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Abstract. In the summers of 2022 and 2023, the variability of biogeochemical properties and light absorption of suspended
particulate matter (SPM) was investigated in three western Spitsbergen fjords: Hornsund, Kongsfjorden, and Isfjorden.
Analyses included SPM and its organic (POM) and inorganic (PIM) fractions, chlorophyll a (Tchla), and light absorption
coefficients of total particles (ap(X)), phytoplankton (apn(A)), and detritus (adq(L)). Measurements were conducted on
unfractionated seawater and on size-fractionated samples obtained by cascade filtration, allowing the assessment of four

particle classes: pico- (0.2-2 um), ultra- (2-5 um), nano- (5-20 um), and micro-particles (20-200 um).

The obtained results revealed clear differences in particle size contributions in the fjord waters. Ultra-particles dominated the
total concentrations, contributing 39%—-56% of SPM, POM, PIM, and Tchla. Pico-particles also had large contribution: 16%—
29%, and micro- and nano-particles accounted for 12%—17%. The average POM/SPM ratio was 33%, indicating the dominance
of inorganic matter. However, organic contributions varied with size of particles: micro- and pico-particles contained more

organic material (45% and 43%), while nano- and ultra-particles had lower proportions (38% and 26%).

Ultra-particles also played a leading role in light absorption at 443 nm, contributing 44%—-62% to ap(443), aq(443), and
aph(443). Pico-, nano-, and micro-particles contributed 24%-28%, 10%—-19%, and 4%—-9%, respectively. Considerable
variability in absorption properties was observed across size classes. Since variability ranges often overlap for different size

classes, this may prevent unambiguous identification of particle size class based on light absorption spectra.

1 Introduction

Fjords are often called Aquatic Critical Zones due to their special significance in the context of climate change. They are
regions where complex interactions occur between terrestrial, cryospheric, oceanic, and atmospheric processes within the
Earth's climate system. As such, processes in fjord can provide information on the response of the system to changing
environmental conditions (Bianchi et al., 2020). In recent decades, the Arctic Ocean and its catchment areas have undergone

rapid changes associated with climate warming. Observations point to systematic increase in average air and water
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temperatures in the fjords, making the Arctic one of the regions most affected by global warming (Pavlov et al., 2013).
Warming in the Arctic leads to a rapid reduction in sea ice, melting of glaciers and increased river runoff causing physical and
biogeochemical changes in its water masses (Meier et al., 2014), including those in the fjords of West Spitsbergen (Btaszczyk
et al., 2013). Changes in ocean acidification, nutrient concentration levels, and shift in phytoplankton community structure
have also been observed (Gao et al., 2019; Rousseaux and Gregg, 2015; Tate et al., 2017).

The West Spitsbergen fjords are located in a key water mass interaction area (Figure 1), where Atlantic water (AW)
transporting heat and salt to the Arctic Ocean meets colder polar waters (Schauer et al., 2004; Walczowski and Piechura, 2007).
More than 30% of the total AW reaches the Arctic through the Fram Strait via the West Spitsbergen Current (WSC)
(Beszczynska-Moller et al., 2012), which is a northern branch of the Norwegian Atlantic Current (NAC). At approximately
79°N, the WSC splits into two branches: the Svalbard Branch (SB) and the Yermak Plateau Branch (YPB). The West
Spitsbergen fjords are partially separated from the WSC by the Sercapp Current (SC), an extension of the East Spitsbergen
Current (ESC) which transports cold Arctic Water (ArW) from the Barents Sea along the West Spitsbergen Shelf (WSS)
northward. Mixing of WSC and SC waters along the polar front, combined with atmospheric processes (heating and cooling),
freeze-thaw cycles, precipitation and evaporation (Walczowski, 2013; Saloranta and Svendsen, 2001), cools the WSC on its
way north. As a result, the water mass flowing into the fjords is colder and less saline.

Three major fjords: Kongsfjorden, Isfjorden and Hornsund — are located along the west cost of Spitsbergen. Due to lack of
distinct sills, AW water can freely enter them. The depth of the entrance section of Kongsfjorden reaches almost 400 m,
Isfjorden up to 450 m, while Hornsund is rather flat and relatively shallow, approximately 150 m. The variability of temperature
and salinity in the three considered fjords depends on the mutual influence and strength of the Serkapp Current (SC) and the
West Spitsbergen Current (WSC). Consequently, Hornsund, located closer to the Serkapp Current, is generally colder and has
features of Arctic-type fjords compared to Isfjorden and Kongsfjorden (Prominska et al., 2017).

The biogeochemical and optical properties of fjord waters are strongly related to biological productivity and the inflow of
suspended matter of terrestrial and glacial origin (D'Sa, Miller and Del Castillo, 2006; Lund-Hansen et al., 2010; Szeligowska
et al., 2021; Assmy et al., 2023; Chitkara et al., 2024). The main factors influencing the variability of optical properties of
fjord waters are glacier melting, river discharge , and the seasonal cycle of biological activity (Smota et al. 2017; Sagan and
Darecki, 2018; Halbach et al. 2019; Pavlov et al. 2019; Skogseth et al. 2020). In winter, due to the lack of light, biological
activity is significantly reduced (Granskog et al. 2014, 2015). In spring and summer, meltwater from tidal glaciers becomes
the main source of freshwater in fjords (Btaszczyk et al., 2019), accompanied by snowmelt, precipitation, groundwater
drainage, and runoff from rivers that are fed by melting snow and glacier ice (Cottier et al., 2005). The seasonal influx of
meltwater typically begins in June, peaks in July—August, and ends around September (Darlington, 2015). Melting glacier
water carries large amounts of sediment particles, which create strong salinity and turbidity gradients (Pavlov et al., 2019).
The freshwater influx often increase nutrients levels, which leads to an increase in phytoplankton - mainly in spring and late

summer (Assmy et al., 2023; Chitkara et al., 2024).



65

70

75

80

85

90

95

https://doi.org/10.5194/egusphere-2025-2800
Preprint. Discussion started: 28 August 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

In fjord waters composition of suspended particulate matter (SPM) addicted to physical factors (e.g., tides, glacial melt, inflow
of river waters) and biogeochemical processes (e.g., phytoplankton blooms) (D'Sa and Ko, 2008; Eleveld et al., 2014). Fjords
exhibit high levels of mineral particles due to meltwater and river inflows, (Draganska-Deja, 2024), along with lithogenic
particles responsible for changes in benthic communities (Braeckman et al., 2021; Clark et al., 2017; Deja et al., 2016) and
plankton distribution (Deja et al., 2019; Szeligowska et al., 2021, 2022). Phytoplankton biomass near glacier fronts has been
linked to the underlying bedrock composition (Halbach et al., 2019).

The diversity of particle types and sources in the marine environment leads to variations in absorption properties across time
and space. Particulate organic matter (POM) includes both living and non-living components, such as microalgae, bacteria,
and mineral clays (Volkman & Tanoue, 2002). Living POM is essential for marine food webs and ocean biogeochemical
cycles, participating in key processes like photosynthesis, nitrogen fixation, and remineralization (Voss et al., 2013). In
contrast, non-living POM is chemically dominated by complex and refractory carbohydrates, which contribute to a larger pool
of accumulated biomass compared to living POM. The size of suspended particles strongly influences their residence time in
the water column. Large particles sink more rapidly in water, and undergo different transformations before reaching the seabed.
Sedimentation process represents the primary pathway of carbon transport below the euphotic zone through the biological
carbon pump (Turner et al., 2015). However, precise characterization of inherent optical properties (IOPs) remains difficult in
optically complex waters where the proportions of organic and inorganic matter vary (McKee & Cunningham, 2006; Davies
etal., 2014).

Knowledge of the size structure of phytoplankton populations and the role of mineral and detritus particle sizes on light
absorption is essential to better determine the impact of climate change on coastal marine systems (e.g. Le Quéré et al., 2005;
Stramski et al., 2007; Wozniak and Stramski, 2004). Suspended particles —phytoplankton, detritus and mineral particles — are
different in their light absorption spectra. The light absorption coefficient of suspended phytoplankton organisms, apn(A), is
related to the pigment composition of the algal cells, and its spectral shape has two characteristic maxima (around 400—490
nm and 660—690 nm). The light absorption coefficient spectrum of detritus and mineral particles, a4(L), is characterized by a
monotonic exponential-shaped decline (Morel and Bricaud, 1981; Sathyendranath et al., 1987; Ciotti et al., 2002; Wozniak
and Dera, 2007).

The size and taxonomy of phytoplankton can be inferred from the spectral coefficient apn(L) values. Direct measurements of
the light absorption coefficients of suspended particles provide fundamental basis for estimating the size structure of
phytoplankton populations (Organelli et al., 2013; Zhang et al., 2015). According to Ciotti et al. (2002) more than 80% of the
variability in apn(A) can be explained as a combination of the dominant size class and the variability of pigments present in the
studied particles. However, the waters of Spitsbergen fjords are typically dominated by detritus particles and mineral particles
(Szeligowska et al., 2021; Draganska-Deja, 2024; Wozniak et al., 2024a and b). The assessment of the influence of the size of
suspended particles on their absorption properties can be performed by physically separating fractions of different sizes of
suspended particles and measuring the light absorption coefficients for these separated fractions (Ciotti et al., 2002 ; Meler et

al., 2023; Wozniak et al., 2024b).
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The aim of our study was to determine the variability of biogeochemical properties of suspended particles (SPM, POM, PIM,
POM/SPM, Tchla) and spectral absorption coefficients of light, by different size fractions (obtained by cascade filtration of
large volumes of water samples through a system of nylon meshes and filters with specific pore sizes) of suspended particles
(ap) (divided into phytoplankton, apn, and detritus and mineral particles, aq) present in the waters of three selected fjords of
Spitsbergen. The studies were carried out for original water samples and for four particle size fractions, conventionally defined
as follows: micro-particles (approximately 20-200 pum), nano-particles (5—20 um), ultra-particles (2—5 pm), and pico-particles
(0.2-2 um). This classification follows the scheme proposed by Sieburth et al. (1978) and Ciotti et al. (2002). Micro-particles,
which are mainly represented by diatoms and dinoflagellates, play a key role at higher trophic levels (zooplankton and fish)
and contribute to blooms that cause short-term increases in primary production. The size and cellular structure of micro-
particles facilitates the rapid sinking of organic carbon, contributing to biological carbon pump (Guidi et al.2009; IOCCG,
2014). Nano- and ultra-particles, mainly represented by small flagellates and coccolithophores, are an important link between
the classical food web and the microbial loop (Ward et al., 2012; IOCCG, 2014). Nano- and ultraphytoplankton efficiently
utilize dissolved nutrients in water and play an important role in the carbon cycle by producing calcium-carbonate shells that
increase carbon export during sedimentation (Balch et al., 2011; IOCCG, 2014). Pico-particles, mainly cyanobacteria and
small eukaryotic phytoplankton, contribute significantly to primary production (Ciotti et al. 2002; IOCCG, 2014).

The detailed objectives of our analyses are: 1) to determine the contribution of particle size classes to the total concentrations
of suspended matter (SPM) and its organic (POM) and inorganic (PIM) fractions as well as the total concentration of
chlorophyll a (Tchla), 2) to determine the contribution of particle size classes in the total light absorption by all particles,
phytoplankton and detritus + mineral particles, 3) to determine the average specific light absorption coefficients (i.e. light
absorption coefficients normalized to the SPM or Tchla concentration) for particular size classes.

Each particle size class plays a distinct role in the marine environment, therefore studying the distribution and variability of
different particle size fractions is crucial for understanding the complex interactions in marine ecosystems. From these studies,
it is possible to estimate the size structure of phytoplankton populations, their response to environmental changes, and the
contribution of individual particle size fractions to global carbon and nutrient cycles. The analytical results presented in this
paper are necessary to create algorithms whose task is to recover physical, biological and chemical data from satellite maps,

especially regional algorithms for marine ecosystems characterized by complex optical properties, such as Arctic fjords.

2 Materials and methods
2.1 Description of study area and water samples

The study was conducted in three fjords of West Spitsbergen (Hornsund, Kongsfjorden and Isfjorden) during the summer
season (late July—August) of 2022 and 2023, on board r/v Oceania (Figure 1a). These fjords are strongly influenced by two
major ocean currents: the Serkapp Current (SC), carrying cold Arctic Water (ArW) from the Barents Sea, and the West
Spitsbergen Current (WCS), carrying warmer and saltier AW from the Norwegian Sea (Prominska et al., 2018). The inflow of
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AW accelerates ice melting and has a significant impact on biogeochemical cycles and nutrient dynamics (Hegseth et al., 2019;
Konik et al., 2021). The water masses in Hornsund are strongly shaped by SC, while in Isfjorden and Kongsfjorden the
influence of AW transported by WSC plays a more important role. Within the fjords, surface water (SW) is formed locally by
glacial melt and river runoff (Skogseth et al., 2020). The Svalbard fjords are typically characterized by a three-layer structure:
surface water (formed location), intermediate water (advective water occurring at intermediate depths) and winter water
(occupying the deepest layers if the water column) (Cottier et al., 2010). The surface layer, with its relatively low salinity,
originates mainly from sea ice and glacier melt, as well as freshwater runoff discharged in spring and early summer. The
gradual formation of a density gradient limits vertical mixing and sedimentation of particles. Suspended and dissolved material
trapped in the surface layer accelerate water heating during the months with the strongest sunlight (June to August), creating
optimal conditions for phytoplankton development and primary productivity (Calleja et al. 2017; Konik et al., 2021).
Hornsund, located at the southern tip of Spitsbergen, is approximately 30 km long and 15 km wide (Fig.1a and b). It is
characterized by high nutrient enrichment and is strongly influenced by cold Arctic waters (ArW) and cold coastal waters
(Wlodarska-Kowalczuk et al., 1998; Saghravani et al., 2024). These factors make the primary productivity in Hornsund higher
compared to other fjords (Santos-Gracia et al., 2022). The surface waters of the fjord are strongly influenced by melting glacier
and river waters (Zaborska et al. 2020).

Kongsfjorden, located at 79°N on the west coast of the Svalbard archipelago, is about 20 km long and up to 10 km wide (Fig.1a
and b). Unlike other Arctic fjords, Kongsfjorden is subject to intensive advective inflow of warm and salty AW waters into
the fjord throughout the year (Cottier et al., 2007; Pavlov et al., 2019). Fjord water dynamics result from opposing processes
— inflow of AW and ArW on one hand, and water from the melting glacier on the other (Halbach et al., 2019; Saghravani et
al., 2024). The effect of this interaction is the intensification of nutrient and carbon cycling, increased primary productivity
and periodic oxygen depletion in deeper water layers (Santos-Garcia et al., 2022).

Isfjorden is the largest fjord system on Spitbergen - about 100 km long and on average about 24 km wide (Fig.1la and b). It is
under the continuous influence of AW (Pavlov et al., 2014; Skogseth et al., 2020). The seasonal stratification occurring in the
fjord is responsible for the retention of nutrients in the euphotic zone and limitation of vertical mixing in the most productive
season (McGovern et al., 2020; Finne et al., 2022). In addition, increased river freshwater inflow, especially in summer,

provides additional nutrients influencing biogeochemical processes (Saghravani et al., 2024).
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Figure 1: Study area including map of Spitsbergen with main currents (a): West Spitsbergen Current (WSC), and
East Spitsbergen Current (ESC) drawn with red and blue arrows, respectively. WSC separate into two branches:
Svalbard Branch (SB) and Yermak Branch (YB). ESC continues as Spitsbergen Current (SC) west of Svalbard
(according to Skogseth et al. (2020)), BC - Bjerngja Current. Red dots indicates location of measurement stations in
the fjords of Spitsbergen (b).

The locations of the measurement stations (Fitg.1b) in our study were selected to capture the greatest possible optical
diversity of fjord waters. The studies were conducted in three fjords of Spitsbergen. In Hornsund, measurements were carried
out from July 31 to August 3, 2022 (at 6 stations), and from July 27 to July 31, 2023 (at 3 stations). In Kongsfjorden,
measurements were performed in the periods from 7 to 11 August 2022 (at 3 stations) and from 5 to 8 August 2023 (at 4
stations). In Isfjorden, measurements were performed from 15 to 25 August 2022 (at 9 stations) and from 12 to 18 August
2023 (at 6 stations). At each station, basic water characteristics were measured (water transparency using a Secchi disk,
temperature, and salinity). Sea water transparency measured with the Secchi disk in Hornsund ranged from 1 m to 10 m, in
Kongsfjorden from 1.5 m to 7.5 m, and in Isfjorden from 2 m to 12 m. Water temperature and salinity varied in individual
regions as follows: 2.9 — 6.6 °C and 30.3 — 34.1 in Horsund, 3.8 — 8.5 °C and 28.0 — 34.1 in Kongsfjorden, and 6.0 — 9.6 °C
and 27.5 — 33.1 in Isfjorden. This values indicate that the measured water masses predominantly belonged to the surface water

layer (T>0, Sal<34 (Prominska et al. 2018)).
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2.2 Processing of water samples

The dataset consists of 31 data sets collected during 2 research cruises on board R/V Oceania in 2022 and 2023 conducted in
the western Spitsbergen region. Seawater samples were processed using cascade filtration to separate suspended particles into
size fractions. Filtration was performed through filters/filter meshes with different pore sizes (20 um, 5 um, 2 pm). A detailed
description of the cascade filtration is presented in Meler et al. (2023).

Original seawater samples were collected and sequentially filtered to obtain three filtrates: filtrate A (water filtered through 20
pm nylon mesh), filtrate B (filtrate A further filtered through 5 pm nylon meshes) and filtrate C (filtrate B furthered filtered
through 2 pm membrane filters). Subsequently, additional filtration was performed to determine a number of physicochemical
parameters in the original sample and in each of the filtrates. These were: SPM concentrations (g m™) (including organic matter
(POM) and inorganic matter (PIM)), Tchla concentrations (mg m™) and samples needed to determine the values of light
absorption coefficients by all suspended particles (ap(}), m™), detritus (aa()), m') and phytoplankton (apn(X), m') in all
distinguished size classes (micro-particles, nano-particles, ultra-particles and pico-particles).

The values of particular biogeochemical and optical parameters in all distinguished size classes were determined following the
methodology described in Meler et al. (2023) and Ciotti et al., (2002). The micro-particles were defined as the difference
between the original water sample and fraction A. The nano-particles were defined as the difference between fraction A and
fraction B; ultra-particles were defined as the difference between fraction B and fraction C, while pico-particles were

represented by fraction C.

2.3 Parameters describing suspended particulate matter

The concentrations of suspended particulate matter (SPM, g m~), along with its organic (POM) and inorganic (PIM) fractions,
were measured using the gravimetric method and the loss-on-ignition technique, following the procedures outlined by Wozniak
et al. (2018) and Pearlman et al. (1995). A detailed description of the methods is presented in Meler et al. (2023). The SPM
concentration values for seawater filtrates (original and fractions A, B and C) were calculated based on the difference in mass
between filters containing collected suspensions and clean filters. POM values were obtained from subtracting the weights of
filters with suspension after combustion from the weight before combustion. PIM was calculated as the difference between
SPM and POM. Both, SPM and POM values were also corrected using reference filters.

The concentrations of particular phytoplankton pigments were determined using the reverse-phase high-performance
liquid chromatography (HPLC-RP) method according to the methodology described in detail in the works of Ston-Egiert and
Kosakowska (2005) and Meler et al. (2017). The concentrations of 21 pigments identified in the samples, the total
concentrations of chlorophyll a (Tchla, mg m™) (defined as the sum of the concentrations of chlorophyll a, optical isomers of
chlorophyll @ and unidentified derivatives of chlorophyll a), the total content of chlorophyll b and its derivatives (Tchlb, mg
m™), chlorophyll ¢ and its derivatives (Tchlc, mg m™), the total content of photosynthetic carotenoids (PSC, mg m) and

photoprotective carotenoids (PPC, mg m) were determined.
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2.4 Light absorption by suspended particles and dissolved organic matter

The light absorption coefficient spectra of particles suspended in seawater, ap(A) (m™!), and of detritus, aq() (m™), for the
original samples and fractions A, B and C were measured using a Perkin-Elmer Lambda 650 spectrophotometer equipped with
an integrating sphere of 150 mm diameter. Seawater samples for these analyses were obtained by filtering small volumes of
seawater (from 80 mL for the original water samples to 2300 mL for fraction C) through Whatman filters (GF/F, 25 mm).
Spectrophotometric measurements were performed inside the integrating sphere (Stramski et al., 2015; Wozniak et al., 2022;
Meler et al., 2023), in the spectral range of 290-860 nm for filters with suspended matter and for the same filters bleached with
2% sodium hypochlorite NaClO; solution (Meler et al., 2020). The coefficients ap(A) and aq(A) were determined, and from
their difference the phytoplankton light absorption coefficients (apn(}), (m™)) were determined.

The light absorption coefficient spectra of chromophoric dissolved organic matter, acpom(A) (m™), were determined
spectrophotometrically using a Perkin-Elmer Lambda 650 spectrophotometer according to the methodology described by

Meler et al. (2023).

3 Results and discussion
3.1 Variability in the biogeochemical characteristics of suspended matter

The dataset shows high variability of biogeochemical parameters in both original water samples and specific size classes. The
classification was based on the phytoplankton size categories according to Ciotti et al. (2002), which define four classes: micro-
particles (20-200 pm), nano-particles (5-20 pm), ultra-particles (2-5 um) and pico-particles (<2 um). Table 1 presents the
mean values of SPM, POM, PIM and Tchla, as well as the ratios of POM/SPM and Tchla/SPM, together with the standard
deviations (SD) and the minimum and maximum values. For the entire dataset, the variability of SPM concentrations ranged

from 0.56 to 12.14 g m™3 and Tchla concentrations from 0.27 to 2.13 mg m for the original water samples.

Table 2: Variability of parameters describing suspended matter in seawater (mean + standard deviation (SD), and
range of variation) in all data and in particular fiords

quantity SPM [g m?®] POM PIM Tchla POM/SPM  Tchla /SPM
[g m?] [g m?] [mg m™]
original samples (all particles)
average=SD 2.47+209 0.63£033 1.84+1.81 091+0.62 0.33+0.15 0.0007 +0.0006

min—max  0.56-12.14 023213 0.12-10.01 0.27-3.20  0.13-0.78  0.0001-0.0022
(n=31)

micro-particles (20-200 um)
average=SD 031+041 0.12+0.15 0.19+0.28 0.12+0.13 0.45+0.35 0.001 +0.0023
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min — max 0-2.15 0-0.74 0-1.41 0-0.42 0-1.32 0-0.0082
(n=31)

nano-particles (5-20 pm)
average =SD  042+0.70 0.12+0.14 0.31+0.58 0.14+0.17 0.38+0.26 0.0008 +0.0013
min — max 0-3.93 0-0.61 0-3.318 0-0.75 0-1 0-0.0051
(n=31)

ultra-particles (2-5 pm)
average£SD 1.36+144 025+022 1.11+1.24 043+045 0.26+0.16 0.0008+0.001
min — max 0.24-7.61 0-1.33 0.05-6.28 0-2.34 0-0.81 0-0.0047
(n=31)

pico-particles (<2 pm)
average =SD  0.37+0.18 0.14+0.06 0.24+0.17 026+0.20 0.43+0.22 0.0009 +0.0008
min — max 0.08-0.91 0.05-0.24 0-0.73 0.04-0.86  0.14-0.99  0.0001-0.0034
(n=31)

Hornsund (all particles)
average=SD 3.79+3.14 0.74+0.50 3.05+2.68 0.67+0.39 0.24+0.12 0.0003 +0.0002
min — max 1.18-12.14  0.36-2.13 0.59-10.01 0.27-1.54  0.13-0.50  0.00007-0.0008
(n=9)

Konsfjorden (all particles)

average£SD 1.84+0.90 0.53+£0.10 1.31+£0.86 1.29+0.93 0.37+0.20 0.0012+0.0001
min — max 0.56-3.43 0.40-0.69 0.12-2.78 0.27-3.20  0.17-0.78 0.0001-0.0022
(n=7)

Isfjorden (all particles)
average=SD 1.97+1.109 0.60+024 137+0.95 0.88+044 0.36+0.12 0.0006 =+ 0.0005
min — max 0.61-4.02 0.23-1.21 0.31-3.46  0.46-2.15 0.14-0.54  0.0002-0.0019
(n=15

Figure 2 shows the average relative contributions of SPM, POM, PIM and Tchla in a given size class to the total SPM, POM,

PIM or total Tchla for individual samples in the different sampling areas: Hornsund, Kongsfjorden and Isfjorden.

The first part of Table 2 shows the contributions of SPM in size classes to the total SPM for all data and divided into sampling

regions. In the analyzed data set, ultra-particles had a dominant contribution in the total SPM, on average 50%. Pico-particles
230 had a contribution of about 19%, micro-particles — 16%, and nano-particles — 14% (Figure 2a). The variability of particles

defined as micro-particles for all data was 0-75%. The contribution of nano-particles ranged from 0 to 46%, of ultra-particles

9
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from 12 to 78.5%, and of pico-particles from 2.6 to 45%. The average contribution of micro-particles in Hornsund and
Kongsfjorden was about 13%, in Isfjorden it was slightly higher — 19%. The highest average contribution of nano-particles
was observed in Hornsund (18%), and in the other fjords about 12.5%. The contribution of ultra-particles in Hornsund and
Kongsfjorden was 53%, and in Isfjorden 48%, while the contribution of pico-particles in Kongsfjorden and Isfjorden was 21%
and in Hornsund 15.5%.

Figure 2b and 2c show the contribution of POM and PIM in the individual size classes. The average contribution of POM in a
given size class to total POM for all data is highest for ultra-particles (39.5%, 0-66%), followed by pico-particles (25%, 5—
64%), while the average contribution of POM in the micro- and nano-particle classes was 19% (0—61%) and 16.5% (0-51%),
respectively. In different fjords the variability of POM contribution in particular size classes was recorded. In the samples from
Hornsund, the highest proportions of POM were found in the ultra (43%) and nano (20.6%) size classes and the lowest
proportions of micro- and pico-particles (20.5%). In Kongsfjorden, the highest proportion of POM was found in ultra-particles
(40%), followed by pico-particles (26.5%), while micro- and nano-particles had lower proportions of POM (16% and 17%,
respectively). The waters of Isfjorden were characterized by the highest proportions of POM in the ultra (37%) and pico (27%)
size classes, lower proportions of POM in the micro (22%) and nano (14%) size classes. The suspended matter were dominated
by inorganic matter (Figure 2c).

Figure 2d shows the contribution of Tchla in the individual size fractions. The average Tchla proportion in a given size class
relative to the total Tchla for all data was highest for ultra-particles (47%) and pico-particles (29%), while the average Tchla
contribution in the nano- and micro-particle classes was about 12% (Table 2). Variability in the Tchla contribution in the size
classes was observed in the particular fjords. The highest Tchla contribution was found everywhere in ultra-particles, in
Hornsund (55%, 0-82%), in Isfjorden (47%, 19.5-75%) and in Kongsfjorden (36%, 0-73%). High average Tchla proportions
were recorded in Kongsfjorden in the pico-particle class (41%, 25-68%) and in Isfjorden (30.6%, 11-47%), while in Hornsund
it was lower (18%, 8-29%). The average Tchla contribution in the micro- and nano-particle classes were similar in the analysed

fjords and varied from 10 to 14%.
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Figure 2: Relative contributions of suspended particulate matter (SPM) in selected fractions to total SPM (a),

particulate organic matter (POM) to total POM (b), particulate inorganic matter (PIM) to total PIM (c), and total

chlorophyll a (Tchla) to total Tchla (d), presented by region (Hornsund, Kongsfjorden, Isfjorden).
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Table 2: Contributions of different particle size classes (micro, nano, ultra, pico) to total SPM, POM, PIM, and TChla
(n=31). Data are presented as mean + SD with ranges, for the entire dataset and by sampling area.

all data Hornsund Kongsfjorden Isfjorden
SPMnicro/ SPM 162%+167% 13.6%+167% 132%+9.6% 193%+18.6%
0-75.1% 0-51.4% 0-29.8 % 0-75.1 %
SPM hano/ SPM 139%+10.8% 17.8%t12.8% 129%+69% 12%=+10.2%

SPMuira/ SPM

0-46 %

50.5 % + 16.6 %
12 % -78.5 %

0-46 %

532%+199%
14.1 %-78.5 %

4.8 % -27.7%

53.1%+9.5%
40.5% - 66 %

0-31.3%

47.7% £ 16.7 %
12%-74 %

SPM pico/ SPM 194%+92% 155%+6.1% 209%+62% 21%+11%
2.6 %-45.2 % 2.6%-23.6% 156%-343% 98%-452%

POMpicr/ POM 188 % £172% 157%+165% 16%+11% 21.9%+192%
0-60.9 % 0-52.8 % 0-33.8 % 0-60.9 %

POMpano/ POM  16.6% +13.8% 20.6% +£123% 173%+£148% 13.9%+13.5%

POMuiro/ POM

0-50.7 %

305%+15.1%

0-455%

432 %+17.8%

0- 44.5%

40.1% +£6.2%

0-50.7 %

36.9 %+ 15.7%

0-66.4 % 0-62.4% 253%-485% 16 % -66.4 %
POM,ieoe/ POM 252%+133% 205%+9% 265%=+102% 273%=+159%

5%-63.7% 5%-33.1% 155%-475% 9.5%-63.7T%
PIMicro/ PIM 15%+18.2% 129%+£16.6% 143%+£142% 16.6%+204%

0-85.4 % 0-50.4 % 0-45.5% 0-85.4 %
PIMyano/ PIM 137% +119% 172%+13.4% 139%+6% 11.5%+ 104 %

0-46.1 %

0-46.1 %

12

3.4%-23.8%

0-30.5 %
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PIMuira/ PIM

PIM,ico/ PIM

Tchlamicro/ Tchla

Tchla nano/ Tchla

Tchla w/ Tchla

Tchla pico/ Tchla

557%+17.7 %
9.1%-842%

15.5% + 8.8 %
1.1%-455%

121 %+12.7%
0-39.3 %

11.6% £ 12 %
0-48.8 %

47 % +£19.4 %
0-82.2 %

293%+14.1%
7.9 % -68.4 %

56.2 % +19.6 %
23.6 % -842 %

13.6 % +7.3%
21%-27%

13.7 %+ 12 %
0-354 %

13 %+ 14.5 %
0- 48.8 %

554 %+ 15. %
34%-82.2%

17.9 %+ 6.2 %
7.9 % -29 %

572 %+ 12.7 %
37.3%-73.8%

146 % +£6.7%
1.1%-255%

12.4%+ 13.7 %
0-39.3 %

10.4 %+ 10.8 %
0-27.2%

36.1 %£24.5%
0-73.1%

41.1 %+ 13.6 %
24.8 % - 68.4 %

54.7%+12.7%
9.1%-75.1%

17.1 % £ 10.1 %
55%-455%

11.1 %+ 12.5%
0-38.1 %

11.3 %+ 10.8 %
0-34.2 %

47 %+ 16 %
19.5%-74.9 %

30.6 %+ 12.6 %
11.1 % -46.6 %

In the original samples, the POM/SPM ratio (reflecting the proportion of organic matter in total suspended matter) varied
between 0.13 and 0.78 (Figure 3). The highest POM/SPM variability was observed in Kongsfjorden (0.17-0.78). In Hornsund
and Isfjorden, the POM/SPM variability was lower (0.13-0.54). Analyses of the POM/SPM ratio in particular size classes show
similar variability, where with the increase in the SPM, the proportion of organic particles in the suspended matter decreases.
For the all data set, the highest POM/SPM proportion was observed for micro-particles and pico-particles, on average about

45%, then for nano-particles - 38% and the lowest for ultra-particles - 26%.
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Figure 3: Relationships between the POM/SPM ratio and the SPM concentration for the original water samples (a)

270

and in the size classes: micro (b), nano (c), ultra (d) and pico (e) (grey dots — Hornsund, blue dots — Kongsfjorden, red

dot — Isfjorden). Mean values = standard deviation are shown in the graph. The relationships are shown for the all
dataset (black line), W24b - Wozniak et al. (2024b) (green line), and separately for the fjords: Hornsund (gray line),
Konsfjorden (blue line) and Isfjorden (red line).
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3.2 Variability of diagnostic pigments

HPLC analysis of the water samples in the analyzed data set allowed the identification of 21 phytoplankton pigments. Figure
4 shows the ranges of variability of selected pigments considered as taxonomic markers of phytoplankton (Sieberth et al.,
1978; Vidussi et al., 2001). Peridinin (peri) is considered a marker of dinoflagellates, and fucoxanthin (fuko) a marker of
diatoms (both phytoplankton populations considered as microphytoplankton (Uitz et al., 2006; Hirata et al., 2008)). 19'hex-
fucoxanthin (19'hex) indicates the presence of prymnesiophytes, 19'but-fucoxanthin (19'but) — chrysophytes, alloxanthin (allo)
is a marker of cryptophytes, and chlorophyll 5 (Tchlb) — green algae (three phytoplankton populations considered
nanoplankton; Hirata et al. 2008). Zeaxanthin (zea) is a marker of cyanobacteria classified as picophytoplankton (Uitz et al.,
2006; Hirata et al., 2008). For the entire dataset, different concentrations of pigments were recorded. The highest mean
concentrations were for fucoxanthin present in all analysed samples, n=31, (0.17 mg m) similarly to Tchlb (0.13 mg m™),
n=31. The mean concentrations of other pigments were: 19'hex (n=28) — 0.08 mg m=, peri (n=14) — 0.06 mg m>, allo (n=31)
- 0.04 mg m3, 19'but (n=26) — 0.02 mg m>, and zea (n=29) — 0.01 mg m™>. Pigment concentration ranges varied by fjord
(Figure 4). For example, peridinin concentrations in Isfjorden showed a the largest range of variability from 0.0015 to 0.20 mg
m=. In Kongsfjorden, peridinin was identified in only two out of seven samples, but with a highly contrasting concentrations
(0.002 mg m-3 and 0.157 mg m3). In Hornsund peridinin concentrations ranged from 0.024 to 0.046 mg m™. The smallest
range of fucoxanthin concentration variability was recorded in Hornsund (from 0.018 to 0.236 mg m~*) whereas wider ranges
occurred in Kongsfjorden (from 0.026 to 0.650 mg m) and Isfjorden (from 0.064 to 0.517 mg m-*). For 19'but the highest
concentrations occurred in Kongsfjorden and Isfjorden. 0.38 to 0.089 mg m-3, while the lowest were in Hornsund (from 0.001
to 0.011 mg m~). 19'hex concentrations varied from 0.017 to 0.0245 mg m~ in Kongsfjorden, from 0.039 to 0.96 mg m™ in
Isfjorden, and from 0.005 to 0.040 mg m~ in Hornsund. The concentration of Tchlb varied from 0.051 to 0.377 mg m™ in
Isfjorden, from 0.032 to 0.235 mg m™ in Kongsfjorden, and from 0.035 to 0.195 mg m™ in Hornsund. Alloxanthin showed the
greatest variability in Kongsfjorden, from 0.007 to 0.190 mg m, while ranges in Hornsund and Isfjorden were narrower, from
0.008 to 0.044 mg m3, and from 0.006 to 0.054 mg m3, respectively. Zeaxanthin variability ranges were the largest in Isfjorden,
from 0.005 to 0.050 mg m3, followed by Kongsfjorden (0.003 - 0.033 mg m~) and Hornsund (0.003 - 0.022 mg m™).
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Figure 4: Ranges of variability of diagnostic pigments concentration (peridinine, fukoxantin, 19 hex-fukoxantin,
300 19" but-fukoxantin, chlorophyll b, alloxantin and zeaxantin) for the original water samples and in the size classes:
micro, nano, ultra and pico for all dataset (a-g), and divided on sampling area: Hornsund (h-n), Kongsfjorden (o-u)
and Isfjorden (v-ab). Boxes show the range from the 25th to the 75th percentile, whiskers between the 10th and 90th
percentile. The straight line indicates the median, the dashed line the mean, and the dots show the minimum and
maximum values.

305 3.3 Variability in the absorption properties of suspended and dissolved matter (total particles, detritus, phytoplankton,
and CDOM)
Figure 5 presents the light absorption coefficient spectra for all suspended particles (ap())), detritus (a4(A)), and phytoplankton
(apn(L)) obtained from the analyzed dataset. The left panels (Figure 5a, c, e) illustrate the variability of these coefficients in the
original, unfractionated seawater samples. The results indicate a variability of absorption coefficients exceeding an order of

310 magnitude. At the selected wavelength of 443 nm, the observed ranges of variability of the a,(443), ad(443) and apn(443)
coefficients for the entire data were as follows: 0.078 — 1.49 m!, 0.063 — 1.22 m™!, and 0.042 — 0.203 m™, respectively. The
largest range of variability was observed in Hornsund, where the mean values of ap(443), ad(443) and a,n(443) were 0.459 +

0.407 m%, 0.376 = 0.347 m™!, 0.077 = 0.047 m™!, respectively. In Kongsfjorden and Isfjorden the mean values of a,(443),
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ad(443) and apn(443) were lower: 0.174 +0.042 m™ and 0.186 + 0.104 m™!, 0.108 + 0.047 m™! and 0.127 + 0.098 m™!, 0.067 +
0.028 m! and 0.060 = 0.020 m™!. The right panels in Figure 5 (b, d, f) show the variability of a,()), ad(A) and apn(A), calculated
for micro-, nano-, ultra- and pico-particles. Bold lines indicate the mean spectra in a given size class, while thin dashed lines
show the range of variability (min-max). The variability excided one order of magnitude.

Figure 5g presents the light absorption coefficient spectra of chromophoric dissolved organic matter (CDOM derived from the
analyzed dataset. For the total data, acpom(443) varied from 0.010 m™' to 0.164 m™! with a greater variability observed again in
Hornsund. The average spectral slope coefficient (S300-600) was 0.0186 % 0.003 m™!, with regional differences: In Hornsund
S300-600 was 0.0185 +0.0049 m!, in Kongsfjorden 0.0176 + 0.0014 m™!, and 0.0194 £ 0.0011 m™' in Isfjorden.

Based on the light absorption coefficients: aph(A), ad(A) and acpom(L), the light absorption budget at 443 nm was calculated
(Figure 5h). In the analyzed data set, the average contribution to the total light absorption at 443 nm was: phytoplankton - 28%
+ 13% (Table 3), ,CDOM - 17% £ 8%, and detritus - 55% = 17%, indicating that detritus was the dominant light absorbing
component. When considering regional differences, in Hornsund the average contributions were: of a,n(443) - 18% + 11%, of
aq(443) - 69% + 17%, and of acpom(443) - 12% + 10%. In Kongsfjorden the average proportions were: of apn(443) - 32% =+
14%,, aa(443) - 48% =+ 17%, and acpom(443) -20% + 5%. In Isfjorden, the average contributions were: apn(443) - 32% + 1%,
aa(443) - 50% + 13% and acpom(443) - 18% = 5%.
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Figure 5: Spectra of light absorption coefficients for suspended particles in seawater (ap(})), detritus (a4(A)) and
phytoplankton (apn())) in original, unfractionated samples (left panels: a, c, e) and for micro-, nano-, ultra-, and pico-
size classes (right panels: b, d, f). Panel (g) shows the spectra of CDOM absorption coefficients (acpom(2)), while panel

(h) presents a ternary plot of the absorption budget at 443 nm for the analyzed dataset.
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Table 3: Absorption budget at 443 nm (n=38). Mean £ SD and ranges are shown for the entire dataset and by sampling

area.
all data Hornsund Kongsfjorden Isfjorden
aph(443)/a(443) 281%+134% 184%=11.1% 321%=+139% 32.0%=*0.8%
790%-532% 790%-43.6% 11.6%-50.1% 12.1%-532%
aq(443)/a(443) 551%+17.7% 693%+165% 47.7%+17.0% 502%+12.6%
264%-904% 442%-904% 264%-740% 33.1%-774%
acoom(443)/a(443) 169%+£7.7% 123%+104% 203%=£53% 17.7%+4.9%

1.7%-31.8 % 1.7% -31.8 % 144%-283% 10.5%-27.1%

3. 4 Contribution of particle size classes to total light absorption by all particles, detritus, and phytoplankton at 443 nm

Analysis of the light absorption coefficients ap(443), aa(443) and apn(443), allowed the determination of the contribution of
individual particle size classes to the total light absorption coefficients. Table 4 shows the results for the whole dataset and for
Hornsund, Kongsfjorden, and Isfjorden, based on the classification of Ciotti et al. (2002). Across all cases, ultra-particles
contributed the most to the total absorption of light accounting for over 44%. Pico-particles contributed on average about 25%,
nano-particles accounted for about 10% for a,(443) and ada(443) and 19% for a,n(443). Micro-particles had the smallest
contribution in the absorption of light, on average about 4-9%. The distribution of the contribution of the individual size classes
to the total light absorption is illustrated in Figure 6, taking into account the division into the sampling areas: Hornsund,
Kongsfjorden and Isfjorden. In Hornsund, the average contribution to a,(443) was 3.4%, for micro-particles 12.5% for nano-
particles, 62% for ultra-particles, and 22% for pico-particles. In Kongsfjorden, the average contribution to a,(443) was for
micro-particles: 4.3%, nano-particles: 6.2%, ultra-particles: 61% and pico-particles: 28.5%, respectively. In the case of
Isfjorden, the average proportion in a,(443) of particles from the micro, nano, ultra and pico size classes was 5.2%, 11.6%,
55.3% and 28%, respectively (Figure 6a). In the case of micro-particles the lowest contribution to a4(443), was recorded in
Hornsund (average 1.2%), while in Kongsfjorden and Isfjorden it was 4.6% and 5.4%, respectively. The proportion of nano-
particles in aq(443) was higher and averaged 12% in Horsund, 7.8% in Kongsfjorden and 10.7% in Isfjorden. In all study areas,
ultra-particles dominated the total aq(443) accounting on average for 65% in Hornsund, 63% in Kongsfjorden and 60% in
Isfjorden. Pico-particles also contributed significantly: 22% in Hornsund, 25% in Kongsfjorden and 24% in Isfjorden (Figure
6b). More pronounced regional variation was observed in the contribution of different sizes classes to the absorption of light
by phytoplankton (Figure 6¢). The smallest contributions of micro-particles were observed in Hornsund (7.2%) and in Isfjorden
(7.6%), with a slightly higher share in Kongsfjorden (12.6%). Nano-particles had the largest contribution to @pn(443) in
Hornsund (26%) and Isfjorden (21%) and the least in Kongsfjorden (6.1%). Among all size classes, ultra-particles had the
largest share in apn(443): in Hornsund - 46.4%, in Kongsfjorden - 51% and in Isfjorden - 39%. Pico-particles accounted for

20.5% in Hornsund, while their average share in Kongsfjorden and Isfjorden was aproximatelly 31%.

19



360

https://doi.org/10.5194/egusphere-2025-2800
Preprint. Discussion started: 28 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Table 4: Contributions of particle size classes (micro, nano, ultra, pico) to total light absorption by particles, detritus,
and phytoplankton at 443 nm (n=38). Mean + SD and ranges are provided for all samples and by sampling area.

EGUsphere\

all data Hornsund Kongsfjorden Isfjorden
Apmico/@p  4.5%£62% 34%+57% 43%+5.8% 52%+6.6%
0-23% 0-18.3% 0-13.9 % 0-23 %
@p nano/Ap 106%+85% 125%+99% 62%+4% 11.6 % +£8.5%
0-31.6 % 0-30 % 2%-149% 0-31.6 %
p ultral A 585%+11.1% 61.9%+115% 61%=+9.6% 553 %+10.5%
357%-755% 44 %-73.7% 444%-755% 357 %-73.4%
Qp picol dp 264%+84% 222%+62% 285%+8% 28 % +8.7%
13.5%-433%  13.5%-305% 183%-404% 159%-433%
Admicro/dd 4%+ 6.6 % 1.2%+1.9% 4.6%+7.5% 54%+74%
0-24.5% 0-53% 0-21.7 % 0-24.5%
Qd nano/ Ad 104%+94% 11.9%+124% 7.8%+4.7% 10.7 % + 8.7 %
0-33.1% 0-33.1% 03%-165%  0-293%
Ad,ultra/ Ad 62%+119%  647%+113% 62.7%+112% 599%=+12.1%
41.2%-84.4%  433%-771% 412%-742% 41.5%-844%
ad,picoldd 237%+71% 221%+68% 248%+58% 24%=+7.6%
11.7%-39.5%  143%-369% 16.1%-318% 11.7%-395%
phmicro/aph 8.6 % £159%  72%=+10.6% 12.6%+25%  7.6%+123 %
0-73.4 % 0-26 % 0-73.4 % 0-40 %
Aphnano/aph 19.1.% £21.8% 259%+21.5% 6.1 %*+6.9% 21 % +23.9%
0-79.9% 0-79.9 % 0-212% 0- 78.7 %
phuir/aph - 44 %+19.8% 464 %+£21.1% 51.1%+23.5% 393%=+153%
0-87.2% 131%-872% 0-752% 0.24 %-64.7 %
Aphpico/apn 283 % £129% 205%+102% 30.1%+105% 32.1%=+133%
0-51.3 % 7% -40.2 % 17.1%-477% 0-51.3%
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Figure 6: Relative contribution of particle size classes to total light absorption by all particles (a), detritus (b), and
phytoplankton (c), based on the four-class division of Ciotti et al. (2002): micro-, nano-, ultra-, and pico-particles in
365 Hornsund, Kongsfjorden and Isfjorden in summer 2022 and 2023
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4 Discussion

We present the results of analyses of the variability in concentrations of SPM (including POM and PIM fractions), Tchla and
absorption properties of suspended particles for 4 size classes in the waters of three selected fjords in western Spitsbergen. So
far, studies considering particles size classes in such detail, have been rare. Examples include the work of Meler et al. (2023)
for the waters of the southern Baltic Sea region and Wozniak et al. (2024b) for the western Spitsbergen fjords. Previous studies
on the fractionation of suspended particles by particle size in the water column focused mainly on the analysis of their chemical
composition within the GEOTRACE projects (Lam et al., 2015, 2018; Yigiterhan et al., 2020) using two size classes (<50 pm
and >50 um), or on optical properties of SPM size fractions in narrower size ranges (0.2-0.4 pm, 0.4-0.7 pm, 0.7-10 pm and

> 10 um) as in Mohammadpour et al. (2017).

4.1 Composition of SPM in original and fractionated samples

In our dataset, the range of SPM variability was from 0.56 g m= to 12.14 g m (mean 2.47 g m*), and PIM from 0.12 g m~ to
10.01 g m3 (mean 1.84 g m™). Wozniak et al. (2024b) reported a wider range from 0.8 g m™ to 25.2 g m?, of SPM variability
for the same area which was related to the fact that the measuring stations were located closer to the glaciers. In a broader
dataset from the same study area, Wozniak et al. (2024a) recorded an even larger range of SPM concentrations, from 0.66 g
m™ to 213 g m™, with PIM from 0.28 g m™ to 199 g m=. High SPM and PIM occur near melting glaciers or at river mouths.
Draganska-Deja (2024) documented high glacial SPM in Hornsund and Konsfjorden (in the summer of 2016-2018) with
variability from 16.7 g m> to 71.7 g m™ and PIM from 14.38 g m to 68.22 g m?. Similar values were found in Isfjorden by
Szeligowska et al. (2021), where the variability of SPM and PIM observed in the surface layer in July 2019 closely matched
the dataset analyzed by us. Comparable SPM variability was observed in Kongsfjorden, while in Hornsund it was characterized
by the highest SPM variability. It should be noted here that particle size fractionation in the analyzed data set was not conducted
at stations with particularly high concentrations of suspended particles due to time and economic constrains. In contrast studies
by Wozniak et al. (2024a) and Draganska-Deja (2024) focused more on areas located closer to glacial fronts. Halbach et al.
(2019) documented higher SPM concentrations in Kongsfjorden during turn of July and August 2017 (i.e. a similar study
period as ours), with values ranging from 8.8 g m= to 95.8 g m=. Similarly, Son and Kim (2018) reported SPM concentrations
ranging from 0.25 g m™ to 10.5 ¢ m™ in Kongsfjorden and Krossfjorden in the years 2006-2008.These elevated SPM
concentrations likely resulted from meltwater discharge carrying sediments from the calving of tidal glaciers (Svendsen et al.,
2002). In Kongsjorden, the primary source of suspended particles is Kronebreen glacier followed by other three glaciers:
Kongsvegen, Kongsbreen and Conwaybreen. The most intensive calving of the glaciers typically occurs in July, and gradually
slows in August (Schellenberger et al., 2015).

Isfjorden is the largest fjord system of Spitsbergen (Nilsen et al.; 2008), with freshwater input mainly from glacial calving and
ablation from the surrounding glaciers, located mainly on the northern side of the fjord. Hornsund is influenced by several

glaciers and the inflow of cold waters carried by the Serkapp Current (Blaszczyk et al., 2013, 2019).
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In comparison, significantly lower mean concentrations of SPM and PIM were recorded in the Norwegian fjords Sognefjord
and Trondheimsfjord by Mascarenhas et al. (2017), averaging around. 1.20 g m~ and 0.60 g m>, respectively. Sognefjord is
the longest and deepest fjord in Norway (over 200 km and 1300 m deep). The inner end of the Sognefjord is covered by the
largest glacier in Europe (Jostedalsbreen), which causes large amounts of cold glacier meltwater carrying large suspended
solids loads to flow into the fjord waters. Approximately 11 rivers also flow into the fjord, contributing to a substantial w
inflow of fresh water, that carries CDOM and suspended matter, thereby affecting the transparency of the water.
Trondheimsfjord, a bay of the Norwegian Sea, is the third longest fjord in Norway (130 km long). Six rivers flow into the
fjord. The fjord is characterized by rich marine life (about 90 species of fish) and the largest biological production among
Norwegian fjords. In turn, in the fjords of Greenland (Uummannaq Fjord, Vaigat-Disco Bay and Gogthabsfjord), Holinde and
Zielinski (2016) and Mascarenhas and Zielinski (2019) observed similar SPM and PIM variability during the summer seasons
0of 2012 and 2017 as in the dataset analyzed by us. Like the fjords of Spitsbergen, Greenland fjords are strongly influenced by
glacial meltwater. Uummannaq Fjord, located on the west coast of Greenland, is a mixing zone for meltwater from glaciers
and ocean water from Baffin Bay. Just to the south lies Vaigat Disco Bay, an open system receiving water from three glaciers.
Disco Bay is a semi-enclosed region influenced by the subarctic waters of southwestern Greenland and the arctic waters from
Baffin Bay. Godthabsfjord is a subarctic fjord with many branches, located on the southwestern coast of Greenland. The inner
part of the fjord is connected to 3 glaciers, that supply large volumes of meltwater and ice to the fjord waters.

In the analyzed data set, inorganic particles dominated, as indicated by the POM/SPM ratio of 33% in the original samples
(Figure 3). In the studies of Wozniak et al. (2024a and b), in the summer seasons of 2021-2022, the average POM/SPM ratios
were 25% and 27%, respectively, suggesting an even greater dominance of the inorganic fraction of the suspended matter in
the region, especially near the glaciers. The dominance of PIM results mainly from the inflow of suspended matter from rivers
and melting glaciers to the sea waters (Cottier et al., 2005; Darlington, 2015; Btaszczyk et al., 2019; Draganska-Deja, 2024).
In contrast, Mascarenhas et al. (2017) documented higher mean POM/SPM ratios of aproximately 50% in the Norwegian fjords
of Sognefjord and Trondheimsfjord. Similarly, Mascarenhas and Zielinski (2019) reported comparable values of mean
POM/SPM in the Greenlandic fjords of Vaigat-Disco Bay and Gogthabsfjord. This suggests that in the Norwegian and
Greenland fjords, the share of organic and inorganic particles in suspended matter was similar, without a clear dominance of
one fraction. For comparison, in a completely different marine system (however, also in the case of optically complex waters,
for which similar analyses were carried out for size fractions as in this work), i.e. for the Baltic Sea waters, Meler et al. (2023)
obtained an average POM/SPM ratio of 53% for all data, which indicates the predominance of organic matter in the total SPM.
The analysis of SPM distribution across size classes (micro-, nano-, ultra- and pico-) in our dataset (Figure 2 a) revealed
average distribution of 16%, 14%, 50% and 19%, respectively. A similar distribution was obtained by Wozniak et al. (2024b)
for the dataset collected closer to the glacial fronts, where the combined share of micro- and nano-particles was 28%, ultra-
particles 53% and pico-particles 19%. In the Baltic Sea, Meler et al. (2023) noted greater variability in the distribution of SPM
size fractions. As in our study, micro-particles had the lowest average contribution (17%). On the other hand, the proportions

of the remaining size classes in SPM were more evenly distributed, each on average about 27%. These findings suggest that
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the composition of particle size fractions in Arctic fjords and the Baltic Sea differs significantly. The proportion of micro-

particles (16% in the analyzed data set and 17% in the Baltic Sea) in SPM is similar in both water bodies, but the proportions

of other particle size classes are more diverse. In fjords, ultra-particles dominate, followed by a large contribution of pico-

particles, while in the Baltic Sea there is no visible dominance of particle size classes and the proportions of these classes is

Figure 7 shows the relationships between the contributions of individual size classes in SPM to the total SPM in relation to the

content of organic matter POM in the total SPM. Despite the low value of the determination coefficient R?<0.4, a trend is

visible indicating that with the increase of POM/SPM the proportions of micro and pico size classes in the total SPM increase,
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4.2 Composition of Tchla in original samples and size fractions

The range of variability of Tchla concentration, a key indicator of phytoplankton biomass, in the analyzed set for unfractionated
(original) data was smaller than that of SPM and ranged from 0.27 mg m* to 3.20 mg m. Similar ranges of variability were
reported by Wozniak et al. (2024a and b). The largest was observed in Kongsfjorden and it overlapped with the range for the
whole dataset, followed by Isfjorden (0.46 g m= - 2.15 g m™), and the smallest range of variability in Hornsund (0.27 g m™ -
1.54 g m>). In contrast, Son and Kim (2018) in Kongsfjorden and Krosfjorden and Halbach et al. (2019) in Kongsfjorden,
recorded approximately two fold higher ranges in comparable month, ranging from 0.03 g m™ to about 7 g m™ and from 0.2 g
m™ to 7.4 g m~, respectively. These broader ranges of variability likely reflect interannual differences in glacier melt intensity,
which is dependent on atmospheric conditions (temperature, pressure, insolation and the influence of warm air masses).
Increased glacier melting results in bigger nutrients availability in the fjord waters, which in turn increases phytoplankton
productivity. The average Tchla concentrations in the Norwegian fjords (Sognefjord and Trondheimsfjord, Mascarenhas et al.,
2017) was comparable to those in Kongsfjorden, but approximately twice as high as those in Hornsud or Isfjorden. In turn, the
Greenland fjords were characterized by similar ranges of Tchla variability as the analyzed dataset (Holinde and Zielinski,
2016; Mascarenhas and Zielinski, 2019).

Our analyses included the distribution of Tchla across different size classes (micro-, nano-, ultra- and pico-) to the total Tchla
for the total data and divided into fjords: Hornsund, Kongsfjorden, Isfjorden. The Tchla proportions obtained by us in the size
classes for the total data (Figure 2d) were on average: micro-12%, nano- 12%, ultra- 47% and pico- 29%, respectively. These
results are similar to those obtained by Wozniak et al. (2024b), where the proportion of micro + nano-particles was on average
20%, and ultra-particles accounted for 52%. These proportions are different from those observed in the Baltic Sea waters
(Meler et al., 2023), where the contribution of ultra-particles and pico-particles in Tchla were similar, on average 35%. Also
the contributions of micro- and nano-particles were higher than in the Spitsbergen fjords, on average 16% and 18%. In the
Atlantic Ocean waters, the total Tchla was dominated by picoplankton (61%), followed by nano- and ultraplankton combined
(29%), with the smallest proportion of microplankton (9%) (Maranon et al., 2001). In the Strait of Magellan, where the Atlantic
and Pacific Oceans mix, micro-, nano-, and ultra-particles dominated in spring (88%), and pico-particles had a contribution of
12%. In summer, the contribution of pico-particles increased to 60%. However, at the turn of summer and autumn, the

contribution of pico-particles decreased to 47% (Decembrini et al., 2014).

4.3 Variability of light absorption coefficients and absorption budget

The light absorption coefficients of particles and CDOM depend on the composition of suspended particles, dissolved organic
substances, and phytoplankton pigments. In the analyzed dataset, the average values for a,(443), a4(443), apn(443) and
acpom(443) were 0.26 m™', 0.20 m™', 0.07 m™' and 0.06 m!, respectively. Compared to the Baltic Sea (Meler et al,. 2023), the
ap(443), apn(443) and acpom(443) values in our dataset were lower (by factor of 0.8, 0.33, and 0.24, respectively), while aq4(443)

was almost 2 times higher. While both fjord waters and Baltic waters are optically complex and significantly influenced by
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terrestrial inputs, key differences exist. Fjord waters are dominated by inorganic and mineral suspensions, while in the Baltic
Sea, especially in the coastal zone, CDOM and phytoplankton dominate the absorption budget. The lowest mean values of
ap(443) were observed in Kongsfjord (0.17 m™!) and Isfjorden (0.19 m™!), while in Hornsund the mean a,(443) was more than
2.5 times higher (0.46 m™). Similar trends in mean values can be seen for a4(443) and apn(443): lower mean values in
Kongsfjorden and Isfjorden (a4(443) equal to 0.10 m™ and 0.12 m™! and ay(443) equal to 0.07 m™! and 0.06 m™), and higher
in Hornsund (aa(443) =0.38 m™! and @pn(443) = 0.08 m™).

The contribution of individual seawater components in the total light absorption for the analyzed data set from the turn of July
and August is shown in Figure Sh. For the wavelength of 443 nm, the largest contribution in absorption had detritus (55%),
followed by phytoplankton (28%) and CDOM (17%). Similar proportions were noted by Matsuoka et al. (2011) for the Western
Arctic Shelf Basin. Son and Kim (2018) in August in Kongsfjorden and Krossfjorden, also found the dominance of detritus in
light absorption (51%), though CDOM contributed more (33%) and phytoplankton less (16%). In contrast, in June, CDOM
dominated (50-64%), followed by detritus (15-28%) and phytoplankton (21%). Seasonal variability of the proportions of
CDOM, detritus and phytoplankton in the fjords is related to the atmospheric, biological and hydrological conditions in the
region, which also affect the melting of glaciers, causing the supply of variable amounts of nutrients, minerals, inorganic
elements suspended and dissolved in water to the fjord waters. In Norwegian fjords, Macsarenhas et al. (2017) showed an even
greater dominance of CDOM in light absorption (> 60%) (likely due to increased river runoff and glacier melting), with lover
contribution from phytoplankton (> 20%) and detritus (5-10%). In contrast, Baltic Sea waters (for a data set from different
months of the year), showed the following average absorptions contributions CDOM - 52%,, phytoplankton - 29% and detritus
19% in the total light absorption.

4.3 Light absorption variability vs Tchle and SPM

Figure 8 shows the values of the absorption coefficients a,(443) as a function of Tchla and SPM concentrations, for both
original seawater samples and for the micro-, nano-, ultra-, and pico-particle size classes. The data were divided by sampling
location. The obtained approximation curves are shown in the power form (y=AxP), only in cases where the coefficient of
determination, R?, was greater than 0.1. It can be seen that both for the total number of particles and for the size classes there
is no visible dependence of ap(443) on Tchla. A notable exception is micro-particles, where a strong dependence of a,(443)
on Tchla is found (R?= 0.88). Differences between individual fjords are also visible. Samples from Hornsund are characterized
by higher values of a,(443) coefficients and simultaneously lower Tchla concentrations. The particles in Hornsund were more
dominated by mineral particles than in the case of Kongsfjorden and Isfjorden, which receive more organic particles. Analyzing
ap(443) from SPM, dependencies were determined for all particles and for size classes excluding the micro-particle class.
These dependencies were characterized by R? coefficients, respectively: for all particles — 0.77, nano-particles — 0.20, ultra-
particles — 0.87, and pico-particles — 0.35. The results obtained here can be compared with literature data, in particular with
the work of Meler et al. (2023), who conducted similar analyses for the Baltic Sea (also included in Figure 8). It can be seen

that the relations of a,(443) on chlorophyll a concentrations obtained for the Baltic Sea differ significantly from our dataset,
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which is dominated by inorganic particles and thus is not correlated with Tchla. In contrast, the a,(443) on SPM correlations
are more comparable between regions, particularly for total absorption and to a lesser extent, ultra-, pico-, and micro-particles.
However, for nano-particles, the approximation does not align. For the relationship of the light absorption coefficients of the
total particles on the chlorophyll @ concentrations, two more approximations obtained by Mascarenhas and Zielinski (2018)
for Norwegian fjords were compared (Figure 8a). It can be seen that both lines fall below our data set, which indicates a
completely different nature of the variability of the absorption coefficients of particles relative to Tchla in those fjords.
Figure 9 shows the values of the absorption coefficients aq(443) as a function of Tchla and SPM concentrations, for both the
original seawater samples each particle size class. The approximations are also presented as a power function. Similarly to the
relationship of ap(443) vs Tchla, the dependence of aq(443) vs Tchla also does not indicate any visible correlations, neither for
the total particle pool nor within the size classes. This is due to the dominance of inorganic and mineral particles. The
approximations of a4(443) vs SPM were determined for total particles and most size classes, except for micro-particles. The
R? values are: for total particles — 0.79, for nano-particles — 0.13, for ultra-particles — 0.90 and for pico-particles — 0.47,
respectively. Figure 9a shows the fit obtained by Son and Kim (2018) for Kongsfjorden and Korossfjorden and has similar
coefficient values to our approximation (not shown in the figure), whose R? coefficient was very low < 0.1. In turn, the Tchla
approximations obtained for the Baltic Sea (Meler et al., 2023) do not align with our observations, which results from the
different composition of the suspended matter in the Baltic Sea, where organic detritus dominates, while in the Spitsbergen
fjords mineral particles prevail. In turn, the relationships of a4(443) vs SPM obtained by Meler et al. (2023) for the Baltic Sea
for total detritus particles and pico-particles differ slightly, but for nano-particles and ultra-particles a significantly different
slope of the curves is visible. For micro-particles, the approximation of Meler et al. (2023) does not completely coincide with
our observations for the Spitsbergen fjords.

Figure 10 shows the relationships of the a,n(443) as a function of Tchla and SPM concentrations for both the original water
samples and the particle size classes. The approximation of apn(443) vs Tchla in the form of power functions show moderate
correlations for the total particles (R? = 0.40) and the pico-particles (R? = 0.48), which is consistent with the inorganic particles
dominated in our dataset. The relations of ayn(443) vs SPM shows weaker correlations for all particles R? = 0.14, micro-
particles R? = 0.57 and nano-particles R?= 0.32. Figure 10a compares our apn(443) vs Tchla data with previously published
relationships for Arctic and fjords waters (Mascarenhas and Zielinski, 2018; Son and Kim, 2018; Tripathy et al., 2021;
Wozniak et al., 2024a), Atlantic waters (Devred et al., 2022), and the Baltic Sea (Meler et al., 2023). It can be seen that the
relationships obtained by Tripathy et al. (2021) most closely matches our results. The relationships from Wozniak et al.
(2024a), Devred et al. (2022), and Son and Kim (2018) fall below our dataset, while those by Mascarenhas and Zielinski (2018)
and Meler et al. (2023) are characterized by different slopes of the curves. The analysis of the dependence of a,(443) vs SPM
shows significant differences between our data and Baltic Sea approximations, underscoring the importance of particle

composition in determining optical properties in different marine environments.

27



https://doi.org/10.5194/egusphere-2025-2800
Preprint. Discussion started: 28 August 2025
(© Author(s) 2025. CC BY 4.0 License.

Tehla, [mg m?]

Hornsund
e Kongsfjorden
e Isfjorden
M23
—— Masl8 - S
— Mas18-T
—— This study

'TE 1
=
on
i
<
=

.01
sﬁ.

0.01

10

TE 1
=
=
I

- 01
c&

0.01

0.1

545

1
3
SPT\/[All [gm™]

Hornsund
&  Kongsfjorden
¢ Isfjorden
This study
M23

10

EGUsphere\

0.1 1
b c
o o1
E *
—~
© 00l ® ope
I .
e .
: 0.01 e 2
ch.
L]
0.001 0.001 T T
0.01 0.1 1 0.01 0.1 1 10
Tehla [mg m?] Tchla, [mg m?]
10 1
d e
5 E
— -
g ) g ol
) -
I o". ., < o e ¢ e
& 01 * Ne, s o = vo8 °®
o T e 0 N
LY ° ®
0.01 0.01 T
0.01 0.1 1 10 0.01 0.1 1
Tchla [mg m3] Tchlap [mg m?]
1 1
g h
o o
£ 0.1 = | 3
o - A
3 o o 3 s i
= . o = oor]e *
;. 0.01 <0
S ) E
o, .
0.001 0,001
0.01 0.1 1 10 0.01 0.1 1 10
SPM, [g m™] SPM,_[g m?]
10 1
i j
= | o | =2
& E
g / 3 o L e
T s I
= s Y L]
< 01 . «° S 8% ¢
) .‘ S %o
L]
0.01 0.01 . .
0.1 1 10 0.01 0.1 1 10
3 3
SPM, [g m™] SPM, [g m”]

Figure 8: Relationships between absorption coefficients at 443 nm and Tchla (a-e) or SPM (f-j) by all unfractionated
particles (a, f) and in size classes: micro (b, g), nano (c, h), ultra (d, i) and pico (e, j). The black lines indicates the
relationships obtained in this study, the gray lines (M23) the relationship in Meler et al. (2023) for the Baltic Sea. The
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blue (Mas18-T) and red lines (Mas18-T) show the relationships for Norwegian fjords: S - Sognefjord, T —

Trondheimsfjord, of Mascarenhas et al. (2018).
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Figure 9: Relationships between absorption coefficients at 443 nm and Tchla (a-e) or SPM (f-j) by all unfractionated
detritus (a, f) and in size classes: micro (b, g), nano (c, h), ultra (d, i) and pico (e, j). The black lines indicates the
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relationship for Kongsfjorden and Krossfjorden in Son and Kim (2018).
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Figure 10: Relationships between absorption coefficients at 443 nm and Tchla (a-e) or SPM (f-j) by all unfractionated
phytoplankton (a, f) and in size classes: micro (b, g), nano (c, h), ultra (d, i) and pico (e, j). The black lines indicates
the relationships obtained in this study, M23 the relationship in Meler et al. (2023) for the Baltic Sea; S18 show the
relationship for Kongsfjorden and Krossfjorden in Son and Kim (2018); W24 show the relationship for fiords and
coastal waters of Spitsbergen (Wozniak et al., 2024a); D22 — for Scotian Shelf, Northwest Atlantic Basin, Labrador
Sea in Devred et al. (2022); Mas18-S and Mas18-T show the relationships for Norwegian fjords: S - Sognefjord, T —

Trondheimsfjord, of Mascarenhas et al. (2018); T21 — Kongsjorden in Tripathy et al. (2021).
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Figure 11 shows the relationships of absorption coefficients by CDOM vs the total concentrations of Tchla and SPM. Both
relations show a very small correlation, the R? values in both cases does not exceed 0.1. For comparison, the figure shows the
approximation obtained by Son and Kim (2018) for Kongsfjorden and Krossfjorden. It is clear that it does not reflect the nature
of the variability observed in our dataset. In Kongsfjorden, the main source of CDOM is the Atlantic Water from the WSC
(Granskog et al., 2012; Pavlov et al., 2015), along with local production related to bacterial activity and degradation of
macroalgae that release CDOM substances. The contribution of terrestrial CDOM is relatively minor (Pavlov et al., 2019),
which could indicate that the dependence of CDOM vs Tchla may be more accurate in this region. It can be seen that the data
from Kongsfjorden and Isfjorden correlate better with Tchla than the CDOM data from Hornsund. This may be due to the

differences in quantity or nature of dissolved organic substances flow into Horsund.
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Figure 11: Relationships between CDOM absorption coefficients at 443 mn and Tchla (a) or SPM (b). The black lines
indicates the relationships obtained in this study, S18 show the relationship for Kongsfjorden and Krossfjorden in
Son and Kim (2018).

4.4 Average chlorophyll- and mass-specific absorption of particles by size class

The analyses enabled the determination of average chlorophyll- and mass-specific light absorption coefficients for particles,
detritus and phytoplankton within defined size classes. These coefficients i.e. light absorption coefficients normalized to Tchla
or SPM concentrations, are valuable for describing. the relationships between biogeochemical and optical quantities in a
simplified yet informative way.

Due to the dominance of ultra-particles in our dataset (accounting for over 70% of the total Tchla and SPM), it was not possible
to apply the same procedure for determining the average specific absorption coefficients for the remaining size classes as in
Meler et al. (2023). Instead, for each particle size class, we determined only the ‘normal’ (for all spectra in a given size class,

not only for the dominant ones in a given size class) average chlorophyll-specific absorption coefficients a,TNI(}), aq M)
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and apn™"¥()) and the mass average mass-specific absorption coefficients a,S"™(1), ad®™(L) and a,nS"™()) with standard
deviations (Figure 12, left and right panels, respectively). Due to the dominance of inorganic matter (57%) and relatively weak
correlations between absorption coefficients by particles (including detritus and phytoplankton) and Tchla, the mean
chlorophyll-specific absorption coefficients are characterized by large standard deviations. The mean coefficients a,S"(A),
ad®"™)(}) for the analyzed data set are characterized by higher values than for the data set reported by Wozniak et al. (2024b).
The standard deviations are also higher, which indicates that in the analyzed data set it was possible to find a wider cross-
section of waters with different biogeochemical and absorption properties. The average a,5"™(A) values across size classes
are similar, making it difficult to clearly distinguish between them of the average ad®®™()) and ap,®"™(A) show more
pronounced inter-class differences. In particular, pico- and ultra-particles are characterized by lower values in the 350-400
nm spectral range with a clearly marked maximum at 443 nm, while micro- and nano-particles do not have such a clear
maximum at 443 nm.

According to Ciotti et al. (2002) the spectral averages of apn™M9(X) should have the lowest values for the micro-particles class
and the highest for the pico-particles class. In our study, the lowest values were observed for pico- and ultra-particles, higher
for micro-particles and the highest for nano-particles.

Table 5 summarizes the average values of a,TMI(}), adTMI(L), apnTMO (L) and a, SPMD), ad®™QA), apmST™(L) for different
particle size classes, together with their standard deviations, at selected wavelengths corresponding to the OLCI sensor bands
(400 nm, 443 nm, 510 nm, 620 nm, 675 nm and 709 nm). Comparing the obtained average values with those presented in
Meler et al. (2023) for the Baltic Sea, the results reveal significant differences in absorption and biogeochemical properties
between Arctic fjords and Baltic coastal waters. Mean values of a,(™"9(}), ag™M)(X) and apn""()) for the analyzed data set
are several times higher than those obtained for the Baltic Sea, depending on the particle size class. This may be partly due to
the difference in the method of determining the mean values of the light absorption coefficients. In the case of the Baltic Sea
data, the mean coefficients were determined for samples dominated by specific size class. In the fjord samples, due to the
dominance of ultra-particles, the average absorption coefficients were calculated from all samples for each size class. However,
the greatest influence on such a large discrepancy between the average values of the coefficients a,(T"?(A), ad™"(1) and
apnT"9()) in these two different water bodies is the difference in the nature of the relationship between particles and Tchla
concentrations. In the Baltic Sea, the coefficients ap(A), aa(r) and apn(A) were better correlated with Tchla concentrations, so
also the coefficients normalized to Tchla showed a better relationships. In the fjords, however, the relationships of the
coefficients ay(A), aqd(h) and apn(h) correlated weakly with Tchla, which is also reflected in the case of normalized light
absorption coefficients. In the case of average values of a,S"™(}), adS™ () and amS™(X), the differences are not so

significant, but it can also be seen that in most cases they are slightly higher than those for the Baltic Sea.
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Figure 12: Average chlorophyll-specific (left panel) and mass-specific (right panel) light absorption coefficients = SD
for all particles (a, b), detritus (c, d) and phytoplankton (e, f) for size classes : micro-, nano-, ultra- and picoplankton.
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Table 5: Average values of chlorophyll-specific and mass-specific light absorption coefficients + SD for all particles,
detritus and phytoplankton calculated for size classes : micro-, nano-, ultra- and picoplankton at selected wavelengths

corresponding to selected bands of the OLCI sensor.

EGUsphere\

400 nm

443 nm

510 nm

620 nm

675 nm

709 nm

ap,micro(Chla)(}\)
ap,nano(Chla)()b)
ap,ultra(Chla)()b)

ap,pico(Chla)()\a)

ad,micro(Chla)(}\f)
ad,nano(Chla) (7\-)
ad,ultra(Chla)O\a)

ad,pico(Chla)()b)

aph,micro(Chla)(x)
aph,nano(Chla)(k)
aph,ultra(Chla)(k)

dph,pico(Chla)(}\:)

ap,micro(SPM)O\a)
ap,nano(SPM) O\,)
ap,ultra(SPM)(}h)

ap,pico(SPM) ™)

ad,micro(spM)()\-)
ad,nano(SPM) (7\-)
ad,ultra(SPM) ()b)

ad,pico(SPM) O\,)

aph,micro(SPM)(}M)
aph,nano(SPM)()\-)
aph,ultra(SPM)()\-)

aph,Pico(SPM)(X)

0.308+/-0.440
0.429+/-0.471
0.823+/-1.146
0.591+/-0.818

0.361+/-0.501
0.215+/-0274

0.772+/-1.220
0.513+/-0.773

0.222+/-0.357
0.266+/-0.432
0.093+/-0.091
0.086+/-0.083

0.179+/-0.345
0.189+/-0.193
0.157+/-0.044
0.204+/-0.141

0.057+/-0.060
0.139+/-0.136
0.127+/-0.039
0.157+/-0.131

0.061+/-0.06

0.078+/-0.073
0.034+/-0.023
0.0524/-0.033

0.253+/-0.348
0.325+/-0.334
0.645+/-0.861
0.451+/-0.581

0.285+/-0.414
0.149+/-0.200
0.566+/-0.901
0.351+/-0.539

0.178+/-0.281
0.232+4/-0.352
0.105+/-0.072
0.106+/-0.071

0.143+/-0.265
0.146+/-0.153
0.136+/-0.045
0.172+/-0.101

0.045+/-0.050
0.095+/-0.093
0.092+/-0.031
0.105+/-0.089

0.037+/-0.024
0.035+/-0.077
0.048+/-0.036
0.072+/-0.049

0.170+/-0.233
0.2114/-0.224
0.430+/-0.595
0.279+/-0.401

0.212+/-0.315
0.096+/-0.135
0.393+/-0.631
0.232+/-0.367

0.123+/-0.193
0.165+/-0.264
0.060+/-0.055
0.051+/-0.052

0.096+/-0.18

0.093+/-0.092
0.082+/-0.025
0.092+/-0.063

0.033+/-0.038
0.063+/-0.064
0.062+/-0.024
0.067+/-0.060

0.029+/-0.035
0.046+/-0.045
0.022+/-0.015
0.028+/-0.016

0.108+/-0.164
0.1114/-0.127
0.222+/-0.304
0.147+/-0.236

0.137+/-0.228
0.053+/-0.075
0.201+/-0.313
0.122+/-0.211

0.066+/-0.098
0.101+/-0.178
0.035+/-0.037
0.027+/-0.033

0.056+/-0.101
0.051+/-0.055
0.040+/-0.018
0.044+/-0.035

0.020+/-0.028
0.032+/-0.033
0.032+/-0.016
0.033+/-0.034

0.020+/-0.022
0.028+/-0.032
0.026+/-0.005
0.0134/-0.007

0.095+/-0.120
0.108+/-0.116
0.213+/-0.265
0.143+/-0.192

0.110+/-0.187
0.046+/-0.063
0.168+/-0.261
0.101+/-0.174

0.069+/-0.090
0.103+/-0.171
0.053+/-0.031
0.045+/-0.029

0.056+/-0.099
0.047+/-0.055
0.050+/-0.023
0.056+/-0.033

0.016+/-0.023
0.016+/-0.028
0.027+/-0.014
0.027+/-0.029

0.017+/-0.007
0.031+/-0.038
0.025+/-0.020
0.032+/-0.022

0.073+/-0.113
0.076+/-0.093
0.154+/-0.219
0.097+/-0.166

0.106+/-0.172
0.042+/-0.059
0.151+/-0.237
0093+/-0.161

0.046+/-0.077
0.071+/-0.143
0.019+/-0.026
0.011+/-0.023

0.038+/-0.071
0.033+/-0.033
0.025+/-0.014
0.025+/-0.025

0.015+/-0.021
0.024+/-0.026
0.024+/-0.013
0.025+/-0.026

0.014+/-0.019
0.015+/-0.015
0.003+/-0.003
0.003+/-0.002
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5 Conclusions

The conducted studies provides important information on the role of particle size and its contribution to the total concentrations
of SPM, Tchla and absorption properties of suspended matter in the waters of three selected fjords of Spitsbergen. Currently,
there are many efforts aimed at extracting as much information as possible from the color of water using remote sensing
methods. These go beyond estimating the concentration of chlorophyll a, but also aim to retrieve other biological parameters,
such as the size structure of phytoplankton population and light absorption by individual water components, which can serve
as proxies for estimating organic carbon pool in the ocean. Various models are created, to recover physical, biological and
chemical data from satellite observations. However, such approaches require empirical studies, which indicate regional
differences between water bodies. Empirical fractionation, as conducted in this study, provides general information on the size
structure and composition of suspended particles in fjord waters.

Our results show that particles of different sizes can exhibit large variability in absorption properties, and similar ranges of
variability can occur across particle size classes. This may complicate unambiguous identification of the particle size class
based solely on the light absorption spectrum. Due to the limited number of samples and the high heterogeneity of optically
active substances in fjord waters, the presented analyses should be treated as qualitative results, similarly to Meler et al. (2023).
Further, multi-seasonal and comprehensive studies are necessary to fully understand the dynamics of suspended particles.
Limitations of the cascade filtration method, such as imperfect size separation of particles (due to irregular particle shapes —
not always spherical), problems with mesh filters, rapid sedimentation of large particles), may lead to partial over- or
underestimation of results, as mentioned by Koestner et al. (2019) and Meler et al. (2023).

Our results and those presented by other authors (e.g. Son and Kim, 2018; Halbach et al., 2019; Wozniak et al., 2024) show
that the bio-optical characteristics of western Svalbard fjords vary greatly during summer. This is due to the very complex
environmental characteristics of the fjords (tidal glaciers, atmospheric and hydrological conditions, etc.). Our study focuses
on the summer season, when there is a high phytoplankton productivity (Assmy et al., 2023; Chitkara et al., 2024). Based on
our analyses, it is possible to observe the variability of particle size distributions not only for the entire fjord data set, but also
in individual fjords. Ultra-particles (2-5 um) dominated suspended particles (average SPM i/ SPM=51%) and were mainly
inorganic (average PIM/SPM=67%). The fjord-specific values were: Hornsund, SPMi/SPM = 53%,PIM/SPM=76%,
Kongsfjorden, SPMyixa/SPM = 53% and PIM/SPM=63%, and Isfjorden, SPM,jirs/SPM=48% and PIM/SPM=64%.

We observed that the largest contribution to particle absorption was from detritus, defined as organic and inorganic detritus
plus mineral particles. For the selected wavelength of 443 nm, the contribution of detritus to particle absorption,
a4(443)/ay(443), was on average 66%, and varied by fjord: 76% in Hornsund, 60% in Kongsjorden and 63% in Isfjorden. We
also observed that ultra-particles often had a dominant contribution to a,(443), aq(443) (approx. 60% and higher) and apn(443)
(approx. 45% and higher). Pico-particles contributed from 20% to 32% of the light absorption, followed by nano-particles

from 6% to 26% and the smallest contribution was given by micro-particles from 1% to 12.6%.
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Analysis of the variability of light absorption coefficients by different size fractions of particles suspended in sea
water in fjords in relation to the characteristics describing this suspended matter (i.e., Tchla and SPM) showed generally weak
correlations for Tchla and slightly stronger for SPM. It is possible that expending the dataset would allow obtaining better
correlations, which indicates the need to continued research in this area. A better understanding of the influence of particle
size on the absorption properties of Arctic fjord waters can support methods for remote estimation of phytoplankton sizes in
this area. Measurements of chlorophyll- and mass-specific light absorption coefficients of suspended particles, including
detritus and phytoplankton, are essential to develop optical inversions algorithms for mapping the biogeochemical components
present in surface waters and to better understand the origin of optical signatures in remote sensing studies. To date, most
literature has reported ap, aq, apn coefficients as functions of Tchla or SPM for the total suspended matter, without taking into
account the particle size. Recent studies (Meler et al., 2023 or Wozniak et al., 2024b) have begun to explore these relationships
across size classes of particles obtained by fractionation However, the relationships presented by other authors were obtained
indirectly, based on, for example, diagnostic pigment analysis (DPA) and size structure (Vidussi et al., 2001; Uitz et al., 2008)
or on the basis of HPLC data and the pigment size-class model (Brewin et al. 2010). Although there are many methods for
determining phytoplankton size in marine environments (IOCCG report, 2014),direct studies of different particle size classes

are essential in order to determine direct relationships between different characteristics of marine ecosystems.
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