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Abstract The Arctic Ocean is undergoing drastic changes in its sea ice cover, but is also optically complex.
Observations from summer 2022 across the western Eurasian Basin, show increased colored dissolved organic
matter (CDOM) absorption from terrestrial-derived runoff within the Transpolar Drift (TPD) in the Amundsen
Basin, extending down to a depth of ~100 m. This is in stark contrast to the low-CDOM waters of the Atlantic-
influenced Nansen Basin. The higher CDOM absorption increases the diffuse attenuation coefficient K, by
around 35% relative to Atlantic-influenced waters, and changes the spectral quality of light at depth. An
irradiance model demonstrates that the decreased light availability can delay or inhibit under-ice phytoplankton
blooms, affect zooplankton behavior, and cause enhanced solar heating in the upper 10 m. These findings show
that simplified representations of light attenuation in present Earth System Models can hinder accurate
assessments of light limitations on Arctic marine ecosystems.

Plain Language Summary Climate change is rapidly transforming the Arctic Ocean through strong
sea ice decline. These changes affect the amount of sunlight penetrating the ocean, which will have large effects
on marine ecosystems. The Arctic Ocean is the smallest of the world oceans, yet receives a disproportionately
large amount of terrestrial freshwater, propagating through the Central Arctic Ocean as the Transpolar Drift
ocean current. Here, we present optical measurements from a research expedition in July 2022, conducted at
different depths in the upper water column of the Central Arctic Ocean. We show that light absorption in the
Transpolar Drift is driven by terrestrially derived dissolved organic matter, while absorption by phytoplankton
is the dominant factor in the Atlantic-influenced waters closer to Svalbard. Using a light model, we show that
increased light absorption by CDOM can postpone or inhibit the initiation of under-ice phytoplankton blooms in
spring and potentially change the vertical distribution of solar heating in the water column. In addition, predators
that rely on vision will struggle finding their prey, allowing zooplankton to migrate closer to the surface, and in
turn increase the grazing pressure on phytoplankton. Crucially, these regional differences are not taken into
account in most biogeochemical models.

1. Introduction

The Arctic Ocean is changing rapidly, with decreasing sea ice cover and increasing water temperatures induced by
an Arctic warming four times the rate of the global average (Jahn et al., 2024; Rantanen et al., 2022). Accordingly,
the foundation of Arctic marine ecosystems is changing due to increased light availability, warmer water tem-
peratures and increased nutrient supplies due to stronger inflow of Atlantic water and increased terrestrial runoff
(Ardyna & Arrigo, 2020). A key hydrographical feature of the Central Arctic Ocean (CAO) is the Transpolar Drift
(TPD), a surface current crossing the CAO from the East Siberian and Laptev Seas to the outlets in the Fram Strait
and Canadian Arctic Archipelago (Charette et al., 2020). It is highly influenced by Siberian river runoff and shelf
processes, providing nutrients, carbon, and trace elements to the CAO and the northwestern Atlantic Ocean, and
acts as a conveyor belt for sea ice (Kipp et al., 2018; Krumpen et al., 2019). Observations show significant
amounts of colored dissolved organic matter (CDOM) within the TPD, affecting the underwater light environ-
ment and radiative heating (Gongalves-Araujo et al., 2018; Granskog et al., 2015; Hill, 2008; Lund-Hansen
et al., 2015; Pefanis et al., 2020). CDOM has a strong correlation with meteoric (runoff and precipitation) wa-
ter fraction f;,,,, enabling it to be used as an oceanographic tracer (Dodd et al., 2012; Petit et al., 2022; Stedmon
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Figure 1. A diagram showing the hypothesized contrasts within the CAO (a), along with maps showing measurement locations of the AO2022 cruise. The average sea
ice concentration (from ERAS/EUMETSAT OSI SAF) is shown (b), including major pathways of freshwater run-off (orange lines) and oceanic water inflow (teal lines).
White lines indicate 10% SIC and dark blue lines indicate 90% SIC. Figure (c) shows the bathymetry (ETOPO2) of the region with CTD stations (red dots), optical
stations (green squares), and colored lines refering to specific points on the transect, see Figure 2.

et al., 2015). Earlier work has shown that the elevated CDOM in the TPD is humic-like and thus of terrestrial
origin (Charette et al., 2020; Stedmon et al., 2021; Wiinsch et al., 2025).

The lightscape is the amount, spectral quality and diurnal variability of irradiance penetrating into the water
column. It defines the euphotic zone (Figure 1a), the part of the ocean where daytime photosynthesis outbalances
grazing losses and nighttime respiration such that net primary productivity can occur (Sakshaug & Slag-
stad, 1991). Grazing zooplankton also adjust to diurnal variability in light levels by vertical migration down to
depths of several hundred meters, balancing their search for food with the risk of being eaten (Berge et al., 2014).
The CAO is unique among the world oceans by having low diurnal variability of sunlight. Instead, an extreme
seasonal variability dominates. Sea ice also impacts the underwater light environment tremendously, attenuating
up to several orders of magnitude of light depending on snow and ice thickness and properties (e.g., Nicolaus
et al., 2012; Stroeve et al., 2021). Melt ponds and open water areas (leads) are key features for transmitting light
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into the ocean below (Light et al., 2015), enabling the development of large under-ice blooms in spring
(e.g., Ardyna et al., 2020; Assmy et al., 2017). Cloud cover also reduces light penetrating into the ocean (albeit
secondary to sea ice; Sandven et al., 2025), as well as particulate and dissolved matter in the water column (Park
et al., 2015).

However, it is uncertain whether CAO annual primary production is light- or nutrient-limited, with a clear
regional divide in the nutrient stoichiometries (Tremblay et al., 2015). Atlantic-influenced surface waters are
enriched in nitrate relative to silicic acid and poor in the micronutrient iron, which limit Nansen Basin primary
production (Rijkenberg et al., 2018). Conversely, the terrestrially derived freshwater is nitrate-CHL poor, causing
nitrate limitation within the TPD (Liguori et al., 2021).

Measurements of inherent optical properties in the CAO water column are sparse, and most of the observational
data sets in the region are from the adjacent shelf seas. The earliest published measurements are by Smith (1973)
and Pegau (2002), the latter using the WetLabs ac-9 instrument profiling the upper 60 m of the water column in
the Chukchi Sea. Stedmon et al. (2011) presented measurements of CDOM across the CAO and from Siberian
rivers. Lund-Hansen et al. (2015) and Gongalves-Araujo et al. (2018) published comprehensive data sets of
CDOM and particulate absorption from the CAQO, showing that the spatial variability of CDOM in surface waters
of the CAO is largely driven by the presence or absence of TPD waters. Only a few studies exist concerning the
optical scattering in the CAO (Gardner et al., 2022; Sandven et al., 2020), while the shelf areas have been studied
more extensively (e.g., Bélanger et al., 2013; Matsuoka et al., 2011; Reynolds et al., 2016; Sandven et al., 2023).
Satellite ocean color observations are scarce in the Arctic due to the persistent ice and cloud cover (Castro de la
Guardia et al., 2023).

This study presents a unique data set with depth-resolved optical properties along a transect in the western
Eurasian basin of the CAO traversing hydrographically and optically contrasting surface waters in the TPD-
influenced Amundsen Basin and the Atlantic-influenced Nansen Basin. A hyperspectral light field model is
used to assess the effect of contrasting optical properties across the region on the underwater light environment.

2. Methods
2.1. Field Campaign

Measurements were conducted during the Arctic Ocean 2022 (A02022) cruise onboard RV Kronprins Haakon
(Dodd, Nikolopoulos, et al., 2022). The transect started at the North Pole on July 29, and ended on August 19 at
the continental slope northeast of Svalbard, see (Figures 1b and 1c). The methods and observational products are
described in detail in Supporting Information S1.

Key optical measurements included CDOM and particulate light absorption coefficients (acpom(4) and a,(4),
shown for wavelengths of 400 and 440 nm) from water samples, using well-established methodology (Neeley &
Mannino, 2018; Rottgers et al., 2016; Rottgers & Gehnke, 2012). In situ profiles of non-water absorption ay, (1)
and attenuation c,,,(4) were recorded with an ac-s instrument (Seabird Sci.; Moore et al., 1997; Rottgers
et al., 2013). Chl a fluorescence measurements made with the WET Labs ECO-FL fluorometers from the ship-
CTD were cross-calibrated using chl a concentration measurements from water samples (Figure S1 in Supporting
Information S1). Salinity and oxygen isotope ratios 5'30 from water samples were used to derive the meteoric
water fraction f;,,, and the fraction of sea ice meltwater fs (Bauch et al., 1995; Dodd et al., 2012). Accompanying
measurements included salinity and temperature profiles from the ship-CTD (Dodd, Buckley, et al., 2022).

We use Kendall's 7 for statistical analysis throughout, given the lack of normality or linearity in many of the bio-
optical relationships.

2.2. Lightscape Modelling

We use the hyperspectral irradiance model HEIMDALL (Connan-McGinty et al., 2022) to model how CDOM
alters the marine lightscape and thereby affects primary and secondary productivity (Figure 1a). HEIMDALL has
been used in several studies to study how light availability affects various trophic levels in Arctic waters (Héfker
et al., 2022; Sandven et al., 2025; Schartmiiller et al., 2023).
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Figure 2. Transect from the 2022 cruise, starting from the left at the North Pole and ending just outside the ice edge northeast of Svalbard, see Figure 1. Along the x-axis
of the panels, orange lines indicate the 90° turn in the transect, pink lines show roughly the extent of the TPD, charcoal lines indicate the Gakkel Ridge, and the
approximate sea ice edge is illustrated with turquoise lines. Transects of (a) meteoric water and (b) sea ice meltwater fractions are shown (black dots show sampling
locations/depths), with salinity shown as isolines in (a). (c) Measurements of acpop(400 nm) from water samples. (d) Non-water absorption coefficients (ac-s
instrument) at 440 nm, with white vertical lines showing the stations. (e) a,(440 nm). (f) Non-water beam attenuation coefficient at 650 nm, with white vertical lines
indicating the CTD casts. (g) Corrected in situ Chl a fluorescence. In Figures 2e-2g, the plotted isolines correspond to values 0.03, 0.1, 0.3, and 1 to highlight variability in

the lower data range.

Incoming light Ey(2) is computed based on solar zenith angle, lunar phase and zenith angle, and total cloud cover
from ERAS (Hersbach et al., 2020). Transmitted light is estimated by weighing the transmittance of sea ice
(including snow) and open-water, with the sea ice concentration provided by EUMETSAT (Lavergne
et al., 2019). Transmittance of (snow-covered) sea ice is estimated using spectral K,(1) and albedo for snow and
sea ice, together with estimates of snow depth and ice thickness (PIOMAS; Zhang & Rothrock, 2003). The
methodology is detailed in Connan-McGinty et al. (2025) and Sandven et al. (2025). The underwater irradiance
levels E;(z,1) are thereafter calculated with diffuse and direct light attenuation coefficients derived from bio-
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optical relationships. This approach has been validated using glider observations of Epsr(z) in the Barents Sea
(Connan-McGinty et al., 2022).

For simplicity, we assume zero chl a absorption throughout the modeling component, and set fixed CDOM
absorption spectra for a low and high f;,,, based on field measurements (see Figure 3). In Figure 3, we demonstrate
that chl a has a low impact on light attenuation compared to CDOM. Further, we focus mainly on the spring
months before the phytoplankton self-shading may become a significant factor.

For the irradiance response of zooplankton, we follow the spectral weighting routine derived in Cohen
et al. (2015), where we compute the utilized photons Eyp(z) by animals following the expression,

700nm
Eyp(z) = / Eq(z.4)-S(2)dA.
400nm

Here, S(1) is the spectral sensitivity of krill or zooplankton. The shortwave radiative heating rate in the water
column is estimated using Gershun's law:

700nm
HfaﬁR(Z) = / Ey(z,2) - aiy(4) 4,
400nm

where a,,(4) is the total absorption coefficient.

3. Results
3.1. Spatial Contrasts

Surface waters along the transect (Figure 2) can be divided into two distinctive regimes from a hydrographical,
optical and biogeochemical point of view. The part affected by the TPD starts at the North Pole and ends after
~650 km near 86°N, 0°E (pink lines), and is characterized by high f;,,,, low salinity (29-33), and negative fspy.
The latter implies that this water fraction has been rejected as brine during sea ice formation (likely driving
vertical mixing), and is prevalent in the CAO and the Fram Strait water column (Dodd et al., 2012; Laukert
et al., 2025). There is relatively high absorption at 440 nm, which follow the spatial pattern of TPD as well as
acpom (400 nm) , with some discrepancies due to spatial interpolation. The TPD and Amundsen Basin overlap
reasonably well in geographical extent, however the TPD can be highly variable (Wilson et al., 2021).

Outside the TPD, acpom(400 nm) and a,,(440 nm) are generally low (a,, < 0.05 m™"), with the surface
halocline associated with seasonal sea ice meltwater. Increases in absorption are driven by a,(4), see Figure 2e.
We find elevated chl a fluorescence (>0.5 mg m™'; Figure 2h) corresponding well with a,(440 nm) increases,
while a,,, (440 nm) increases with both higher acpoym and chl a. In contrast, the spatial structure of the non-water
beam attenuation c,,, (650 nm) follows chl a and not the CDOM absorption. We see lower chl a fluorescence in
the TPD than in the Nansen Basin, and a shallower deep chlorophyll maxima than further south. There is a strong
increase near the sea ice edge where warm Atlantic water enters the CAO from the Fram Strait. Note that the
horizontal extent of features can easily be exaggerated by the interpolation algorithm (weighted-average gridding)
in the plotting software (ODV; Schlitzer, 2022). Absolute values should be used with care.

3.2. Drivers of Optical Variability

In Figure 3a, the relationship between chl a and a,,(440 nm) is shown together with corresponding relationships
from the global ocean (Bricaud et al., 1998) and an under-ice phytoplankton spring bloom north of Svalbard
(Pavlov et al., 2017). Measurements from the NOMAD (Werdell & Bailey, 2005) and COASTZOOC (Massicotte
et al., 2023a, 2023b) data sets are also shown, spanning the global ocean and European coastal waters, respec-
tively. We see a high correlation (z = 0.67), and similar spread in our data set as the reference measurements,
albeit with low agreement for the smallest chl a values where measurement uncertainties are high. The chl a
specific absorption inferred from regression of our data set is lower than in the global data sets, but consistent with
results from ice-covered waters (e.g., Pavlov et al., 2017; Sandven et al., 2023), which could be due to low-light
acclimated communities. Chl « is also significantly correlated with scattering, see Figure S1C in Supporting
Information S1 (z = 0.69 with beam attenuation at 650 nm, where CDOM influence is minimal).
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Figure 3. Relationships showing optical variability and how it is driven by biogeochemical properties. (a) Measure a,(440 nm) as a function of chl @ and salinity (color

bar), including results from earlier studies in ice-covered and open waters for context (gray dots). Relationship between (b) meteoric water fraction and acpop (400 nm)

(c) sea ice meltwater fraction and acpop (400 nm). Correlation coefficients Kendall's 7 and Spearman's p are shown. (d) Spectral comparison between parsed components
of the inherent optical properties in the upper 50 m of the water column. Colored dissolved organic matter absorption for the Nansen Basin (NB, defined as f,,,, < 2) and in
the TPD (f;,,, > 10) is shown as yellow and brown lines respectively (shaded areas are the quartiles). Particulate absorption is similarly shown in green, with the maximum
absorption spectrum shown as a green dotted line. The average scattering spectrum (derived from ac-s measurements) is shown as a purple dashed-dotted line, and the pure
water absorption as a solid dark blue line (from Pope & Fry, 1997).

CDOM absorption is closely linked to terrestrial runoff, as shown in Figure 3b, and dominates the absorption
budget at shorter wavelengths (Figure 3d), demonstrating the optical complexity of TPD. The correlation between
acpom(400 nm) and f;,,, (z = 0.43, corresponding to r ~ 0.6) is not particularly strong, but improves at shorter
wavelengths (z = 0.56 for acpon (350 nm)) and worsens at longer wavelengths (z = 0.32 for acpop (440 nm)).
This implies that acpoy measurement uncertainties, which are challenging at low concentrations, may have a
strong impact. However, the linear mixing model is not straightforward to interpret (Laukert et al., 2025), and
higher acpowm(4) has a negative linear relationship with sea ice meltwater (z = —0.38; Figure 3c), driven mainly
by brine. The correlation of acpom(400 nm) with salinity is 7 = —0.43 (see also Figure S2 in Supporting
Information S1).

While pure water absorption dominates in the red part of the spectrum, suspended particulate matter only has a
weak influence on the light attenuation (Figure 3d). The diffuse attenuation coefficient is often modelled as the
sum of the absorption and backscattering coefficients, and the latter is typically only ~2% of the scattering co-
efficient, meaning that particulate scattering has a negligible contribution. Nonetheless, the phytoplankton
concentrations during spring blooms can easily be more than an order of magnitude higher than our late summer
observations (Assmy et al., 2017) and thus much more optically important within the bloom periods. Under-ice
spring blooms are typically dominated by diatoms or the haptophyte algae Phaeocystis (Ardyna et al., 2020;
Assmy et al., 2017; Sherr et al., 2003). Phaeocystis blooms cause an increase in scattering-to-absorption ratio
driven by their size and structure (Pavlov et al., 2017). Including phytoplankton will increase the accuracy of the
irradiance modeling, but requires year-round vertically resolved observations or highly uncertain estimates from
modelling.
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4. Lightscape Effects

How does the increased CDOM absorption in the TPD affect the under-ice light environment? Results from the
HEIMDALL model (Figure 4) illustrate how CDOM reduces light availability at biologically relevant depths
throughout the productive season May-September. The location used in the modelling, 86.5°N 5°W, is near the
edge of the TPD (pink line in Figure 2). Following Sverdrup's critical depth hypothesis (Sverdrup, 1953), the
initiation of net primary productivity is associated with the light levels at the mixed layer depth surpassing a
certain threshold (averaged over several days), called the compensation irradiance Ep,g. In ice-covered waters,
the compensation irradiance is estimated as Epag = 0.25 pmol m~ s~ ! (Randelhoff et al., 2020). Given that the
mixed layer depth seasonality is unknown, we show the Ep,r isolume depth in Figure 4b to showcase the potential
CDOM-induced delay. However, as discussed in Sandven et al. (2025), the phytoplankton compensation irra-
diance is subject to large uncertainties, and has not been estimated for the CAO. Vertical mixing is another
important process (Lowry et al., 2018). For zooplankton, we use Eyp = 1072 pmol m™> s~ as a threshold,
following Héfker et al. (2022) for daytime values.

In May-June, the incoming solar irradiance is approaching its near-maximum (Figure 4a), however, the sea ice
and snow layers (Figure 4b) are also thickest in May. Small leads formations can then have large impact on the
under-ice lightscape. In July, the SIC decreased to ~80%, leading to consistently deep isolume depths (after
averaging the results across 4 days), varying tens of meters depending on acpom. The ratio of Epar(z) inside and
outside the TPD is plotted in Figure 4e (green lines), roughly following an exponential decrease. The approximate
K,(PAR) increases by ~35% from 0.070 £0.002 to 0.094 +0.002 m™", and Epag at 40 m is reduced by about 60%.
This reduction may therefore play a crucial role in the initation of under-ice phytoplankton blooms, postponing it
up to several weeks depending on the mixed layer depth and wind mixing (see also Figure S3 in Supporting
Information S1 for average over the period 2003—-2022). This is corroborated by the transects in Figure 2, where
we see an increase in chl a concentration and a distinctly deeper productive layer as we move east from the
Amundsen Basin to the Nansen Basin. We neglect the phytoplankton self-shading, as Figure 3d shows that the
effect is minimal compared to CDOM.

Further complexity is added when considering spectral effects, see Figure 4d. Disregarding spectral dependencies
has been shown to introduce large errors in modelled chl @ and primary production (Bouman et al., 2020; Mobley
et al., 2015). CDOM absorbs more blue light than green and red, which shifts the underwater light spectrum
towards a larger fraction of green light. This can impact biodiversity among both primary producers and higher
trophic levels (Soja-Wozniak et al., 2025; Utne-Palm, 1999).

In many parts of the world ocean, zooplankton migrate vertically with the diurnal light cycle, but this pattern
breaks down seasonally in the CAO with the lack of diel variability (Flores et al., 2023). It is partially replaced
with the lunar cycle in winter (Last et al., 2016) and tidal cues in summer (Hiippe et al., 2020). Considering the
realized daytime isolume from Héfker et al. (2022), we see that higher CDOM absorption in the TPD shifts the
estimated zooplankton summer habitat upwards from >100 to ~75 m. This implies a shoaling of zooplankton in
the Amundsen Basin, but relevant observations are sparse (Ingvaldsen et al., 2023). Considering the cumulative
lightscape pressure, higher light attenuation will potentially also decrease the predation risk of the secondary
producers, leading to higher grazing pressure on phytoplankton. Synchrony of zooplankton and phytoplankton
phenology is also important for trophic-level interactions (Renaud et al., 2024).

PAR

In Figure 4e, we show the ratio for the shortwave radiative heating rate H

(z) within the visible spectra.
Increased CDOM leads to higher heating rates near the surface and less heat being deposited at depth, as shown by
the ratio for the radiative heating rate. Pefanis et al. (2020) demonstrated that this can lead to faster sea ice melt
rates. The seasonal variability (Figure 4f) shows that the radiative heating mainly occurs in June-August when
SIC < 90%. Our findings are roughly consistent with earlier studies in other parts of the Arctic Ocean (Granskog
etal., 2015; Hill, 2008), but the CDOM effect is lower due to the higher SIC. Hence, CDOM-induced heating will
likely become more important as the sea ice declines. While we do not include H fﬁR(z) above 700 nm, this does
not significantly affect the calculations since this radiation is mostly absorbed in the surface microlayer.

5. Conclusion

Light limitation confines the vertical and seasonal boundaries of primary productivity and affects grazing, while
nutrient availability, wind mixing and stratification further determine primary production. Within the TPD, we
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Figure 4. Results of hyperspectral irradiance modelling throughout 2022 at 86.5°N, 5°W, using 3h time resolution. (a) Model inputs (SIC and total cloud cover) from
ERAS/EUMETSAT OSI-SAF together with the incoming surface Ep,g. (b) Model inputs (SIT and SD) from PIOMAS. (c) Simulated Epag(z). Red contour shows the
phytoplankton-specific Eppyg = 0.25 pmol m~2 s~ isolume depth, while the purple indicates the Egp = 1072 pmol m~2 s~ isolume depth characteristic for zooplankton
daytime-habitat, both smoothed using a 4-day moving average. Dashed lines are for low colored dissolved organic matter (CDOM) absorption, characteristic of Nansen
basin surface waters, and solid lines are with higher CDOM absorption characteristic of TPD (as shown in Figure 3d). (d) Variations in the irradiance spectrum at 10 and
30 m (average for July 2022), with a similar partition based on CDOM absorption. (e) Ratio of Epsr(z) inside and outside the TPD (green lines) and heating rates H,,4(z)
from visible radiation (red lines). (f) Variability in HfaAdR(z) across 2022, with the isoline corresponding to HS‘SR = 0.01 Wm™2. Similarly to Figure 4c, the dashed (solid)
lines show outside (inside) the TPD.

find higher CDOM absorption, which has its origin primarily from Siberian rivers, supported by the presence of
humic-like CDOM (Wiinsch et al., 2025). In the Atlantic-influenced Nansen Basin, phytoplankton drives the
optical variability, similar to the adjacent Barents Sea and Yermak Plateau (Kowalczuk et al., 2019; Sandven
et al., 2023), and in most oceanic waters globally (Bricaud et al., 1998).

We know little about the seasonal and inter-annual development of the TPD and consequently its optical vari-
ability. Given that the TPD affects hydrography and optical properties down to ~100 m, well below the euphotic
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zone, the lightscape is highly sensitive to CDOM absorption, and high-accuracy optical measurements should be
repeated at different times of the year, which can be linked to stationary or drifting observations of FDOM, chl a
fluorescence and salinity. Haine et al. (2015) estimated the freshwater runoff into the CAO to increase by ~30%
by 2100, meaning CDOM variability is important for modelling future Arctic ecosystems, when we may get even
stronger regional contrasts than today.

To better estimate the under-ice lightscape, we need better parametrizations for sea ice, snow and water column,
which all also encompass large uncertainties in their large-scale products (Stroeve et al., 2021; Wilson
et al, 2021). Using broadband diffuse attenuation coefficients characteristic of CDOM-rich waters
(K,(PAR) = 0.12 m™") modelling studies (Clement Kinney et al., 2023; Horvat et al., 2017) have concluded that
under-ice blooms have been relatively uncommon in the CAO, and to a large extent driven by advection from ice-
free areas. Our study estimate K ;(PAR) to span 0.070-0.094 m ™" in the CAO, depending on the f,,,,, meaning that
the under-ice light availability has likely been underestimated in these studies. Further, primary productivity
varies significantly with diurnal cycle in addition to the 24-hr average (Mobley et al., 2015), meaning that lower
latitude models cannot be translated directly to the high Arctic. There are still relatively few published obser-
vations of the initiation of spring productivity (Boles et al., 2020; Hoppe et al., 2024). Given the rapid ongoing
changes, we urgently need to better understand the biological phenology and productivity underneath the sea ice
cover to prepare for the future Arctic.
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