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Environmental controls and phenology of sea ice
algal growth in a future Arctic

Antoine Haddon’*®, Patrick Farnole!, Adam H. Monahan', Tessa Sou?,
and Nadja Steiner'?3

The future of Arctic sea ice algae is examined using a regional ocean and sea ice biogeochemical model, with
a simulation from 1980 to 2085, considering a future scenario with strong warming. To analyze the impacts of
climate change, we computed key dates in the development of sympagic blooms, corresponding to the
occurrence of specific growth conditions, and designed diagnostics of ice algal phenology to estimate the
onset and peak of blooms. These diagnostics help understand how the timing of light and nutrient availability
governs the growth of ice algae and how environmental controls will be altered by climate change across
regions. With thinner ice, photosynthetically active radiation in bottom ice will reach levels sufficient for
growth earlier, resulting in a better synchrony of high levels of light and nutrients. Increases in snow cover
can potentially offset the effect of thinner ice, leading to shorter periods of favorable growth conditions in
certain regions. The loss of sea ice cover before the late 21st century only impacts sympagic blooms at lower
latitudes, as the timing of sea ice break-up shows little change relative to other key dates at higher latitudes.
In response to climate change, the model simulates a modified spatial distribution of blooms, with the
emergence of highly productive areas and the loss of blooms in other regions. However, the changes in the
timing of growth conditions do not substantially alter the timing of blooms, and both onset and peak ice algae
see little change. The simulated lack of sensitivity of bloom onset is attributed to the delay in sea ice freeze-
up projected by the model, causing a reduction of overwintering ice algae. The resulting lower initial biomass
at the beginning of spring then causes a delay in the development of blooms, offsetting earlier light from

thinner ice.
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1. Introduction

The Arctic Ocean includes diverse regions and a range of
different sea ice environments, varying in ice and snow
thickness, length of ice covered season, ice velocity and
brine chemical composition (Petrich and Eicken, 2017).
The microorganisms that colonize sea ice therefore
experience a variety of different conditions, affecting
their growth rate and the timing of the algal bloom that
develops during spring. As a result, primary production
and ice algal standing stocks are highly variable through-
out the Arctic and the links between biomass variability
and regional environmental conditions remain unclear
(Lannuzel et al., 2020; Campbell et al., 2022b). Adding
to these complexities, climate change impacts the Arctic
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strongly, with the current important and rapid modi-
fications of the sea ice environment set to continue
during the 21st century (Stroeve et al., 2012; Crawford
et al., 2021). In particular, to improve projections of
future change, the factors controlling the onset of
blooms during the winter-spring transition and the
relative importance of light and nutrients during the
main growth phase still need to be better understood
(Leu et al., 2015).

Satellite remote sensing of ice algal blooms at large
scales remains impossible, and therefore models are cur-
rently the only option available to study the pan-Arctic
distribution of ice algae. Since the introduction of the first
three-dimensional (3D) ocean and sea ice models includ-
ing ice algae, substantial spatial variability of sympagic
blooms has been noted. Differences in sea ice dynamics
and the duration of sea ice cover have been proposed to
explain spatial patterns of sympagic growth (Sibert et al.,
2010; Deal et al., 2011). Models have been used to explore
the links between ice algal phenology and environmental
timing (Ji et al., 2013), suggesting that bloom onset is
controlled by the timing of light and termination by sea
ice break-up (Sibert et al., 2010; Castellani et al., 2017). In
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addition, models have shown that nutrients play a primary
role in controlling primary production and the distribu-
tion of ice algae (Jeffery et al., 2020). By representing the
various elements impacting ice algae, models can also
help to investigate how a combination of environmental
conditions drives bloom variability, such as the impact of
wind patterns on nutrient supply through turbulent mix-
ing (Watanabe et al., 2015).

Recently, an inter-comparison of five ice algal models
confirmed that strong regional differences exist in Arctic
sea ice blooms (Watanabe et al., 2019). No agreement was
found among models on the total annual ice primary
production, and different trends over 1980-2009 in
bloom timing were simulated. Nonetheless, on average,
the models suggest an earlier start and shorter blooms
due to sea ice loss. However, almost all regional or pan-
Arctic modeling studies have focused on the historical
period. Only Tedesco et al. (2019) have presented spatially
distributed simulations of future ice algae, albeit limited
to zonally averaged projections. Using sea ice output from
global climate models to drive a sea ice biogeochemical
model, they found an overall increase of pan-Arctic gross
primary production, with future ice algal blooms starting
and ending earlier.

Here, we present the first pan-Arctic simulation of
future ice algae from a coupled 3D ocean and sea ice
biogeochemical model, analyzing the environmental dri-
vers of spatial variability and how ice algae are impacted
by climate change. We investigate the drivers influencing
the distribution and timing of ice algal blooms and spe-
cifically, the relative importance of light and nutrients in
controlling sympagic growth. To support the analysis, diag-
nostics are constructed to identify key dates in the devel-
opment of ice algal blooms. These diagnostics are then
used to assess how climate change affects sympagic eco-
systems across regions, and to explain how physical
changes affect the evolution of light and nutrient avail-
ability as well as timing. Finally, we address the issue of ice
algal phenology and examine what controls the timing of
sympagic blooms in a warmer Arctic.

2. Methods

2.1. Model

The regional model of the Arctic Ocean used in this study
couples a 3D physical ocean model (NEMO 3.4; Madec
et al., 2017) with a three-layer (one for snow and two for
ice) dynamic-thermodynamic sea ice model (LIM2; Bouil-
lon et al.,, 2009). The model includes the Canadian Ocean
Ecosystem Model (CanOE; Christian et al., 2022), with iron
limitation removed as it is not relevant to Arctic primary
production. In addition, the model contains a sea ice bio-
geochemistry component, the Canadian Sea Ice Biogeo-
chemistry model (CSIB; Hayashida et al., 2019), which
considers a three-compartment sea-ice ecosystem (ice
algae, nitrate, and ammonium) and a two component sul-
fur cycle. In addition to biological and chemical sources
and sinks, the model simulates the horizontal transport of
biogeochemical state variables within sea ice and is cou-
pled to the pelagic ecosystem through exchanges at the
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Figure 1. Map of the Arctic Ocean. Regions with bold
names are those used in later figures. GIN indicates
Greenland, Iceland, and Norwegian seas; (a) Amundsen
Gulf; (b) Gulf of Boothia.

sea ice—ocean interface by diffusion, ice growth or melt,
and freshwater flushing.

The sea ice biogeochemical model was first developed
in the context of a 1D model and evaluated with observa-
tions (Hayashida et al., 2017; Mortenson et al., 2017). This
model was then integrated in a 3D model of the Arctic
(Hayashida et al., 2019) and further evaluated for the his-
torical period in Hayashida et al. (2020) and in Mortenson
et al. (2020). The model configuration used here corre-
sponds to the one used in Hayashida et al. (2020).

The spatial domain (Figure 1) covers the entire Arctic,
north of approximately 60°N, the Bering Strait and the
northern North Atlantic, with a horizontal resolution rang-
ing from 10 km to 14.5 km and 46 vertical ocean layers.

2.1.1. Ice algae

The CSIB model only considers ice algae that grow on the
bottom of the ice in the skeletal layer, with sympagic
growth limited by the availability of photosynthetically
active radiation (PAR) and nitrogen (N), as well as ice
growth or melt. The growth rate depends on non-
dimensional limitation factors (Zy, Lpsr), ranging
between 0 and 1, with O representing total growth limi-
tation and 1 unlimited growth (Figure 2). The growth rate
U, depends on the minimum of the limitation factors:

tia = Mg f(T)min(Ly, Lpsr)IA (1)

with IA the ice algal concentration (mmol C m~3). The
growth rate also depends on the temperature 7, which is
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Figure 2. Limitation factors used in ice algal growth rate computation and example of key dates. (a) Light
limitation factor Lpag as a function of bottom ice photosynthetic active radiation (PAR). (b) Example, for one grid cell
and one year, of key dates, growth limitation factors and sea ice concentration as functions of time. (c) Nitrogen (N)
limitation factor Ly as a function of bottom ice NO3 + NHj. Phototrophy onset corresponds to the first day bottom
ice PAR reaches the lowest reported light compensation intensity. Half PAR limitation corresponds to the first day
when Lpag reaches 0.5 and half N limitation is the last day Ly is greater than 0.5. Sea ice break-up is defined as the first
day the sea ice concentration reaches 50%.

Table 1. Selected model parameters

Parameter Value Units Description

kn 1.0 mmol N m~3 Nitrogen half-saturation constant
£ 8.83 (no units) Carbon to nitrogen ratio

my 0.03 d™! Linear mortality parameter

my 0.00015 (mmol C m™3)"'d™' Quadratic mortality parameter

2z 3 cm Skeletal layer thickness

o 2.0 (Wm™)! Ratio of photosynthetic parameters
Ponax 0.85 d Maximum specific growth rate

Eon 10.0 m™! Attenuation coefficient of snow

& 15 m™! Attenuation coefficient of sea ice

generally at the freezing point in the skeletal layer of the
ice. The light limitation factor is determined by the PAR
reaching the bottom ice layer,

Lo = tanh(w [PAR]) 2)
14
with tanh the hyperbolic tangent function, and «;, and P4
parameters representing respectively the photosynthetic
efficiency and maximum photosynthetic rate. The nitro-
gen limitation factor depends on the nitrate NO; and
ammonium NH4+ concentrations,

__ [NO;]+ [NH/]
¥k + [NOTT + [NH]

(3)

with £y the half-saturation constant for nitrogen.

The ice algal concentration is initiated during the for-
mation of new ice from the uptake of phytoplankton,
assuming that the ice algal concentration of newly formed
ice is equal to the phytoplankton surface seawater con-
centration. The model considers linear and quadratic mor-
tality terms, which are active only when the ice algal
concentration is above 10 mmol C m~3 (corresponding
to a skeletal layer biomass of 3.6 mg C m2) in order to
maintain a reasonable overwintering biomass. Moreover,
the model represents the horizontal transport of ice algae
due to ice motion, and flushing of ice algae can occur due
to the flow of water through the ice from rainfall and
snow or ice melt. Details of these terms can be found in
Mortenson et al. (2017) and Hayashida et al. (2019), and
parameter values are presented in Table 1.
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2.1.2. Simulations

Simulations of the recent past and of the future are ana-
lyzed here. For the historical run (1979-2015), surface and
lateral boundary conditions are forced with the Drakkar
Forcing Set (DFS, version 5.2; Dussin et al., 2016) and the
Ocean Reanalysis System 4 (ORAS4; Balmaseda et al.,
2013). Further details on the setup and initialization of
the historical run can be found in Hayashida et al. (2019).

The future run (2016—2085) corresponds to the scenario
Representative Concentration Pathway (RCP) RCP8.5 (van
Vuuren et al., 2011), with atmospheric forcing from the
Canadian Regional Climate Model (CanRCM4) for air tem-
perature, humidity, total precipitation, snowfall, long wave,
and short wave radiation. Because the CanRCM4 grid does
not fully cover the simulation domain used here, data from
the Canadian Earth System Model version 2 (CanESM2;
Arora et al., 2011) were used to fill in the area not covered
by the CanRCM4 data. Trends and projections in driving
variables (near-surface temperature, wind speed, precipita-
tion, and snowfall) from CanRCM4 have been evaluated
and compared with other models by Reader and Steiner
(2022). In this earlier study, trends were shown to agree
favorably with those from observations. Lateral boundary
conditions for the future run are restoration to output from
CanESM2 (Arora et al., 2011) for ocean velocities, temper-
ature, salinity, nitrate, alkalinity, and dissolved inorganic
carbon. CanESM2 does not include ocean oxygen concen-
tration; therefore, the lateral boundary condition is set from
the difference between oxygen saturation concentration
(computed from temperature and salinity) and nitrate con-
centration (Weiss, 1970; Owens and Millard, 1985). Other
biogeochemical variables are fixed with the same constants
used for the historical run (Hayashida et al., 2019).

In the future run, surface and lateral forcings from
CanRCM4 or CanESM?2 are adjusted to account for model
biases. Future forcing daily time series Fyyo) are cor-
rected by adding the anomaly between modelled and
observed climatologies.

Fanom = Coss + (Clpy — Cing) + (Fs — Cipg) - (4)

The change between the historical C&,, and future
C%,, simulated monthly climatologies (from CanRCM4
or CanESM2) is added to the observed historical monthly
climatology (Cpgs, from DFS or ORAS4). The future simu-
lated daily variability is retained by adding back the dif-
ference between the future daily time series Fs;, and the
future monthly climatology. The historical climatology is
computed over the period 1986-2005 and the future
climatology over the period 2006-2085.

2.2. Diagnostics

To analyze the impact of environmental conditions on the
phenology of ice algal growth, we compute from model
output a number of key dates relevant in the development
of sympagic blooms.

2.2.1. Day of phototrophy onset

The day of phototrophy onset estimates when growth
from photosynthesis can begin. It is defined here as the
first day in the year when bottom ice PAR reaches the

Haddon et al: Sea ice algal growth in a future Arctic

lowest reported ice algal light compensation intensity,
that is, when light is sufficient for the rate of photosyn-
thesis to exceed the rate of respiration (orange dash-dot
line in Figure 2). In this study, we identify the threshold
bottom ice PAR as 0.079 W m~?, which corresponds to
0.36 pumol photons m™2 s~' as reported by Mock and
Gradinger (1999), considering 4.6 pumol photons J=' for
PAR (Stroeve et al., 2021). This level of radiation is very
low, such that growth remains light-limited for some time

after the day of phototrophy onset.

2.2.2, Day of half PAR limitation

To characterize periods of high growth, we consider the
days when growth limitation due to light or nutrients
reaches a certain threshold. The day of half PAR limitation
is defined as the first day each year that bottom ice PAR
reaches the level corresponding to Zpz = 0.5 (orange
dashed line in Figure 2) and identifies when growth is
no longer strongly limited by the lack of light. In this
study, Lpsg = 0.5 corresponds to bottom ice PAR of
0.27 Wm™? (or 1.231 umol photons m~2 s~ ). For refer-
ence, the day of phototrophy onset corresponds to a limi-
tation factor of Lpsz = 0.155.

2.2.3. Day of half N limitation

The day of half N limitation is the last day the nitrogen
concentration in the skeletal layer is above the level cor-
responding to Ly = 0.5 (blue dashed line in Figure 2).
This diagnostic identifies when growth begins to be
nutrient-limited, assuming nutrient-replete conditions in
mid-winter. As nutrients in the ice can also be replenished
from the ocean or locally through remineralization,
changes in Ly can be non-monotonic; for the computa-
tion of this diagnostic, finding the last day during spring
when Zy > 0.5 is important. In practice, difficulties in
identifying this day arise when spikes in bottom ice N
occur during sea ice break-up which may cause the N level
to jump. To ensure consistency, we apply the following
procedure: first, we identify the winter maximum as the
day before September when the bottom ice N concentra-
tion is greatest, and then we find the first day after the
winter maximum when Ly < 0.5. Next, we check whether
Ly increases above 0.5 afterward and remains such for at
least 5 days. If so, we identify the next day when Zy < 0.5,
and if not we keep the first day found.

The choice of Lpsz = 0.5 and Ly = 0.5 as limitation
thresholds is somewhat arbitrary. By construction,
Ly = 0.5 corresponds to bottom ice N equal to the
half-saturation constant £y used in the definition of Ly
(here 1 mmol N m~3). Other limitation levels were tested,
specifically Lp4z and Ly = 0.4 and 0.9 in both cases, but
0.5 yielded the clearest characterization of environmental
controls of ice algal blooms. The definitions of these diag-
nostics are not always satisfied, and no value is returned
where the PAR or N limitation factor is always below or
always above the 0.5 threshold.

2.2.4. Day of sea ice break-up
The day of sea ice break-up is used here as a means to
estimate when ice melt has become sufficient to trigger
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the end of the bloom. It is defined as the first day after the
winter maximum when the sea ice concentration is less
than 50% (red dashed line in Figure 2), similarly to other
studies (Crawford et al., 2021). In addition, we exclude
areas where sea ice is either always present or never fully
formed, defined respectively as the 30-day rolling mean
sea ice concentration always above 50% (the perennial ice
zone) or always below 50% (the marginal ice zone).

2.2.5. Day of bloom onset

To assess ice algal bloom phenology, the day of bloom
onset is defined as the first day that ice algal biomass
reaches the level of one standard deviation of the ice algal
biomass calculated over the period from January 1 to
August 31. Using the standard deviation as a reference
to determine when ice algae reach a significant level was
first proposed by Tedesco and Vichi (2014), arguing that
a relative threshold is better suited to deal with the large
variability of sea ice biomass in the Arctic.

2.2.6. Day of maximum ice algae

Finally, the day of maximum ice algae is computed as the
day the maximum biomass is reached between January 1
and August 1. This day is indicative of the beginning of the
bloom termination.

2.2.7. Phototrophic period

From the key dates of environmental timing, we define
two growth periods. First, the phototrophic period is
defined as the number of days from the day of onset of
phototrophy to sea ice break-up or September 1, which-
ever is earlier. This quantity estimates the length of time
during spring when growth from photosynthesis is
possible.

2.2.8. High growth days

Next, the high growth days diagnostic is defined as the
number of days from the day of half PAR limitation to half
N limitation or sea ice break-up, whichever is earlier. If
half N limitation occurs before half PAR limitation, then
the number of high growth days is negative and charac-
terizes the mismatch between the periods of light and
nutrient availability. Conversely, when half N limitation
occurs after half PAR limitation, this diagnostic represents
the length of time when growth is the least limited.

2.2.9. Ice algal biomass

As indicators of ice algal blooms, we consider ice algal
biomass. We choose not to use net primary production
(NPP) as it accounts only for net growth whereas biomass
accounts for all processes affecting ice algae, including
transport. This latter process is particularly relevant for the
termination of ice algal blooms, which are caused by brine
flushing during ice melt, and thus is not accounted for
directly in NPP. Both phenology diagnostics could be com-
puted alternatively from ice algal net primary productivity.
A comparison of phenology diagnostics computed from
biomass and net primary productivity is presented in the
supplementary material (Text S1, Figures S1, S2, and S3),
and shows that overall the timing of bloom onset and
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peak computed from net primary productivity are similar
to those computed from biomass.

At each grid cell, we compute the spring and fall bio-
mass maxima, respectively, over the period from January 1
to August 31 and from September 1 to December 31. In
addition, to estimate the initial biomass at the beginning
of spring, we consider the ice algal biomass on the day of
phototrophy onset.

2.2.10. Sea ice and snow thickness

To assess the relative impact of sea ice and snow on light
availability timing, we compute the ice and snow thick-
nesses on the days of phototrophy onset and of half PAR
limitation.

2.2.11. Diagnostics computation

All date diagnostics are computed from daily model out-
put smoothed using a 14-day rolling mean. The smoothing
is done to avoid problems in identifying wrong dates due
to spurious spikes. For example, if sea ice concentration
drops for only a few days during spring and then reforms,
without this smoothing the computed sea ice break-up
date would be identified too early. All diagnostics are
computed for each grid cell and for each year, and are
then averaged over 20-year periods to obtain climatolog-
ical means.

In this work, three periods of analysis are considered.
We define the recent past as the period 1981-2000, the
near future as 2023-2042, and the late 21st century as
2066-2085. The late 21st century period defined here
does not cover the end of the 21st century, and as a result
our analysis does not consider the impacts of climate
change beyond 2085, such as the acceleration of sea ice
loss in the last decades of the 21st century, as projected by
Earth system models participating in the Coupled Model
Intercomparison Project (CMIP6; Crawford et al., 2021).
The choice of 20-year periods could influence results due
to multi-decadal variability. The trends analyzed in this
work were checked with time series of regional means
(not shown) to ensure that they are robust to the choice
of 20-year period.

To illustrate the regional spatial distribution of diag-
nostics, histograms are presented. For this illustration, we
use regions initially defined in Matrai et al. (2013) and
shown in Figure 1.

2.3. Evaluation of sea ice break-up date

In addition to general model evaluations performed by
Hayashida et al. (2020), we assess model performance in
terms of the timing of environmental conditions by eval-
uating the timing of sea ice break-up with satellite
remote sensing data. We use the daily sea ice concentra-
tion datasets AMSR-E ASI (version 5.4, June 2002 to Sep-
tember 2011; Spreen et al., 2008; Melsheimer and
Spreen, 2020) and AMSR2 ASI (version 5.4, July 2012
to December 2019; Melsheimer and Spreen, 2019). We
compute the day of sea ice break-up for each grid cell of
both remote sensing and model data with the same
methodology as described above, for 2003 to 2015,
excluding 2002 and 2012 where observations are not
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Figure 3. Evaluation of sea ice break-up timing. Mean day of sea ice break-up from (a) satellite remote sensing data

and (b) model simulations, with (c) difference between observation and simulation. Interquartile range of the day of
sea ice break-up for (d) satellite remote sensing data and (e) model simulations, with (f) differences between both.
Data from 2003 to 2015, excluding 2012. Hatching indicates areas where the diagnostic definition is satisfied for less
than 6 of 12 years for which statistics are less reliable. Sea ice break-up is defined as the first day the 14-day rolling

mean sea ice concentration reaches 50%.

available for the entire year. The years 2016—2019 are not
included as these years are driven by climate model pro-
jections rather than reanalyses based on historical obser-
vations. We consider temporal averages over the 12 years
of commonly available data and compute the difference
between observed and simulated means, by regridding
model data to the finer remote sensing grid, using the
XESMF package (Zhuang et al., 2023). Inter-annual vari-
ability is also evaluated by computing the interquartile
range, defined as the difference between 75th and 25th
percentiles of the data.

3. Results

3.1. Evaluation of sea ice break-up date

Comparing model and remote sensing climatologies of
the day of sea ice break-up (Figure 3a, b) reveals that the
model reproduces the large-scale spatial patterns of sea
ice timing reasonably well throughout the Arctic. Similar
gradients are resolved from the ice edge toward the inte-
rior and from the perennial to the seasonal ice zone, in
both model and remote sensing. For example, on average,
sea ice retreat begins in April in the Bering Strait, progres-
sing north in the Chukchi Sea during late spring until it
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reaches higher latitudes in September. However, mis-
matches due to spatial shifts of the patterns of break-up
dates are evident (Figure 3c). In the Greenland, Iceland,
and Norwegian (GIN) and Barents seas, the location of the
ice edge is not resolved adequately, leading to errors of
more than 2 months despite comparable large-scale gra-
dients. Similarly, the model has difficulties simulating the
precise size and location of the perennial ice zone in the
central Arctic where our sea ice break-up definition is
satisfied for fewer than 6 of the available 12 years of
simulation.

Overall, the model simulates a later day of sea ice
break-up than the remote sensing climatology. This delay
could be linked in part to a bias in simulations toward
larger maximal ice extent, with an ice edge at lower lati-
tudes requiring more time for sea ice retreat to progress
north and delaying the timing of sea ice break-up. Model
timing of sea ice break-up is only earlier than observations
in the central Arctic, and coastal areas, such as in the East
Siberian and Laptev seas, as well as Baffin Bay.

The spatial patterns of inter-annual variability, esti-
mated with the interquartile range, are also similar in
remote sensing data and simulations (Figure 3d—f), fur-
ther highlighting the model's ability to capture the large-
scale spatial and temporal features of the Arctic sea ice
environment. Notably, areas of strong inter-annual vari-
ability, such as the GIN and Barents seas, correspond to
those showing the largest differences between observa-
tion and model sea ice break-up timing.

3.2. Growth conditions in the recent past
(1981-2000)

We begin the presentation of these results by exploring
the relations between environmental timing and ice algal
growth during the recent past to provide context for
future changes.

3.2.1. Phototrophic period

The day of phototrophy onset marks the beginning of
light availability and generally occurs first in the series
of key dates presented here (Figures 4a and 5a). In the
recent past, substantial spatial variability can be seen in
this diagnostic, with a pan-Arctic range from January to
July (Figure S4) and pronounced latitudinal gradients. The
earliest onset of phototrophy takes place at lower latitudes
but also notably in the Laptev Sea (Figure 5a). There are
strong differences among the various regions of the Arctic:
for instance, in the Canadian Arctic Archipelago (CAA) the
onset of phototrophy is spread over five months (end of
February to early July; Figure 4m), whereas in the East
Siberian Sea it is concentrated within little more than
a month (mid-April to end of May; Figure 5m).

Ice and snow thicknesses on the day of phototrophy
onset (Figure 6a and d) reveal that in a large part of the
Arctic, snow melt controls the timing of phototrophy
onset. Indeed, in the central Arctic, Beaufort and East
Siberian seas, sea ice is over 2 m thick on this day while
the snow cover is reduced to less than 10 cm, indicating
the necessity for snow to start melting before phototrophy
can begin. However, at the high latitudes of the Barents
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Sea and in the Kara Sea, snow is substantially thicker and
ice thinner than in the central Arctic, which suggests that
ice is sufficiently thin for phototrophy to occur before
snow melt. In areas where the day of phototrophy onset
is the earliest, both ice and snow are thinner than in the
rest of the Arctic, such as in the Laptev Sea, Baffin Bay, and
the lower latitudes of the CAA.

Compared to phototrophy onset, there is much less
variability in the day of sea ice break-up (Figures 4d, m,
p and 5d, m, p). In most of the high Arctic, sea ice break-
up occurs over 2 months (July and August, Figure S5) and
is earlier only at lower latitudes (Baffin Bay) or inflow seas
(Barents Sea and Bering Strait). A large area in the central
Arctic remains ice-covered year round and thus has more
than 10 out of 20 years with no break-up date during the
recent past period (hatched areas in Figures 4d and 5d).

The phototrophic period (Figure 7a), counting the
number of days when there is sufficient light for photo-
synthetic growth during spring, can be less than a month
at lower latitudes where sea ice retreats early, such as the
GIN and Barents seas, and at high latitudes in areas cov-
ered by the thickest ice, such as north of the CAA. In
contrast, the phototrophic period can extend to more than
6 months in Baffin Bay or the Laptev Sea, where the onset
of phototrophy is earlier than in the surrounding seas.
Throughout the Arctic, the variability of the phototrophic
period appears to be driven mainly by the spatial pattern
of the day of phototrophy onset, as a consequence of the
relative uniformity in the sea ice break-up date.

3.2.2. High growth days

The day of half PAR limitation (Figures 4b and 5b) repre-
sents the point in time when growth is no longer strongly
limited by light, and shares spatial variability and patterns
similar to the day of phototrophy onset, including clear
latitudinal gradients (Figure S6). Occurrence of half PAR
limitation differs among regions and ranges from January
to August in the recent past, with a spread of up to 5
months in the CAA (Figure 4m) and for the most part
less than a month in the East Siberian Sea (Figure 5m).
The lag from low to high light, that is, the time from
phototrophy onset to half PAR limitation, also varies
strongly across regions, from less than a month in the East
Siberian Sea to nearly 2 months in the Laptev Sea
(Figure 5a, b). Spatial patterns of ice and snow thick-
nesses (Figure S7) are similar to those on the day of photo-
trophy onset, such that at high latitudes half PAR
limitation occurs after snow thickness is substantially
reduced. In contrast, in the marginal ice zone at lower
latitudes, sea ice is thinner, allowing a day of half PAR
limitation despite a larger snow cover.

The day of half N limitation, marking the end of high
nutrient availability, occurs from February to mid-June
throughout the Arctic (Figures 4c and 5c). As this diag-
nostic is the result of complex interactions between the
physical and biological processes, its spatial patterns are
considerably less straightforward to interpret than purely
physical diagnostics. The day of half N limitation displays
comparatively less variability than half PAR limitation, and
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Figure 4. Key dates for the Canadian Arctic Archipelago and Beaufort Sea. (a—l) Regional maps of key dates and
(m-r) corresponding spatial histograms showing the distribution of key dates for each region. The 20-year means are
computed over recent past (a—d, m, p) 1981-2000, near future (e—h, n, q) 2023-2042, and late 21st century (i-1, o, r)
2066-2085. Hatching indicates areas where the diagnostic definition is satisfied for less than 10 out of 20 years.
Diagnostics are described in Section 2.2.
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Figure 5. Key dates for the East Siberian and Laptev Seas. (a-l) Regional maps of key dates and (m-r)
corresponding spatial histograms showing the distribution of key dates for each region. The 20-year means are
computed over recent past (a—d, m, p) 1981-2000, near future (e—h, n, q) 2023-2042, and late 21st century (i,
0, r) 2066—2085. Hatching indicates areas where the diagnostic definition is satisfied for less than 10 out of 20 years.
Diagnostics are described in Section 2.2.

in the CAA, for example, it ranges over 2 months as
opposed to 5 months for half PAR limitation (Figure 4m).

The number of high growth days (Figure 7b), count-
ing from light to nutrient limitation, can be positive, if

the day of half PAR limitation is first, or negative, if the
day of half N limitation is first. In the recent past, over
a large area ranging from the central Arctic to the periph-
eral seas, the number of high growth days ranges from
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Figure 6. Ice and snow thickness on the day of phototrophy onset. Climatological (a—c) sea ice and (d—f) snow
thickness on the day of phototrophy onset. The 20-year means are computed over recent past (a, d) 1981-2000, near
future (b, e) 2023-2042, and late 21st century (c, f) 2066—2085. Phototrophy onset corresponds to the day that
bottom ice PAR reaches the lowest reported light compensation intensity, that is, the threshold for phototrophic
growth. Color scales were chosen to allow the comparison of ice and snow thickness in terms of light attenuation,
considering that the light attenuation coefficient of snow is approximately 10 times higher than the attenuation

coefficient of sea ice, that is, 10 cm of snow attenuates approximately as much as 1 m of ice.

zero to negative values, indicating that nutrients are
depleted before high levels of bottom ice PAR are
attained. In this case, the negative number of high
growth days measures the asynchrony of light and N
availability, whether it is the result of low replenishment
of nutrients during winter or sufficient light reaching the
bottom of the ice only in late spring. In contrast, areas
with a positive number of high growth days are restricted
to the coasts of the Laptev and Kara seas, Baffin Bay, and
the lower latitudes of the CAA as well as the ice edge in
the GIN seas and the Bering Strait. In these regions, this
diagnostic reveals simultaneous light and N availability,

resulting in a period with both high PAR and nutrients
and the possibility of high growth rates.

3.2.3. Environmental controls of ice algal blooms

The combined diagnostics of the phototrophic period and
the high growth days characterize the impact of both PAR
and nutrient limitation factors and can be used to under-
stand the environmental conditions controlling the growth
of ice algae and thus the geographical distribution of sym-
pagic blooms. Figure 7a, b shows the phototrophic period
and the number of high growth days for the recent past, with
the spring peak in ice algal biomass shown in Figure 7c.
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Figure 7. Growth periods and spring peak in ice algae. Climatological growth periods and spring peak in ice algal
biomass, for the recent past (a—c), 1981-2000, near future (d—f), 2023-2042, and late 21st century (g—i), 2066—2085.
Hatching indicates areas where the diagnostic definition is satisfied for fewer than 10 out of 20 years and for which

statistics are less reliable. Diagnostics are described in Section 2.2.

Areas with a positive number of high growth days and
a long phototrophic period are those in which some of the
most substantial blooms take place. These are the coastal
areas of Baffin Bay and the Laptev and Kara seas, as well as
the lower latitudes of the CAA, with up to 90 high growth
days and simulated ice algae peak biomass in excess of
300 mg C m 2 Note that a positive number of high
growth days is not solely sufficient for substantial sympa-
gic growth as demonstrated in the GIN seas which have

short phototrophic periods and very little ice algal growth.
Indeed, these conditions indicate a potentially fast start to
ice algal production due to thin ice allowing high levels of
bottom ice PAR as soon as the polar night ends but an
abrupt end due to early sea ice break-up, resulting in
a period of favorable conditions too short for a large
bloom to fully develop.

Non-negligible ice algal blooms can also be found in
areas where there are close to zero or even a negative
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Figure 8. Change in days of phototrophy onset and sea ice break-up. Maps of the change in (a—c) the day of
phototrophy onset and (d—f) day of sea ice break-up. Differences in 20-year means are computed over recent past (a, d)
1981-2000, near future (b, e) 2023-2042, and late 21st century (c, f) 2066—2085. Hatching indicates areas where the

diagnostic definition is satisfied for less than 10 out of 20 years. Diagnostics are described in Section 2.2.

number of high growth days but only if there is a long
phototrophic period. This combination is the case in the
Amundsen Gulf, the south of the Beaufort Sea and the
north of the Laptev Sea which experience 4-6 months of
sufficient light for photosynthesis, and thus, despite the
low nutrient levels reached before high levels of light,
a long slow bloom develops.

Finally, areas such as the central Arctic with negative
numbers of high growth days and a short phototrophic
period are strongly growth-limited throughout spring, and
therefore harbor almost no ice algae. At the highest lati-
tudes, N limitation occurs even before the onset of photo-
trophy (Figure 4a, c), which is a sign of oligotrophy and
shows that lack of light is not the only limiting factor in
many areas.

3.3. Future changes in ice algal growth

3.3.1. Changes in growth conditions

The diagnostics defined in this work provide a means to
assess projected environmental changes that impact ice
algae as the Arctic warms in the near future (2023-
2042) and by late 21st century (2066—2085).

On the day of phototrophy onset, substantial changes
can already be noted in the near future (Figures 4e, n, q,
5e, n, q, and 8a), with the pan-Arctic median date occur-
ring 37 days earlier (Figure S4). By late 21st century,
phototrophy starts more than 3 months earlier than dur-
ing the recent past in a large part of the Arctic (Figure 8c).
The magnitude and spatial patterns of change in the day
of half PAR limitation show similarities to those of the
onset of phototrophy, and by late 21st century, high levels
of light are projected to reach the bottom of the ice before
the end of March in a large part of the Arctic (Figures 4i,
5i, and 9c¢). For these two diagnostics, a reduction in
spatial variability is seen in both future periods, with
a pan-Arctic distribution of phototrophy onset from Feb-
ruary to March, and half PAR limitation from February to
April, in the period 2066—-2085 (Figure S4).

The most substantial shifts in the timing of light avail-
ability from the recent past to the near future occur in the
Beaufort, Chukchi, and GIN seas, but these areas experi-
ence less change during the transition from near future to
late 21st century (Figures 8a, b and 9a, b). Conversely,
regions such as the central Arctic and the coast of the East
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Figure 9. Change in days of half PAR and half N limitation. Maps of the change in (a—c) the day of half PAR
limitation and (d—f) day of half N limitation. Differences in 20-year means are computed over recent past (a, d) 1981—
2000, near future (b, e) 2023-2042, and late 21st century (c, f) 2066—2085. Hatching indicates areas where the
diagnostic definition is satisfied for less than 10 out of 20 years. Diagnostics are described in Section 2.2.

Siberian Sea that see only limited advances from the timing has a smaller impact on the timing of light avail-
recent past to the near future, see the most change after ability in most of the Arctic.
the 2023-2042 period. In the Laptev Sea, Baffin Bay and the lower latitudes of
In both future periods, substantial loss of ice thickness the CAA, simulated increases in snow thickness compen-
is simulated throughout the Arctic (Figures 6b, c and S5).  sate for thinner ice (Figure 6b, c, e, f) and result in little
In contrast, changes in snow cover are non-monotonic change or even delays in the timing of light availability in
with, at first, a near-future increase in snow thickness on  the future (Figures 8a, b and 9a, b). As a consequence, by
the day of phototrophy onset and of half PAR limitation late 21st century, areas of the CAA and the coasts of the
(Figure 6e). This increase is the result of a thicker snow East Siberian and Laptev seas are projected to have a later
cover throughout spring due to increased total precipita- occurrence of half PAR limitation compared to the central
tion (Figure S8, Reader and Steiner, 2022). Associated with ~ Arctic (Figures 4i and 5i).
a substantial shift in the timing of light availability, a thick In the near future, the day of half N limitation is also
snow cover indicates that phototrophy onset and half PAR  expected to undergo notable shifts in a large part of the
limitation occur before snow begins to melt. From near Arctic (Figures 4g and 5g). The most substantial advance
future to late 21st century, the snow cover is reduced is simulated in the basin of the Beaufort Sea and in the
(Figure 6f), likely from increased snow to rain conversions ~ Chukchi Sea but also in the GIN and Kara seas, where low
and a shorter ice season resulting in less time for the levels of nutrients are reached up to 2 months earlier than
accumulation of snow. These changes indicate that in both  in the recent past (Figure 9d). However, along the conti-
future periods the year-round loss of ice thickness is nental shelves, the simulated changes are smaller, with
responsible for earlier days of phototrophy onset and of the Laptev Sea and the Gulf of Boothia in the CAA show-
half PAR limitation and that, in the future, snow melt ing a later occurrence of half N limitation. This shelf-basin
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contrast in projected changes is less pronounced during
the transition from near future to late 21st century
(Figure 9e), and as a result, a smaller spread of the day
of half N limitation is simulated over a large part of the
Arctic (Figure 4o, r). This reduced spatial variability is
also driven by a reduced spread in the timing of light
availability. By late 21st century, nutrient limitation occurs
up to 3 months earlier than during the recent past, except
in the Laptev Sea and Baffin Bay where simulated changes
in the timing of light availability are also limited
(Figure 50, r).

The day of sea ice break-up shows relatively small
changes in the near future compared to the other key
dates (Figures 4h, 5h, and 8d), with a pan-Arctic median
only 9 days earlier than the recent past (Figure S4). The
shift in sea ice break-up date is projected to accelerate in
the transition from near future to late 21st century (Stei-
ner and Reader, 2024), although changes remain compar-
atively smaller than the shift in the timing of light
availability (Figures 41, 51, and 8e). The impact of year-
round ice loss is most evident at lower latitudes, in the
Bering Strait, GIN, and Barents seas where large changes in
break-up date are simulated already in the near future.

3.3.2. Changes in bloom distribution and magnitude
As shown above, the duration of favorable conditions for
growth is strongly related to spring peak in ice algae in the
recent past, and similarly, changes in timing diagnostics
are also linked to the evolution of sympagic blooms in the
future. Figure 7d—f and g—i shows the phototrophic
period, high growth days and spring peak in ice algae for
the near future and late 21st century, respectively.

Areas that are projected to experience increases in both
the phototrophic period and the number of high growth
days also see increases in maximum spring ice algal bio-
mass. In the East Siberian Sea, there is initially only a lim-
ited change in timing, mainly in the phototrophic period,
which is associated with a minor increase in peak ice
algae. However, the increase in periods of favorable grow-
ing conditions is amplified from the near future to late
21st century, with a greater area where the number of
high growth days exceeds 30 days and the emergence of
highly productive areas, in the East Siberian Sea away from
the coast.

In the CAA, some areas at higher latitudes that had low
productivity in the recent past are expected to develop
large blooms during the 21st century. Indeed, the north-
ern regions of the CAA are known to have had some of the
thickest ice in the past, but as the ice becomes thinner in
a warmer climate, the period of light availability increases
substantially. Thus, new hotspots emerge, with large
blooms developing in areas of increased high growth days,
notably along the coasts of the northern channels of the
CAA and in the Gulf of Boothia, which is projected to
become one of the most productive areas of the Arctic.
Nonetheless, substantial spatial variability is simulated in
the CAA, with other non-coastal areas continuing to be
growth-limited throughout spring, despite increases in
light availability. Similarly, in the central Arctic, the

Haddon et al: Sea ice algal growth in a future Arctic

moderate increase of the phototrophic period is not suf-
ficient to support a substantial bloom.

Shortened periods of favorable conditions are associ-
ated with reduced ice algal growth, although these com-
bined changes mainly occur in areas that were highly
productive in the recent past and which maintain none-
theless significant blooms in the future, such as the lower
latitudes of the CAA and of the Laptev Sea. These regions
are projected to have decreases in phototrophic period,
driven at first by a later day of phototrophy onset in the
near future, but then by an earlier sea ice break-up by late
21st century. For these regions, the trend in the number of
high growth days is non-monotonic: in the near future,
areas where the number of high growth days decreases
the most see the biggest change in peak ice algae, but by
late 21st century, high growth day numbers increase to
past levels. However, for Baffin Bay, the long term decrease
in duration of favorable growth conditions is more sub-
stantial and leads to the near total loss of ice algal blooms
by late 21st century.

Non-monotone responses to climate change are also
projected to occur in the Beaufort Sea and the Amundsen
Gulf, and to a lesser extent in the Chukchi Sea. At first, in
the near future, the period of light availability increases
considerably, driven by an earlier onset of phototrophy
due to thinner ice. Areas with increases in high growth
days become highly productive, reaching some of the
highest levels of ice algal biomass. However, as changes
in sea ice break-up date become more important, the
phototrophic period is substantially reduced, such that,
despite positive high growth days, the magnitude of sym-
pagic blooms decreases by late 21st century.

3.4. Ice algae bloom phenology

Figures 10 and 11 show the climatologies of bloom
onset and spring peak along with the seasonal cycle of ice
algal biomass, for the CAA, Beaufort, East Siberian, and
Laptev seas.

3.4.1. Bloom onset

In the recent past, the simulated bloom onset occurs dur-
ing March and April in most of the Arctic (Figure S9). A
notable exception is at lower latitudes, such as in the CAA
or the Bering Strait, where blooms begin to develop as
early as February. In the Laptev Sea, despite an early begin-
ning of phototrophy, the bloom onset is comparatively
late, indicating a slow start attributed to a later day of
half PAR limitation (Figure 11d).

In the near future, although PAR levels sufficient for
phototrophy are reached much earlier than in the recent
past, the start of sympagic blooms is not earlier but in fact
later, with a pan-Arctic median 9 days later compared to
37 days earlier for phototrophy onset (Figures S4 and
S10). Furthermore, the beginning of growth is substan-
tially delayed even in areas where peak ice algae increases
are related to changes in timing of light availability, such
as the Beaufort and East Siberian seas (Figures 10e and
11b). Bloom onset occurs earlier only in areas where
changes in the ice are the most extreme (Figure S9), either
at lower latitudes, such as the GIN seas (loss of ice cover),
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Figure 10. Annual cycle of ice algal biomass for the Canadian Arctic Archipelago and the Beaufort Sea. Annual
cycles of regional mean ice algal biomass (mg C m~?2) for the Canadian Arctic Archipelago (a—c) and Beaufort Sea (d—f),
computed over 20-year periods for the recent past (1981-2000), near future (2023-2042), and late 21st century
(2066—-2085). To show the spatial spread, the annual cycles of all grid cells in the considered regions are displayed as
2D histograms: the color intensity corresponds to the spatial frequency, that is, the fraction of the region which is at
a given ice algal biomass on a given day of the year. Also shown are the histograms of key dates of the bloom for all
grid cells within a region: bloom onset (blue) is the day ice algal biomass reaches one standard deviation; and spring
peak (red) is the day maximum ice algal biomass is reached, taken before September 1.

or north of Greenland, and the CAA (loss of thick multi-
year ice).

By late 21st century, the trend of later bloom onset is
reversed and in most of the Arctic, sympagic growth starts
slightly earlier than in the near future, but not enough for
blooms to happen earlier than in the recent past
(Figures 10c, f and 11c, f). The spread of the bloom onset
date is reduced in the future, ranging in a large part of the
Arctic from mid-March to late April (Figure S10).

3.4.2. Spring peak

The day when ice algal biomass reaches its annual maxi-
mum occurs mostly in May in the recent past
(Figures 10a, d and 11a, d) and generally takes place
before the day of half N limitation (Figures 4m, p and
5m, p). The latest maxima are simulated in the productive
areas, such as the Laptev Sea (Figure 11d), and the earli-
est maxima occur in April only in low productivity regions,
such as the central Arctic (Figure S11).

Small changes in peak timing are simulated in the near
future, with most regions experiencing shifts of less than
a few days earlier or later (Figures 10b, e and 11b, e). By
late 21st century, there is a trend toward earlier bloom
peaks (Figures 10c, f and 11c, f), but changes remain
small compared to those of other key dates, with a pan-
Arctic median only 9 days earlier compared to the recent
past (Figure S10). The spread of bloom peaks is reduced in
the near future and late 21st century, a decrease particu-
larly notable in the Beaufort and East Siberian seas
(Figures 10e, f and 11b, c).

Both the ice algal bloom phenology diagnostics of
bloom onset and spring peak show different spatial pat-
terns than bloom magnitude or timing of light and nutri-
ent availability. Furthermore, the timing of bloom onset
and peak indicate that most sympagic activity happens in
April and May, with limited change projected in the
future. This lack of similarity in both spatial patterns and
future changes suggests that, in model simulations, there
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Figure 11. Annual cycle of ice algal biomass for the East Siberian and Laptev seas. Annual cycles of regional
mean ice algal biomass (mg C m~2) for the East Siberian (a—c) and Laptev seas (d—f), computed over 20-year periods
for the recent past (1988—2000), near future (2023-2042), and late 21st century (2066—2085). To show the spatial
spread, the annual cycles of all grid cells in the considered regions are displayed as 2D histograms: the color intensity
corresponds to the spatial frequency, that is, the fraction of the region which is at a given ice algal biomass on a given
day of the year. Also shown are the histograms of key dates of the bloom for all grid cells within a region: bloom onset
(blue) is the day ice algal biomass reaches one standard deviation; and spring peak (red) is the day maximum ice algal

biomass is reached, taken before September 1.

is little relationship between the phenology diagnostics
and bloom magnitude or limiting factors.

3.4.3. Fall and overwintering ice algae

During fall, as surface nutrients are replenished from
enhanced wind mixing, a second phytoplankton bloom
can occur (Ardyna et al., 2014). With sea ice growth, phy-
toplankton can be entrained in newly formed ice and
grow while light is still available. In the recent past, start-
ing in October, ice algae accumulate on the bottom of the
ice throughout the lower latitudes of the Arctic, reaching
10 mg C m~2 in most continental shelf areas and up to
100 mg C m? in the CAA (Figure 12a). However, in the
near future, simulated fall ice algae are strongly reduced
in most areas, and by late 21st century there are almost no
ice algae by the end of the year and the onset of the polar
night (Figure 12b, c). This loss can be attributed to the
substantial changes in freeze-up date, with the growth of
sea ice starting on continental shelves in mid-to late

November in the near future and after December 1 by
late 21st century (Figure S12). A delay in ice formation
causes a mismatch between the growth of sea ice and the
presence of a sufficient quantity of phytoplankton in sea-
water, as the phytoplankton concentration is strongly
reduced by November. Moreover, a later freeze-up reduces
the time period when there is sufficient light for algal
growth within the ice during fall.

The direct consequence of this loss of fall ice algae is
the substantial reduction of overwintering biomass in the
future, thereby strongly reducing the initial algal popula-
tion at the start of spring. The ice algal biomass on the day
of phototrophy onset (Figure 12d—f) provides a means of
measuring the starting biomass of the spring bloom that
allows meaningful comparisons between the different per-
iods, as opposed to using a fixed date, which would be
impacted by changes in light availability. In the recent
past, although the starting spring population is reduced
compared to the fall, there is non-negligible biomass in
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Figure 12. Fall peak ice algae and ice algal biomass on day of phototrophy onset. Top (a—c): maximum ice algal
biomass from September 1 to December 31. Bottom (d—f): ice algal biomass on day of phototrophy onset, which is
defined as the day that bottom ice photosynthetically active radiation reaches the lowest reported light compensation
intensity, that is, the threshold for phototrophic growth. The 20-year means are computed over recent past

(1981-2000), near future (2023-2042), and late 21st century (2066—2085).

most of the areas that are productive in spring. However,
in the near future and late 21st century, ice algae at the
start of spring are strongly reduced, corresponding to the
reduced fall ice algae.

4. Discussion

4.1. Environmental controls of ice algal blooms
Substantial differences in the magnitude of sympagic
blooms are evident among and within the different
regions of the Arctic in the model simulations, as has been
found in observations (Leu et al., 2015; Lannuzel et al.,
2020) and previous modeling studies (Watanabe et al.,
2019). As a consequence, Arctic and even regional
averages hide important spatial variability, and interpret-
ing pan-Arctic trends of past and future sea ice ecosystems

is difficult. The simulated differences can be attributed to
the variety of environmental controls that drive ice algal
growth, including a range of different sea ice conditions
resulting from complex interactions between a variety of
factors such as ocean circulation, continental influences,
and bathymetry (Watanabe et al., 2019; Lannuzel et al.,
2020).

Models are capable of reproducing the current trends
of sea ice loss reasonably well (Hayashida et al., 2019;
Crawford et al., 2021), but important uncertainties remain
regarding the future of the Arctic environment and the
response of sea ice ecosystems (Lannuzel et al., 2020).
Although ice algal models have been shown to agree with
observations (Mortenson et al., 2017), there are still many
uncertainties with respect to ice algal parametrizations
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(Steiner et al., 2016). The comparison of model and remote
sensing data presented here shows that simulations repro-
duce the observed large-scale spatial patterns of sea ice
break-up timing, albeit with differences in the precise
location and timing of sea ice retreat. This evaluation sug-
gests that the model successfully simulates the main fea-
tures of the sea ice annual cycle, and justifies the use of
this model to analyze the processes and mechanisms con-
trolling sympagic growth on a large scale. The main con-
cern of this work is to understand how and why ice algal
blooms occur, and thus the precise location and timing of
simulated events is less relevant, which mitigates the
importance of model biases. The developed timing diag-
nostics focus on the relationship between environmental
conditions and growth rates and are designed to help
better understand model behavior. These metrics could
be used in future studies to identify precisely why differ-
ent models produce contrasting results or differ from
observations.

The links between the growth period and the magni-
tude of sympagic blooms that have been shown here
emphasize the role of the timing of environmental condi-
tions as a control of ice algal growth. Indeed, the maxi-
mum biomass reached during spring depends not only on
the growth rates achieved but also on the total length of
time available for growth. Importantly, the PAR and N
limitation factors used in the model are saturating func-
tions. These factors represent well established properties
of algal growth: beyond certain thresholds, additional
light or nutrients do not translate into higher growth
rates. In addition, because the formulation of the growth
rate depends on the minimum of limitation factors, high
growth rates are reached only when both PAR and N are
sufficient, which highlights the importance of the syn-
chrony of light and N availability. In particular, the timing
of bottom ice PAR is highly relevant: earlier high light
levels allow for high growth rates before nutrients are
depleted. In contrast, if low light persists late into spring,
nutrients could be consumed before enough PAR reaches
the bottom of the ice for high growth rates. Furthermore,
more nutrients at the beginning of spring do not lead
directly to higher growth rates, but instead result in a lon-
ger period of non-N-limited growth, allowing time for PAR
to increase sufficiently such that there can be a period of
both high light and nutrients.

Thus, with a focus only on light availability, the photo-
trophic period alone is not an adequate diagnostic to
explain the spatial distribution of sympagic blooms and
their magnitude. As regions with short phototrophic per-
iods see little growth, a long phototrophic period is a nec-
essary but not sufficient condition for a strong bloom. The
correspondence of the number of high growth days and
the spring peak ice algal biomass highlights the necessity
to account for both limiting factors in order to understand
ice algal blooms. This perspective emphasizes the role of
nutrient availability in shaping the spatial distribution of
sympagic blooms, as suggested from observations
(Rozanska et al., 2009; Lannuzel et al., 2020; Campbell
et al., 2022a). The representation of the balance of light
and nutrients has also been recognized as driving
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differences in modeled distributions and projections of
pelagic blooms in the Arctic (Vancoppenolle et al.,
2013). Although modeling studies have found a sensitivity
of sympagic productivity to winter nutrient levels (Wata-
nabe et al., 2019; Jeffery et al., 2020), they do not analyze
the impact of other processes influencing nutrient avail-
ability during spring, such as remineralization or
exchanges with surface seawater.

The diagnostics developed here combine in an effective
and efficient manner the different factors influencing
both light and nutrient availability. With these metrics,
our work analyzes and explains the spatial variability of
simulated sympagic blooms through the timing of envi-
ronmental conditions, including not only the influence of
light but also nutrients. Previous modeling studies have
shown that the length of the sea ice season sets an upper
limit on the productivity of sympagic blooms (Tedesco and
Vichi, 2014; Selz et al., 2018), but do not examine the
impact of nutrient limitation on the length of the growth
season. By quantifying the impact of environmental con-
ditions on ice algal growth, these diagnostics help to inter-
pret the simulated future changes to the Arctic
environment and how climate change will affect sympagic
ecosystems.

4.2, Climate change impacts

Climate change affects the factors controlling ice algal
growth differently in the various regions of the Arctic. The
loss of sea ice is perhaps the most direct change impacting
ice algae, with the decline in ice cover reducing the avail-
able surface area of algal habitat. However, the loss of ice
cover is expected to occur first in summer. In the simula-
tion analyzed here, before late 21st century, many regions
still have ice break-up dates in June and later, after sym-
pagic blooms have peaked. Springtime sea ice changes
lead to a near total loss of ice algae before 2085 only at
locations in lower latitudes, in particular in the Bering
Strait and the southern Chukchi Sea, or regions of lower
past productivity, such as the Barents and GIN seas. Sim-
ilarly, in the only other model study of future ice algae,
decreases in spatially integrated gross primary production
in sea ice due to loss of the ice only occur below 60°N
(Tedesco et al., 2019). Nonetheless, the expectation is that
sea ice loss will eventually become detrimental to ice
algae throughout the Arctic (Lannuzel et al., 2020). Our
results show that indeed, by the late 21st century, earlier
sea ice break-up will start to impact negatively the length
of the growing season, with consequences on the spring
peak in ice algae, as seen in the Beaufort Sea.

The simulation presented here ends in 2085. At later
times, more regions could be impacted by sea ice loss, in
particular considering results from CMIP6 Earth System
Models, which expect less than 3 months of ice cover in
most of the Arctic by 2100, for the scenario with the most
warming (Crawford et al., 2021).

At higher latitudes the effects of reductions of ice thick-
ness dominate in the simulations studied here as well as
in other model projections of future sympagic blooms
(Tedesco et al., 2019). With year round thinner ice, sub-
stantial increases of bottom ice PAR are projected to occur,
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in particular during the early spring months, with most
regions of the Arctic reaching light levels sufficient for
photosynthesis before March in the late 21st century. In
contrast, the date of sea ice break-up shows comparatively
little to no change, in particular in the near future.
Together, these factors lead to longer periods of light
availability. This results in the emergence of large blooms
at high latitudes, at least transitionally during the near
future period, notably in the Beaufort and East Siberian
seas. Our work broadly confirms the conclusions of studies
based on observations of sea ice thickness decline, which
anticipate longer periods of algal growth and increased
productivity of sympagic blooms, in the near future at
least (Lannuzel et al., 2020; Lim et al., 2022). Long grow-
ing seasons are also simulated during the late 21st century
at high latitudes, in the East Siberian Sea and the CAA.

However, periods of light availability do not increase
everywhere in the model simulation, as greater snow
cover compensates for the loss of ice thickness in some
regions. Notably, the Laptev Sea or the lower latitudes of
the CAA are simulated to have shorter growing seasons
that are not related to early sea ice break-up but rather are
the result of thicker snow delaying the onset of the photo-
trophic period. Indeed, snow has a much greater light
attenuation coefficient than ice (Table 1), and small
changes in snow accumulation can have greater conse-
quences for light transmission than the loss of ice (Leu
et al,, 2015). Moreover, CMIP6 models project greater total
precipitation (rainfall plus snowfall) in the Arctic and
a continued increase of winter snowfall during the 21st
century, albeit with a substantial spread in the projected
total precipitation changes among CMIP6 models (Craw-
ford et al., 2021). Importantly, most of the increase in total
precipitation during other seasons is expected to result in
greater rainfall (Tedesco et al., 2019; Reader and Steiner,
2022). Rain events can accelerate ice melt and the flush-
ing of ice algae (Galindo et al., 2014) which could cause
earlier bloom termination in the future. Furthermore,
changes in cloud state would not only alter snowfall but
also the amount of shortwave and longwave radiation
reaching the ice surface. There is a high degree of uncer-
tainty in future changes, as a number of interdependent
atmospheric processes could be impacted in a variety of
manners by climate change, modifying the energy balance
(Reader and Steiner, 2022; Ruman et al., 2022; Miyawaki
et al., 2023) or cloud formation from aerosols (Abbatt
et al., 2019).

Climate change will also impact ice algae by altering
nutrient availability, distribution, and dynamics. In the
model simulation, changes in the day when nutrients
become limiting for growth are not uniform across the
Arctic. Nutrient depletion occurs earlier due to the
advance in light availability, which can drive earlier con-
sumption. Changes in the timing of light availability also
lead to a better synchrony of high levels of light and
nutrients, resulting in higher growth rates and therefore
a more rapid exhaustion of nutrients (Duarte et al., 2017).
In contrast, bottom ice N can be sustained through remi-
neralization, which is expected to increase from greater
heterotrophic activity (Lannuzel et al., 2020).
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Nutrient availability in sea ice is constrained by the
initial stocks at the end of winter and replenishment dur-
ing spring from exchanges with surface seawater, both of
which could increase or decrease depending on future
ocean energetics, stratification, coastal runoff and advec-
tive fluxes from other ocean basins. Global models project
a decrease in sea surface nitrate in the Arctic during the
21st century, from enhanced stratification due to
increased surface freshwater content but also from
decreasing nitrate in the inflowing North Atlantic and
Pacific waters (Vancoppenolle et al., 2013; Barber et al.,
2015). Within sea ice, there are still important uncertain-
ties on nutrient dynamics, as sea ice loss and altered wind
forcing could lead to increased mixing (Lannuzel et al.,
2020). On the continental shelves, areas where the water
column is very shallow are already evenly mixed every
winter and thus increases in mixing rates are unlikely to
yield large changes in nitrate supply (Barber et al., 2015).

4.3. Future ice algal bloom phenology

The diagnostics of ice algal bloom phenology show that
little change in the timing of sympagic blooms is pro-
jected by the model, in contrast with the diagnostics of
environmental timing which clearly indicate earlier and
longer growth periods in most of the Arctic.

Various events can be used to assess bloom phenology,
from growth onset to bloom termination. The timing of
the spring ice algal peak marks the beginning of the end
of the bloom, as by definition it occurs just before biomass
begins to decrease. Bloom termination is generally attrib-
uted to the flushing of the ice algae once the ice temper-
ature increases and brine drainage becomes important or
from ablation due to warm underlying water melting the
subsurface of the ice (Leu et al., 2015). While an alterna-
tive cause to a decrease in ice algae could be nutrient
depletion, with the current model parametrization
(Table 1), to achieve higher mortality than growth, the
nutrient limitation factor must be less than 0.05. This
value represents a growth rate less than 5% of the maxi-
mum achievable, which corresponds to extremely low
levels of nutrients. Moreover, in the simulation studied
here, the onset of nutrient limitation occurs after the ice
algal maximum in productive regions, and therefore nutri-
ents seem to play only a small role in the termination of
ice algal blooms.

Shifts in the timing of the spring peak are therefore
more indicative of changes in the physical processes con-
trolling ice melt. Thus, the absence of substantial future
changes in the timing of the ice algal maximum in the
model simulation is the result of limited changes in the
onset of ice melt, as seen in the trends of sea ice break-up.
By the late 21st century, the ice algae spring peak begins
to occur earlier in the year. As previously discussed,
changes in the timing of ice melt could be more impor-
tant after the period considered here, resulting in a much
earlier ice algal biomass maximum.

Despite earlier levels of light sufficient for photosyn-
thesis in the future, there is almost no shift in the timing
of bloom onset throughout the Arctic in the model sim-
ulation. This outcome can be explained by the lower levels
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of biomass at the onset of phototrophy in the future,
because in the model, the initial ice algal biomass in
spring plays an important role in the timing of the bloom.
Indeed, the impact on bloom development was shown
with the 1D version of model used here (Mortenson
et al,, 2017) and in another 1D model of landfast ice (Jin
et al.,, 2006). The strong sensitivity to initial biomass in the
model can be related to the growth rate formulation,
which depends linearly on biomass (Equation 1). Neglect-
ing quadratic mortality and transport (which is reasonable
during the initial growth phase), the ice algal model
reduces to a linear differential equation, the solution of
which is exponential growth. Such a parametrization is
commonly used in models, as it is based on observations
and is well suited to reproduce the main growth phase of
blooms. However, this formulation can lead to very slow
growth at first when biomass is low, particularly if strong
light limitation results in long doubling times. For exam-
ple, at bottom ice PAR levels corresponding to phototro-
phy onset and neglecting transport and mortality terms,
the doubling time of ice algal biomass with the current
model parameters is 35 days. A halving of the biomass at
the beginning of spring in the future would compensate
for more than a month of advance of the phototrophy
onset date. Therefore, the strong decrease in initial ice
algal biomass projected by the model in the future delays
the spring blooms, and offsets the direct effect of earlier
bottom ice PAR.

The substantial reduction of the initial spring biomass
from the near future to late 21st century mirrors the
simulated decrease in fall ice algal biomass. Observations
have documented high levels of biomass in the fall, albeit
with substantial variability (Juterzenka and Knickmeier,
1999). Studies conducted during the autumnal freeze-up
have examined how algal populations are first established
during ice formation (Garrison et al., 1989; Riedel et al.,
2007). Although it has been recognized that some in situ
growth can occur (van Leeuwe et al., 2018), the entrain-
ment of organisms from seawater during freezing is found
to be the more important process (Gradinger and Ikavalko,
1998; Juterzenka and Knickmeier, 1999).

Seeding mechanisms of ice algal blooms remain
unclear, but it has been hypothesized that initial spring
ice algal populations originate in the fall and that selec-
tion processes occurring during ice formation could play
a role in shaping the initial community assemblages of
early spring (Tuschling et al., 2000; Riedel et al., 2007
Rézanska et al., 2008; van Leeuwe et al., 2018). The link
from fall to spring in terms of biomass quantities has
received little attention, but Niemi et al. (2011) observed
that during winter, a higher abundance of ice algae was
found in the ice that had formed the earliest. This finding
could be explained by higher concentrations of protists in
seawater that can be incorporated in sea ice at the begin-
ning of fall. As a consequence, the timing of ice formation
has been recognized as having an impact on algal abun-
dance in new ice. Leu et al. (2015) have hypothesized that
a later freeze-up in the future would lead to less accumu-
lation of algae during ice growth, resulting in lower over-
wintering biomass that could delay the development of
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the spring bloom. To the best of our knowledge, however,
no study has shown a direct impact of fall biomass levels
on the onset of the spring bloom.

Different explanations for the seeding of ice algal
blooms have been proposed, such as initiation from rest-
ing spores, produced at the end of the previous bloom,
and which remain at stable concentrations in sea ice and
seawater throughout winter, or the propagation of ice
algae from multiyear ice during early spring (Werner
et al., 2007; Olsen et al., 2017). The initial ice algal biomass
resulting from such seeding mechanisms can be expected
to be independent of the timing of ice formation. If these
mechanisms are dominant, the later freeze-up would have
less impact on the timing of bloom onset.

Observation-based studies and synthesis reviews in
general predict that both onset and termination of blooms
will occur earlier in the future, as they focus on the
changes in timing of light availability or of sea ice
break-up (Campbell et al., 2018; van Leeuwe et al., 2018;
Lannuzel et al., 2020; Campbell et al., 2022b). Recently,
Hill et al. (2022) monitored two sites with different snow
covers in the Chukchi Sea, starting in early spring. They
noted that at the site with less snow, not only did bottom
ice PAR increase earlier but the ice algal spring bloom
developed earlier and lasted longer.

In contrast, not all modelling studies conclude that
future blooms will occur earlier in the year. Focusing on
trends during the recent past, Selz et al. (2018) concluded
that sympagic growth will start and end earlier due to
shifts in the onset of light availability and ice melt,
whereas Ji et al. (2013) find a weak impact of ice retreat
on the timing of the ice algal blooms. Moreover, the
recent inter-comparison of 5 ice algal models, which
included the model used here, found both positive and
negative trends over the period 1980-2009 for the spring
peak, ranging from +1.3 to —9.7 days per decade for the
Canada Basin, for example (Watanabe et al., 2019). In
contrast, the only study considering future projections
found earlier ice algal blooms at all latitudes at the end
of the 21st century (Tedesco et al., 2019).

The simulations presented here demonstrate that the
initial ice algal biomass at the beginning of spring is
potentially critical for the onset of sympagic blooms. As
few studies have been conducted in early spring on the
onset of ice algal growth, confirming the relative impor-
tance of initial biomass, compared to other factors such as
environmental conditions, is difficult. More observations
of the onset of sympagic blooms during early spring are
needed, as well as improved understanding of the link
with fall uptake and overwintering biomass to confirm
these model results. In parallel, alternative model
approaches for ice algal entrainment into ice during its
formation, algal overwintering and the initial phase of ice
algal growth should be developed and tested.

4.4. Limitations and uncertainties

Models remain a simple representation of sympagic eco-
systems. The model evaluated here includes only a single
ice algal component that does not account for the diver-
sity of the microbial communities that inhabit sea ice. In
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particular, shifts in community composition that have
been observed to occur during the development of
blooms and the associated changes in growth character-
istics, such as from low to high-light adapted species, are
not represented (Campbell et al.,, 2018; van Leeuwe et al.,
2018). A single set of parameters is used to represent ice
algae throughout the Arctic, with no regional differences
in the modeled ice algae. Moreover, grazers are only repre-
sented indirectly, with a constant grazing rate (considered
to be included in the linear mortality term), and therefore
the model would not capture ecological impacts of earlier
algal blooms, such as a potential phenological mismatch
between primary producers and consumers (Post, 2017).
The importance of fall ice algal biomass to the subsequent
spring bloom that we have demonstrated implies that our
results are likely quantitatively sensitive to the details of
the parametrization of ice algal growth.

Concerning the physical model, an important limita-
tion is the lack of tides in the ocean model, which could
have regional impacts on mixing and nutrient fluxes at sea
ice—ocean interface. In addition, the sea ice model used
here, LIM2, does not have sub-grid ice or snow thickness
parametrization, thereby limiting the accuracy of light and
heat flux variability, which has been shown to have
a strong impact on the simulation of ice algal blooms
(Abraham et al., 2015).

Finally, due to the internal variability of climate mod-
els, details of spatial patterns or the temporal occurrence
of certain events identified here could be simulation-
dependent. The use of a single ocean model driven by
output from a single atmospheric model is another factor
contributing to this simulation dependence. To address
this issue, the results of this study should be assessed
within multimodel intercomparisons such as the Ice Algae
Model Intercomparison project 1 (IAMIP; Watanabe et al.,
2019) and IAMIP2, which is currently in progress (Haya-
shida et al.,, 2021).

5. Conclusions

Using daily data output from a regional ocean and sea ice
model with biogeochemistry, diagnostics have been pro-
posed to assess the phenology of ice algae and the timing
of environmental controls of sympagic growth. These
metrics have been used in particular to understand the
spatial variations of ice algal blooms and the future
impacts of climate change on sympagic ecosystems in the
Arctic. The main results of this study are the following:

1. The timing of environmental conditions controls ice
algal growth. In particular the synchrony of light
and nutrient availability determines the magnitude
of sympagic blooms.

2. At higher latitudes, loss of thick ice and limited
changes in the timing of sea ice break-up in the
near future will lead to longer periods of favorable
growth conditions, resulting in the emergence of
new productive regions.

3. Reduction of ice extent will have a small impact on
ice algae before late 21st century, mainly at lower
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latitudes, but will nonetheless limit the increases of
the growing season and thus of sympagic blooms.

4. The timing of the ice algal spring peak shows almost
no change in the near future and only a small
advance by late 21st century due to limited changes
in the date of sea ice break-up, before 2085.

5. Later freeze-up will limit the accumulation of ice
algae during ice formation in the fall, leading to
lower initial biomass at the beginning of spring,
which would potentially delay the development of
the spring bloom. Hence, the onset of ice algal
growth is not expected to occur earlier in the future,
despite earlier light availability due to thinner ice.

Data accessibility statement

The model code and the configuration used for model
simulations are archived in the repository (Hayashida
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