor Validation (v. 1. 0); IOCCG: 

Dartmouth, NS, Canada, 2018. 
48. Kishino, M.; Takahashi, N.; Okami, N.; Ichimura, S. Estimation of the spectral absorption coefficients of phytoplankton in the 

sea. Bull. Mar. Sci. 1985, 37, 634–642. 
49. Roesler, C.S.; Perry, M.J. In situ phytoplankton absorption, fluorescence emission, and particulate backscattering spectra deter-

mined from reflectance. J. Geophys. Res. 1995, 100, 13279–13294. 



Remote Sens. 2023, 15, 634 24 of 25 
 

 

50. Mitchell, B.G. Algorithms for determining the absorption coefficient for aquatic particulates using the quantitative filter tech-
nique. In Ocean Оptics X; SPIE: Bellingham, WA, USA, 1990; Volume 1302, pp. 137–148. 

51. Bricaud, A.; Babin, M.; Morel, A., Claustre, H. Variability in the chlorophyll-specific absorption coefficients of natural phyto-
plankton: Analysis and parameterization. J. Geophys. Res. 1995, 100, 13321–13332. https://doi.org/10.1029/95JC00463. 

52. Mitchell, B.G.; Kahru, M.; Wieland, J.; Stramska, M. Determination of spectral absorption coefficients of particles, dissolved 
materials and phytoplankton for discrete water samples. Ocean Opt. Prot. Satel. Ocean Col. Sen. Valid. Revis. 2003, 3, 231. 

53. Babin, M.; Stramski, D.; Ferrari, G.M.; Claustre, H.; Bricaud, A.; Obolensky, G.; Hoepffner, N. Variations in the light absorption 
coefficients of phytoplankton, non-algal particles, and dissolved organic matter in coastal waters around Europe. J. Geophys. 
Res. 2003, 108, C7. https://doi.org/10.1029/2001JC000882 

54. Heidenreich, K.M.; Richardson, T.L. Photopigment, absorption, and growth responses of marine cryptophytes to varying spec-
tral irradiance. J. of Phycol. 2020, 56, 507–520. https://doi.org/10.1111/jpy.12962. 

55. McDonald, J.H. Handbook of Biolological Statistics; Sparky House Publishing: Baltimore, MD, USA, 2014. 
56. Morozov, E.G.; Krechik, V.A.; Frey, D.I.; Polukhin, A.A.; Artemiev, V.A.; Kasyan, V.V.; Sapozhnikov, P.V.; Mukhametianov, 

R.Z. Frontal Zone Between Relatively Warm and Cold Waters in the Northern Weddell Sea. In Antarctic Peninsula Region of the 
Southern Ocean Springer; Morozov, E.G., Flint, M.V., Spiridonov, V.A., Eds.; Springer: Cham, Switzerland, 2021; Volume 6, pp. 
31–53. 

57. Stepanova, S.V., Polukhin, A.A., Borisenko, G.V., Chultsova, A.L., Marina, E.N., Popov, O.S., Seliverstova, A.M., Vidnichuk, 
A.V. and Tishchenko, P.P. Hydrochemical structure of waters in the Northern Weddell Sea in Austral summer 2020. In Antarctic 
Peninsula Region of the Southern Ocean: Oceanography and Ecology; Morozov, E.G., Flint, M.V., Spiridonov, V.A., Eds.; Springer: 
Cham, Switzerland, 2021; Volume 6, pp. 159–174. 

58. Figueiras, F.G.; Arbones, B.; Estrada, M. Implications of bio-optical modeling of phytoplankton photosynthesis in Antarctic 
waters: Further evidence of no light limitation in the Bransfield Strait. Limnol. Oceanogr. 1999, 44, 1599–1608. 

59. Figueroa, F.L. Bio-optical characteristics of Gerlache and Bransfield Strait waters during an Antarctic summer cruise. Deep Sea 
Res. Part II Top. Stud. Oceanogr. 2002, 49, 675–691. https://doi.org/10.1016/s0967-0645(01)00118-7. 

60. Smith, R.C.; Baker, K.S.; Byers, M.L.; Stammerjohn, S.E. Primary productivity of the Palmer Long Term Ecological Research 
Area and the Southern Ocean. J. Mar. Syst. 1998, 17, 245–259. https://doi.org/10.1016/s0924-7963(98)00041-4. 

61. Falkowski, P.G.; Raven, J.A. Aquatic Photosynthesis, 2nd. ed.; Princeton University Press: Princeton, NJ, USA, 2007; p. 512. 
62. Holeton, C.L.; Nédélec, F.; Sanders, R.; Brown, L.; Moore, C.M.; Stevens, D.P.; Heywood, K.J.; Statham, P.J.; Lucas, C.H. Physi-

ological state of phytoplankton communities in the Southwest Atlantic sector of the Southern Ocean, as measured by fast repe-
tition rate fluorometry. Polar Biol. 2005, 29, 44–52. https://doi.org/10.1007/s00300-005-0028-y. 

63. Hiscock, M.R.; Lance, V.P.; Apprill, A.M.; Bidigare, R.R.; Johnson, Z.I.; Mitchell, B.G.; Smith, W.O.; Barber, R.T. Photosynthetic 
maximum quantum yield increases are an essential component of the Southern Ocean phytoplankton response to iron. Proc. 
Natl. Acad. Sci. USA 2008, 105, 4775–4780. 

64. Le Quéré, C.; Buitenhuis, E.T.; Moriarty, R.; Alvain, S.; Aumont, O.; Bopp, L.; Chollet, S.; Enright, C.; Franklin, D.J.; Geider, R.J.; 
et al. Role of zooplankton dynamics for Southern Ocean phytoplankton biomass and global biogeochemical cycles. Biogeosci-
ences 2016, 13, 4111–4133. https://doi.org/10.5194/bg-13-4111-2016. 

65. Bricaud, A.; Morel, A.; Prieur, L. Absorption by dissolved organic matter of the sea (yellow substance) in the UV and visible 
domains. Limnol. Oceanogr. 1981, 26, 43–53. 

66. Cullen, J.J.; Lewis, M.R. The kinetics of algal photoadaptation in the context of vertical mixing. J. Plank. Res. 1988, 10, 1039–1063. 
67. Jeffrey, S.W.; Mantoura, R.F.C.; Wright, S.W. Phytoplankton Pigments in Oceanography: Guidelines to Modern Method; UNESCO 

publishing: Paris, France, 1997. 
68. Morel, A.; Bricaud, A. Theoretical results concerning light absorption in a discrete medium and application to specific absorp-

tion of phytoplankton. Deep-Sea Res. 1981, 28, 1375–1393. 
69. MacIntyre, H.L.; Kana, T.M.; Anning, J.; Geider, R. Photoacclimation of photosynthesis irradiance response curves and photo-

synthetic pigments in microalgae and cyanobacteria. J. Phycol. 2002, 38, 17–38. 
70. Mukhanov, V.; Sakhon, E.; Polukhin, A.; Artemiev, V.; Morozov, E.; Tsai, A.-Y. Cryptophyte and Photosynthetic Picoeukaryote 

Abundances in the Bransfield Strait during Austral Summer. Water 2022, 14, 185. https://doi.org/10.3390/w14020185. 
71. Schofield, O.; Saba, G.; Coleman, K.; Carvalho, F.; Couto, N.; Ducklow, H.; Finkel, Z.; Irwin, A.; Kahl, A.; Miles, T.; et al. Decadal 

variability in coastal phytoplankton community composition in a changing West Antarctic Peninsula. Deep Sea Res. Part I Ocean-
ogr. Res. Pap. 2017, 124, 42–54. https://doi.org/10.1016/j.dsr.2017.04.014. 

72. Moore, L.R.; Georicke, R.; Chisholm, S.W. Comparative physiology of Synechococcus and Prochlorococcus: Influence of light and 
temperature on growth, pigments, fluorescence and absorptive properties. Mar. Ecol. Prog. Ser. 1995, 116, 259–275. 

73. Novarino, G. A companion to the identification of cryptomonad flagellates (Cryptophyceae = Cryptomonadea). Hydrobiologia 
2003, 502, 225–270. 

74. Churilova, T.Y.; Suslin, V.V.; Rylkova, O.A. Parameterization of light absorption by all optically active components in the Black 
Sea. Ecolog. Safety Coast. and Shelf Areas Complex Use Shelf Res. 2008, 16, 190–201. (In Russian) 

75. Mendes, C.R.B.; Tavano, V.M.; Dotto, T.S.; Kerr, R.; De Souza, M.S.; Garcia, C.A.E.; Secchi, E.R. New insights on the dominance 
of cryptophytes in Antarctic coastal waters: A case study in Gerlache Strait. Deep Sea Res. Part II 2018, 149, 161–170. 

76. Morel, A.; Ahn, Y-H. Optics of heterotrophic nanoflagellates and ciliates: A tentative assessment of their scattering role in oce-
anic waters compared to those of bacterial and algal cells. J. Mar. Res. 1991, 49, 177–202. 



Remote Sens. 2023, 15, 634 25 of 25 
 

 

77. Stramski, D.; Kiefer, D.A. Can heterotrophic bacteria be important to marine light absorption? J. Plankton. Res. 1998, 20, 1489–
1500. 

78. Bricaud, A.; Morel, A.; Babin, M.; Allali, K.; Claustre, H. Variations of light absorption by suspended particles with chlorophyll 
a concentration in oceanic (case 1) waters: Analysis and implications for bio-optical models. J. Geophys. Res. 1998, 103, 31033–
31044. 

79. Efimova, T.; Churilova, T.; Moiseeva, N.; Zemlianskaia, E.; Dzhulay, A.; Krivenko, O. Dynamics in pigment concentration and 
light absorption by phytoplankton, non-algal particles and colored dissolved organic matter in the Black Sea coastal waters 
(near Sevastopol). In Proceedings of the 24th International Symposium on Atmospheric and Ocean Optics: Atmospheric Phys-
ics, Tomsk, Russia, 2–5 July 2018; SPIE: Bellingham, WA, USA, 2018; p. 10833. https://doi.org/10.1117/12.2504657. 

80. Nelson, N.B.; Siegel, D.A. The global distribution and dynamics of chromophoric dissolved organic matter. Annu. Rev. Mar. Sci. 
2013, 5, 447–476. 

81. Helms, J.R.; Stubbins, A.; Ritchie, J.D.; Minor, E.C.; Kieber, D.J.; Mopper, K. Absorption spectral slopes and slope ratios as 
indicators of molecular weight, source, and photobleaching of chromophoric dissolved organic matter. Limnol. Oceanogr. 2008, 
53, 955–969. 

82. Ortega-Retuerta, E.; Reche, I.; Pulido-Villena, E.; Agustí, S.; Duarte, C.M. Distribution and photoreactivity of chromophoric 
dissolved organic matter in the Antarctic Peninsula (Southern Ocean). Mar. Chem. 2010, 118, 129–139. 
https://doi.org/10.1016/j.marchem.2009.11.008. 

83. Ortega-Retuerta, E.; Frazer, T.K.; Duarte, C.M.; Ruiz-Halpern, S.; Tovar-Sánchez, A.; Arrieta, J.M.; Rechea, I. Biogeneration of 
chromophoric dissolved organic matter by bacteria and krill in the Southern Ocean. Limnol. Oceanogr. 2009, 54, 1941–1950. 
https://doi.org/10.4319/lo.2009.54.6.1941. 

84. Del Castillo, C.E.; Miller, R.L. Horizontal and vertical distributions of colored dissolved organic matter during the Southern 
Ocean Gas Exchange Experiment. J. Geophys. Res. Oceans 2011, 116, C4. https://doi.org/ 10.1029/2010JC006781 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 
people or property resulting from any ideas, methods, instructions or products referred to in the content. 


