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Arctic sea ice is projected to thin and reduce in extent significantly over the next

century. Both sea ice and its overlying snow limit the amount of light that reaches

the upper ocean, impacting the phenology of ocean primary productivity. Recent

studies using in-situ data and pan-Arctic satellite observations emphasize the

influence of current trends in sea ice and snow on the timing of under-ice, or ice

residing algal blooms. This analysis is extended here using Climate Model

Intercomparison Project (CMIP6) simulations to estimate future changes in

under-ice light levels and to explore the driving factors. Under the SSP5-8.5

scenario, CMIP6 models project a significant reduction in sea-ice and snow

thickness, causing light thresholds for algal blooms to be reached up to 60 days

earlier by 2100 for regions such as the Chukchi Sea at higher latitudes. Areas such

as the Labrador Sea at lower latitudes have limited changes due to relatively

thinner sea ice and snow thicknesses. While this trend varies spatially and across

models, snow thickness is a critical factor in high-latitude regions.
KEYWORDS
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1 Introduction

As Arctic sea ice continues to thin and shrink in extent in response to anthropogenic

warming, the amount of light entering the upper Arctic Ocean is increasing (Stroeve et al.,

2024). During late winter, light is one of the primary drivers for ice algae blooms (Arrigo,

2017), and thus changes in the sea ice cover can have important implications for the entire

marine ecosystem (Steiner et al., 2019). Previous studies have demonstrated methods to

take existing satellite data products to map the amount of light entering the upper ocean

through the sea ice cover (Stroeve et al., 2021, Stroeve et al., 2024), demonstrating that the

reductions in snow cover play an out-sized role in increased light penetration.
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Phytoplankton form the basis of the marine food web and play

an important role in the global carbon cycle by absorbing

atmospheric CO2. Phytoplankton are diverse globally, from larger

macroalgae such as Rhodophyta, to single-celled microalgae such as

diatoms which can reside on the underside of sea ice during low

light conditions (Yuan et al., 2025; Hoppe et al., 2024).

Phytoplankton are estimated to have absorbed approximately a

quarter of anthropogenic emissions (Friedlingstein et al., 2023).

There is a good agreement between remote sensing, modelling and

in situ observations for the historical global CO2 ocean uptake, but

future CMIP6 scenarios present significant differences in rates of

oceanic primary production (Tagliabue et al., 2021). The

uncertainty in modelled productivity rates is mainly due to the

availability of nutrients driven by ocean circulation (Duarte et al.,

2021), compounded by internal variability inherent within complex

ocean microbiomes. The level of productivity is therefore a crucial

component in future emission pathways, and also when evaluating

the stability of ocean food chains and fisheries (Tittensor et al.,

2018) Within the Arctic Ocean, the decrease in the extent of

summer sea ice allows for more open ocean primary production

(Fernandez-Mendez et al., 2015), but uncertainty is pronounced

due to the presence of sea ice causing incomplete knowledge of

nutrient cycling (Tuerena et al., 2022). Numerous outflowing river

systems have also been shown to be a significant factor in Arctic

Ocean productivity and add an additional source of variability

(Terhaar et al., 2021). While prior investigations into historical and

future Arctic primary production and food chain sustainability

focus on the open ocean, the Arctic ecosystem is underpinned by

algal growth on the underside of the sea ice cover which can grow

underlow light conditions at high latitudes when no open ocean

primary production occurs (Ardyna et al., 2020; Hoppe et al., 2024).

Both ice algae and pelagic phytoplankton have been observed to

bloom under sea ice even when open ocean conditions are present

(Arrigo et al., 2012) with the majority the ice algae observed to be

species of diatoms (Fernandez-Mendez et al., 2015; Arrigo, 2017;

Hoppe et al., 2024). These diatoms provide an important food

source to higher-order predators (Koch et al., 2023) and thus plays a

crucial role in the Arctic Ocean primary productivity and the entire

marine food web (Hollowed and Sundby, 2014; Combaz

et al., 2025).

During Arctic winter months (e.g. above 66.5°N) the sun is

below the horizon with no light available for photosynthesis and

primary production. With the return of the sun, algal growth can

begin in the open ocean, but because of the presence of sea ice, light

availability is restricted under the ice cover. The sea ice and snow

layers create a complex system of light scattering and absorption.

Over bare sea ice, light can be scattered within up to 10 cm of the

surface (Light et al., 2008). Within snow, this layer is thinner (Light

et al., 2015, 3 cm), but with greater total radiation scattering

(Warren, 2019). In regions with the thickest ice and snow cover,

very little light reaches the upper ocean below the ice. However,

there is growing evidence that blooms of ice algae can occur in low-

light environments below sea ice (Hoppe et al., 2024), despite earlier

studies suggesting larger light conditions were required (Horvat

et al., 2022). Once the ice algae begins to grow, the blooms can
Frontiers in Marine Science 02
persist provided sufficient nutrients remain near the surface

(Castellani et al., 2017).

Due to the difficulty in creating year round Arctic wide

observations of ocean biogeochemistry there has been a recent

effort to improve models to fill this knowledge gap (Popova et al.,

2012; Lee et al., 2016). These models typically deploy global climate

models coupled in a configuration that includes the crucial sea ice

and biogeochemistry components (Jin et al., 2016), tracking

primary productivity, chlorophyll and zooplankton (Clement

Kinney et al., 2023). These models have successfully reproduced

the nutrient and chlorophyll distributions of in-situ observations,

but due to their dependency on modelled ocean currents,

development is needed to accurately represent the horizontal

transport of zooplankton (Lee et al., 2016). The observed under

sea ice algal bloom of Arrigo et al. (2012) has been successfully

simulated using a regional Earth system model, with coupled

atmosphere, ocean, sea ice, and biogeochemical components,

forced on its boundary by an atmospheric reanalysis (Clement

Kinney et al., 2023). The success of this model implies that the

results from such models provide a strong source of information for

the state of primary productivity in the Arctic Ocean. Recent

advances suggest that productivity is light, rather than nutrient

limited, and blooms in both ice algae and pelagic pytoplankton

occur seasonally (Popova et al., 2012; Clement Kinney et al., 2020).

However, it remains uncertain whether this limitation will persist

with the projected changing sea ice state of the Arctic over the next

century (Jin et al., 2016).

The aim of this study is to predict future trends in under-ice

light availability due to the projected decrease in Arctic sea ice

thickness (Notz and Community, 2020) and increased precipitation

as rain rather than snow (McCrystall et al., 2021). While the focus

here on light-limitation only has less sophistication than the fully

coupled climate and biogeochemistry model of Clement Kinney

et al. (2020), there is high complexity and thus uncertainty of

running these simulations up to 2100. Therefore here we looked to

provide insight to questions raised by Clement Kinney et al. (2023)

on the future of light limitation in a changing Arctic using a similar

approach to Stroeve et al. (2024). This was investigated by showing

emergent spatial and temporal correlations and thus showing how

ice algae growth seasons can change under the most extreme future

changes to the Arctic Ocean as represented by the SSP5-8.5

emission scenario. In this paper we refer to ice algae as those

organisms that reside within or on the underside of sea ice, typically

observed to be diatoms (Hoppe et al., 2024). The results may have

implications for pelagic species, though these are observed to bloom

later in the spring (Arrigo et al., 2012).

Previous studies using an ensemble mean model projection

from CMIP5 have shown that future sea ice changes will allow for a

shift in the timing of ice algae blooms towards earlier in the

season (Tedesco et al., 2019). Sea ice conditions from the most

recent projections from the sixth assessment report of the

Intergovernmental Panel on Climate Change (IPCC) (AR6) have

been shown to perform better than their predecessors in terms of

representing observed long-term changes (Notz and Community,

2020; Keen et al., 2021), and thus it is timely to reassess future
frontiersin.org
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changes in under-ice light conditions using individual simulations

to capture spatial variability and correlations in sea ice and snow

thicknesses. In this study, we estimate the timing of when enough

light is available to trigger a sea ice algal bloom onset over the next

century for an ensemble of CMIP6 model simulations. Section 2.1

outlines the CMIP6 model data used in this study. Section 2.2

describes the under-ice light model and Section 2.4 describes the

snow and ice thickness distributions used. This model uses the latest

insight into how to distribute snow across coarse model grid cells

(Mallett et al., 2022) to account for areas of thin snow within a grid

cell. This is essential, since a sub-grid cell snow depth distribution

function is not explicitly considered within the sea ice component of

prior model simulations (Lee et al., 2016; Keen et al., 2021). The

results of the study are presented in Section 3.
2 Data and methods

2.1 CMIP6 models

To estimate the timing when enough light is available to foster

the onset of ice algae blooms, data on the dominant controlling

factors are required. In a simple light extinction model, such as used

by Stroeve et al. (2024), these include: the amount of incoming solar

radiation at the ocean surface, the albedo of interface between sea

ice or snow and the atmosphere, the fraction covered by sea ice, sea

ice thickness and the thickness of snow that has settled on the sea ice

along with surface scattering layers that occur in both.

To assess future changes, we took model data from the SSP585

emission scenario, the most pessimistic scenario which results in an

additional radiative forcing of 8.5 Wm–2 by 2100. To compute

bloom-onset timing requires the use of daily sea ice and light fields

that are consistent from a single model run. Taking an ensemble

mean will reduce the crucial temporal variability. This limited our

analysis to only 10 CMIP6 models (Supplementary Table S1). From

these models we use the first ensemble member for daily sea ice

concentration (siconc), thickness (sithick) and snow on sea ice

thickness (sisnthick). During the analysis stage of this study the

majority of these models only had daily sisnthick available for a

single model ensemble. More ensemble members have since been

uploaded and cross-variant analysis is now possible for future work.

Corresponding values for daily surface albedo and incoming

shortwave radiation are either provided from sea ice variables

(siflswdtop incoming radiation, siflswutop reflected/outgoing

radiation) or from the atmosphere (rsds incoming radiation, rsus

reflected/outgoing radiation), with care taken to check the sign

conventions for each model (see Supplementary Table S1). For

models where the shortwave is taken from sea ice data the sea ice

albedo was calculated directly with aI = SWu=SWd the ratio of the

outgoing (SWu) to incoming solar radiation (SWd) at the surface. For

SW data taken from atmospheric component the mixed surface albedo

is calculated with aIO = SWu=SWd This value represents the averaged

reflectance over a model grid cell containing both sea ice and ocean. In

order to focus on the light available for ice algae growth, we converted

the mixed albedo in these cases (see Supplementary Table S1) to the sea
Frontiers in Marine Science 03
ice albedo aI using the relationship aI = aIO=C − aO(1 − C)=C where

aO = 0:07 is the assumed albedo of the open ocean fraction and C is

the sea ice concentration.

Most CMIP6 output represent a mean value on a coarse grid

cell. This is problematic for snow depth and ice thickness, which

show large spatial variations within these spatial scales (Castro-

Morales et al., 2014; Mallett et al., 2022). While some models

include a sea ice thickness distribution, this information is not

provided as a variable on a daily timescale. Since accurate prediction

of sufficient light to initiate a bloom onset depends on the snow and

ice thickness distribution, we applied a snow and sea ice thickness

distribution as described in section 2.4.

The sea ice state as averaged for the entire Arctic Ocean for the

10 CMIP6 models is summarized in Figure 1. The key time period

of interest for this study is March and April coinciding with the

return of the Arctic sun. This time of year also coincides with the

timing of the maximum sea ice area (defined as the area of sea ice

coverage weighted by the ice concentration) (1(d)), though sea ice

and snow thickness continue to increase through May (e and f).In

general, the March/April sea ice area shows a more modest decline

throughout the rest of the century compared to sea ice and snow

thickness which decrease more rapidly (1e and f). There are two

exceptions however, the CMCC-ESM2 and IPSL-CM6A-LR models

show collapses in the sea ice area in 2060 and 2090, respectively.

Since CMCC-ESM2 has considerably thinner ice than the other

models, and thinner than current observations indicate are realistic

(Landy et al., 2022), this model is removed from further analysis.
2.2 Under ice light model

To model under-ice light availability, we sought levels of

Photosynthetically Active Radiation (PAR) that are known to allow

for the growth of ice algae. There are a number of different studies that

have attempted to define a minimum PAR level. Stroeve et al. (2021),

Stroeve et al. (2024) for example based their bloom onset timings on a

PAR value of 1.78 m mol photons m–2 s–1 for four consecutive days.

However, a new study using observations acquired at latitudes near

86N during the Multidisciplinary drifting Observatory for the Study of

Arctic Climate (MOSAiC) expedition suggests PAR thresholds of 0.04

± 0.02 mmol photonsm–2 s–1 are sufficient for ice algae blooms (Hoppe

et al., 2024). Given that evidence exists for several different orders of

magnitude of light levels needed for photosynthesis to occur, we used

three different thresholds of 1.78, 0.415, and 0.04 mmol photonsm–2 s–1

for four consecutive days to determine the ice algae bloom

onset timings.
2.3 Model equations

To model PAR levels at the sea ice ocean interface, we used the

approach described by Stroeve et al. (2021), Stroeve et al. (2024)

(Equations 1–6). The code developed for this study is available at

https://github.com/CPOMUCL/EcoLight_process. The model

considers the surface albedo(a) and vertical attenuation
frontiersin.org
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coefficients (k ) for short wave (SW) radiation, for a multiple level

exponential decay. The model considers snow and sea ice as

separate layers, each with their own. k with the addition of a

surface scattering layer (SSL) that can form in both the snow and

sea-ice layer for the conditions described below. The transmitted

broadband irradiance at the ocean-sea ice interface (Ft W m−2) is

calculated from the value at the atmosphere-snow interface.(F0 W

m−2). We included the multiple snow (AS) and ice (AI) thickness

fractions and the open ocean fraction (AO), along with their
Frontiers in Marine Science 04
computed transmittances (TSI) separately with

Ft = F0o
m

i=1
o
n

j=1
TSI
i,j A

S
i A

I
j (1)

for m snow thickness and n ice thickness categories. The values

for each A are dependent on the thickness distribution as described

in section 2.4.

For given snow and ice thickness categories (i, j) we calculated

the transmittance with.
FIGURE 1

Sea ice state for the ensemble of models used for the sea ice study within scenario SSP5-8.5. Plots (a-c) show the average sea ice and snow state
over the Arctic Basin in March and April. Plots (d-f) are the average seasonal cycles for the year 2015-2030. Plots (g-i) show the changing algal
bloom onset day, (g) the Arctic wide average, (h) the mean onset day for 2015-2030, (i) the mean trend (days/decade) over 2015–2100 for a limit of
par = 1.78 m mol photons m–2 s–1. Plot (h) shows the regions used in later Figures. Note that the trend in (i) is per decade, while the stated total
change in (h) and later Figures is for the total study period.
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TSI
i,j = (1 − a)EIES : (2)

with a the surface albedo, and E(I,S) the radiation extinction rate

for ice or snow. The snow extinction rate is given as a function of

snow depth with:

es =
e−ksshs

e−ks(hs−hss)−ksshss

, for hs < hss scattering layer only

, for hs ≥ hss scattering layer above other snow

(

(3)

for kss = 40:0 (scattering snow), relating to an observed

transmittance of 0.3 for a scattering layer of depth hss = 0:03 m

(Light et al., 2015) and ks = 10:0 (for deeper snow).

Ei = e−ki(hi−his)−kishis (4)

with kis = 12:0 for and an observed transmittance of 0.3 for a

scattering layer of depth his = 0:1 and ki = 1:0 for thicker sea ice

(Light et al., 2008). The surface scattering layer in sea ice is found

when radiation has been able to pass through any snow above. For

sea ice with no snow above it, a surface scattering layer is observed

to develop to a maximum depth of hfullis = 0:1 m for sea ice of a

thickness of hi > hs max
i = 0:8 m (Castellani et al., 2022). There was

observed to be no surface scattering layer for sea ice of a thickness

with hi < hs min
i = 0:5 m. Adding to this the restriction that there

will be no sea ice scattering layer for a fully developed snow

scattering layer and allowing for the scattering layer depth to

increase linearly between these restrictions, we give the following

parameterisation for the sea ice surface scattering layer depth:

his =

0

hfullis

hi−h
s min
i

hs max
i −hs min

i
  hs0−hs

hs0
hfullis

 

for hs > hs0 or hi < hs min
i

for hs = 0  and hi > hs max
i

otherwise :

8>>><
>>>:

(5)

This parameterisation calculates the correct surface scattering

layer for bare sea ice and allows for high transmittance for thin

snow and ice conditions. This thin snow/ice implementation is

crucial for the thinner sea ice and snow layers found in the future

CMIP6 scenario used here compared to present day observations

(Stroeve et al., 2021, Stroeve et al., 2024). A simplification of this

scheme compared to Stroeve et al. (2024) is that there is no

separation of wet and dry snow due to the inability to represent

this with the used model data.

The intensity of l ight in the PAR spectral range

(QPAR,m mol photons m−2 s−1) at the ice ocean interface was

calculated using.

QPAR = 0:79� 4:44Ft (6)

where the parameters set are due to observations of the

relationship between the transmitted short wave (Ft ,W m−2) and

QPAR at the ice-ocean interface (Stroeve et al., 2021).
Frontiers in Marine Science 05
2.4 Snow and ice thickness distribution
model

To represent the observed variability of snow and ice thickness

over length scales shorter than model grid cells, we applied both a

sea ice and snow thickness distribution. The ice thickness

distribution was that of Castro-Morales et al. (2014) as used by

Stroeve et al. (2021) with 15 thickness classes. The snow thickness

distribution is as used by (Stroeve et al., 2024) and was the

observational based skew-normal distribution of Mallett et al.

(2022) as shown in Supplementary Figure S4. The skew-normal

distribution was derived from north pole drifting station

observations of ice thickness collected at 10-meter intervals

across the Arctic Basin, using data recorded between 1955 and

1991. Here we implement the distribution with 10 thickness

classes, covering ± 3 standard deviations, with the standard

deviation given as 0:361� the mean snow depth per CMIP6 grid

cell. We apply each snow thickness class to each ice thickness class

with a total of 10� 15 combined classes AS
i A

I
j modelled for each

grid cell.
3 Results

Our estimates for under-ice light availability predicts an

earlier onset of ice algae blooms across all seasonally sea ice-

covered regions of the Arctic Ocean through 2100. This shift is

driven by the overall reduction in both sea ice and snow thickness.

The average trend in the onset day is linear (Figure 1g), reflecting

the trend in both average snow and ice thicknesses (1b and c). On

average, under sea ice algal blooms are predicted to occur 25 days

earlier (2.9 days/decade) by the end on the century using a PAR

threshold of 1.78 mmol photonsm–2 s–1. However, the trend is not

consistent over the entire Arctic. The greatest changes are seen in

the Beaufort, Chukchi and Kara Seas (1i and S1) with 7 days/

decade for the ensemble average, peaking to 10 days/decade for

the IPSL and MRI models (see Supplementary Figure S3). Using a

lower PAR threshold of 0.04 mmol photonsm–2 s–1, the theoretical

lowest limit of photosynthesis (Hoppe et al., 2024), there is no

significant trend in onset day (Figures 2a, d). Our light

transmission approach allows for this level of under-ice PAR to

be reached for all CMIP6 ice and snow thicknesses once the sun

returns. Using a PAR limit of 0.415 m mol photons m–2 s–1, the

spatial and temporal variability in ice algae bloom onset is

dependent upon the snow and ice thickness, with reduced

latitudinal dependence compared to a PAR threshold of 0.04 m
mol photons m–2 s–1 (Figures 2b, e); trends towards earlier bloom

onset dates are seen throughout the Arctic Ocean from 2015 to

2100, though smaller magnitude than using a PAR threshold of

1.78 m mol photons m–2 s–1 (Figures 2c, f).
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3.1 Sea Ice and snow conditions drive
change

To show the key forcing interactions that result in changes to

the bloom onset day, detailed information for the Baffin/Labrador,

Beaufort and Central Arctic regions (as defined by the National

Snow and Ice Data Centre regional ice masks (Meier and Stewart,

2023)) are presented in Figure 3 with all Arctic regions shown in the

Supplementary Figure S4. Sea ice and snow thickness (top two

rows) show the largest interdecadal changes compared to the

incoming solar radiation and the surface albedo or total absorbed

solar radiation. While this is true for all three regions, the resulting

changes in bloom onset date are not. This can be explained by

considering the incoming SW radiation, used here as a proxy for

PAR levels above the snow/sea ice cover. The seasonal cycle in SW is

largely consistent throughout the century (and over the ensemble

members, see Supplementary Figure S5) with a small increase at the

end of the century due to changes in ozone and cloud cover/

properties (Yamamoto et al., 2024). As no ice algae bloom is

possible until light returns, the bloom onset in the Baffin/

Labrador region is already near its earliest day of the year in 2015

(early March, see SW plot row). Any thinner ice and snow

conditions at this point will allow more light to reach the

underside of the sea ice, though the bloom conditions have

already been met. The converse is true for the Beaufort and

Central Arctic regions. For the period 2015-2030, snow and ice
Frontiers in Marine Science 06
are thick enough such that 200–250 W m−2, of incoming SW are

required for sufficient light to reach the ocean below. As the snow

and ice cover become thinner over the century, less incoming

radiation is required, which allows for large shifts in bloom onset,

up to ≈40 days earlier (see estimated onset days over the SW plots

in Figure 3).

The relationship between snow and ice and the required

incoming SW level also explains the decadal changes. Comparing

the Beaufort and Central Arctic regions, the variability of snow and

ice thickness in the two regions is similar over the period 2015-2030

(Figure 3; Supplementary Figure S4). However in the Central Arctic

Ocean, bloom onset cannot occur until late May when incoming

SW is near its peak, with variations in snow and ice thickness

making small changes in onset date (under 15 days, Incoming SW

plot of Supplementary Figure S5). However, in the Beaufort Sea, the

onset day is distributed about April and May, during which SW

conditions are variable. This creates a high sensitivity to the ice and

snow thickness with an estimated onset day variable by 30 days for

this period. While the modelled incoming SW is consistent across

models, there is some variation in surface albedo. When considering

the fraction absorbed at the surface, (F0(1 − ai)), as plotted on the

bottom row of Figure 3, there is greater model spread

(Supplementary Figure S5) though less average decadal variation

(Figure 3). A notable outlier here is the BCC-CSM2 model, which

has lower sea ice albedo values than the other models, giving high

values for absorbed SW. However, the onset days for this model are
FIGURE 2

Maps of ensemble averaged estimated algal bloom onset day for the early period (2015-2030) (a–c) and ensemble mean trend in onset day (days/
decade) over 2015-2100 bottom (d–f). Each column is for varying levels of PAR = (0.04, 0.415, 1.78) m mol photons m–2 s–1.
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FIGURE 3

The changing sea ice conditions and estimated algal bloom onset dates for the CMIP6 SSP585 ensemble mean over 2015-2100. Three key regions
have been chosen (see Figure 1h) to show contrasting changes. Each plot shows the ensemble mean seasonal cycle (lines, monthly data), with the
distribution of estimated bloom onset dates and associated sea ice and solar radiation conditions overlayed as crosses. Each colour indicates the
mean for time period shown in the legend. Similar plots for all regions of the Arctic and for each ensemble member over the period 2015–2030 are
in Supplementary Figures S4, S5.
Frontiers in Marine Science frontiersin.org07

https://doi.org/10.3389/fmars.2025.1642506
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Heorton et al. 10.3389/fmars.2025.1642506
not early compared to the ensemble average as the sea ice and snow

are both thick enough to delay light reaching the ocean below.
3.2 Correlations across model ensembles

To investigate the drivers of changes to under sea light

availability as shown in section 3.1, we look at the correlations

between average forcing state across the 10 individual model

ensembles. As each model ensemble has varying sea ice and snow

thickness for each modelled year, we can investigate what changing

conditions cause the greatest change in bloom onset date. Over the

coming century there are small changes to the seasonal cycles in SW

and albedo but significant changes in sea ice and snow thickness

(Figure 3), both of which are prominent drivers of PAR

transmittance (Equation 1). However, when investigating

correlations between average Mar/April snow or sea ice thickness

and regionally averaged onset date, snow thickness has higher

correlations except for the Greenland Sea (right of Figure 4).

When looking in detail at the correlation between snow thickness

and algae bloom onset dates across the 9 ensemble members (left of

Figure 4, where each year of each model is a separate point) the

correlation varies across the Arctic and throughout the century.

For low latitude regions (e.g. the Baffin/Labrador, Greenland

and Barents seas), as discussed in section 5.1, present sea ice

conditions allow blooms to occur as soon as the sun returns, with

limited changes projected into the future (SW plot for the

Greenland sea in Figure 3 and Supplementary Figure S4). For

other regions, reducing snow thickness allows the onset day to

occur up to 60 days earlier across the ensembles as the bloom onset

transitions from being limited by melt date, to occurring with the

returning sun. For the Greenland, Barents, Chukchi and Beaufort

seas, the emergent correlation between algae bloom onset and ice

and snow thickness weakens towards the end of the century (e.g.

2065–2100 in Figure 4, right side) due to ice free summers in some

scenarios. As our model only considers the ice-covered part of the

Arctic ocean, the onset dates in these cases occur when the sea ice

cover returns.

Across the coming century the central Arctic shows an

increasing correlation between onset timing and ice and snow

conditions. This region is at the highest latitudes and has the

largest future changes in snow and sea ice thickness, but does not

have the greatest change in estimated onset date 3. Current

conditions (shown by the early period R2 values to the left of

Figure 4) have limited correlation to onset date, as this can only

occur when above surface incoming radiation reaches summer peak

levels (discussed in section 5.1 and shown in SW plot of Figures 3,

and Supplementary Figure S5), with the ensemble spread in ice and

snow thicknesses causing relatively limited spread in calculated

onset day. As snow thickness reduces throughout the middle to end

of the century, the onset date in the Central Arctic shows increasing

correlation to snow thickness (central plots in Figure 4). The

thinner snow thickness allows the onset date to occur before the

incoming SW reaches its peak.
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4 Discussion

We have expanded recent satellite observation-based studies

into how snow and sea ice thickness can be used to explain under

sea ice algal bloom onsets (Stroeve et al., 2024, Stroeve et al., 2021).

We have taken all available daily CMIP6 SSP585 scenario data to

model the light available for an ice algae bloom to occur. Our results

show patterns of spatial and time variation in both onset date and

the key forcing controlling this date. The onset forcing can be

summarised into three types: lower latitude ice covered seas

(illustrated by the Baffin/Labrador region 3 and 4) with relatively

thin January snow cover, with onset currently limited by the

returning sun and with limited future changes; marginal Arctic

Basin seas (illustrated by the Beaufort Sea in Figures 3 and 4 with

other regions in Supplementary Figure S4) with onset date currently

limited by snow thickness; the central Arctic with a thick snow and

ice cover with current onset dates that can only occur when

incoming solar radiation is at its maximum. As the state of the

Arctic changes over the SSP5-8.5 emission scenario, the marginal

Arctic Basin seas transition to having onset dates limited to the date

of the returning sun, and the Central Arctic region onset day

becomes controlled by the seasonal snow thickness.

Even though the most pessimistic SSP5-8.5 emission scenario

has the greatest changes to the Arctic Ocean sea ice state, the results

in this study are indicative of expected changes post 2100 given

current projected warming levels. Since the regional variation in

changes to under-ice light availability and limiting factors to algal

bloom onset are consistent across the model ensembles and emerge

by the middle of the century (see Figure 4), they can be expected to

manifest under future Arctic sea ice and snow conditions.

While the response of under-ice light availability to changing

snow and sea ice conditions is clear, there are other considerations

important for algal primary productivity. Studies suggest that the

initial population of algae is controlled by the freeze-up date of sea-

ice, which will shift to one to two month later in the autumn/winter

season for the SSP5-8.5 scenario (Keen et al., 2021). Winter ocean

conditions can cause selection and adaptation within the algal

population, affecting the size and health of initial populations and

thus ability of the populations to bloom once light becomes

available. The timing and location of freeze-up is also shown to

be related to amount of algae at the ice underside due to water

algae populations.

The snow distribution used here, while currently the best

informed representation of sub-grid cell snow cover available, was

created by the analysis of snow over multi-year sea-ice (Mallett

et al., 2022). Half of present day Arctic sea ice is first-year ice, with

this fraction increasing to the whole Arctic as the perennial ice cover

disappears. Adding to this, our imposed sea ice and snow thickness

distributions have no covariance. Whilst the thickest snow is

observed to collect around the thickest ridges in multi-year sea

ice (Shalina and Sandven, 2018), the crucial covariance between the

thinnest first-year sea ice and snow are not known. A further

complication to the sea ice cover that may become of increasing

importance are melt-ponds that present a low albedo region and
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habitat for algae. While the current timing of melt-ponds are

typically after our predicted timing of light availability [June and

May respectively (Webster et al., 2022)], the onset of melt is

expected to become earlier (Keen et al., 2021) and may be crucial

- particularly at lower latitudes where our results suggest a limited

change in onset timing, and due to how current large algal blooms

are observed to occur during high melt-pond coverage (Arrigo et al.,

2012). The same observations suggest that the increased mobility

expected for sea ice over the next century will be less important. As

the majority of this observed bloom occurred under the sea ice even

when leads exposed the open ocean, it is the specific changes to the

under-ice fraction that are of greatest importance.

Both observational and model based knowledge of the complete

seasonal cycle of Arctic under sea ice algal growth is incomplete. In-

situ and food chain evidence of ice algae shows its ubiquitousness

and importance to food chain and primary production (Koch et al.,

2023). Current knowledge of the nutrient cycling in the Arctic

ocean and river runoff systems do not allow for accurate predictions

of the algal growth cycle (Tuerena et al., 2022; Terhaar et al., 2021),

thus the main knowledge of ice algae growth comes from

predictions of light limited initial bloom timing (Stroeve et al.,

2024; Arrigo, 2017; Castellani et al., 2017). Our results show two

timing trends in future scenarios: limited changes to the timing of

light availability for the earliest possible growth (PAR = 0.04 m mol

photons m–2 s–1), and large changes to the timing of light levels

associated with algal blooms (PAR = 1.78 mmol photonsm–2 s–1) at

high latitudes.

Since current primary productivity in the Arctic Ocean is

limited by light availability (Clement Kinney et al., 2020), our
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results suggest as sea ice and its overlying snow cover continue to

thin, there will be a lengthening of the high Arctic Ocean

productivity season and a continuation of the current observed

trend in increased under-ice productivity (Jin et al., 2016).

However, this lengthening may in turn lead to a shift toward a

nutrient limited regime, an increase in zooplankton or larger

organisms and potentially an increase in carbon sequestration.

Since the sea ice species of diatoms are a key source for the year-

round food web, impacts of changes to the under-ice light regime

can result in cascading impacts on wider fisheries (Kohlbach et al.,

2016). To fully understand the implications of these results, future

primary production models need to focus upon earlier bloom

timings and the shorter time period between first growth and

later blooms. Our results show that accurate representation of < 1

km snow and ice thickness distributions is crucial for

these simulations.
5 Summary

The Arctic climate and sea-ice habitat has undergone a large

transition over recent decades at a pace that is consistently

predicted to be maintained over the coming century (Notz and

Community, 2020), including the possibility of ice-free summers by

2050 (Jahn et al., 2024). These changes portend a dramatic shift in

seasonal light conditions, with cascading impacts on biodiversity

within the Arctic Ocean. Thus a better understanding of the

seasonal changes expected and their drivers is needed to be able

to predict how the marine ecosystem will respond.
FIGURE 4

Mean correlation between algal bloom onset date and sea-ice and snow state for the 10 CMIP6 models under the SSP585 emission scenario. The
scatter plots to the left show the mean onset date for each year and the mean Mar/April snow thickness for each region of the Arctic as shown in
Figure 1h. A point is shown for each ensemble member (see Supplementary Table S1) coloured for the year as shown in the legend. The right hand

side shows the R2 regression over all ensemble members for the early (2015-2039), middle (2040-2064) and late (2065-2100) periods, between
onset date and mean Mar/April sea-ice and snow thickness and the multilinear regression for both.
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While the full relationship between biodiversity and habitat is

too complex to model in future scenarios, we are able to provide

insights into a key aspect of primary productivity, the availability of

light to initiate growth of ice algae. Under the SSP5-8.5 emission

scenario, a consistent reduction in sea-ice and snow-on-sea-ice

thickness occurs throughout the Arctic Ocean. Our results

highlight that the thinning snow cover is the dominant factor that

will affect the timing of blooms in ice algae. While simulations

predict that Arctic sea ice cover persists when the polar sun returns

each spring, algal blooms will be increasingly able to occur with the

returning sun, while currently in much of the Arctic they are

delayed by the surface snow cover.
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