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[1] An ice ecosystem model was coupled to a global dynamic sea ice model to assess
large-scale variability of primary production and ice algal biomass within arctic sea

ice. The component models are the Physical Ecosystem Model (PhEcoM) ice ecosystem
model and the Los Alamos Sea Ice Model (CICE). Simulated annual arctic sea ice
primary production was 15.1 Tg C; within the range of 9 to 73 Tg C estimated using in situ
data. The amount of C fixed was >3 Tg C month * for March, April, and May. The Bering
Sea, Arctic Ocean basins, and the Canadian Archipelago/Baffin Bay were the most
productive regions on an annual basis, contributing approximately 24, 18, and another
18%, respectively. High production in the Bering Sea was due to high daily production
rates, while the large sea ice coverage in the Canadian Archipelago/Baffin Bay and,

in particular, the Arctic Ocean basins resulted in their considerable contribution to sea ice
primary production. The simulated trends, patterns, and seasonality of ice algae agree
reasonably well with very limited observations. In the model, ice growth rate controls the
availability of nutrients to sea ice algae, such that ocean nutrient supply is of secondary
importance to ice algal growth. The numerical model results suggest that ice melt rate,
which determines the proportional rate of ice algal release, controls the termination of the

bloom on large scales. The model described advances the role of sea ice algae in

biogeochemical cycling within global climate models.

Citation: Deal, C., M. Jin, S. Elliott, E. Hunke, M. Maltrud, and N. Jeffery (2011), Large-scale modeling of primary production
and ice algal biomass within arctic sea ice in 1992, J. Geophys. Res., 116, C07004, doi:10.1029/2010JC006409.

1. Introduction

[2] Algae growing within sea ice form a significant por-
tion of the primary production in ice-covered seas. On
average, 4% of the Earth’s surface is covered by sea ice, but
its extent and thickness are rapidly decreasing, and the ice-
free season is lengthening because of warming of the Arctic
[Stroeve et al., 2007]. The impacts of diminishing arctic sea
ice on the marine ecosystem extend well beyond loss of
substrate and changes in habitat for sea ice algae. These
carbon fixers are the base of the ice-associated food web.
They are also an important food source for pelagic and
benthic herbivores, and regulators of other biogeochemical
processes [Gosselin et al., 1997; Caroll and Caroll, 2003].
During the ice melt season, ice algae are released into the
water column with the potential to seed the phytoplankton
bloom [Gradinger, 2009; Jin et al., 2006], extend the
growing season, and shape the structure and function of the
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polar marine food web. An evaluation of the temporal and
spatial distribution of sea ice algal primary productivity and
biomass on regional scales is crucial for determining their
contribution to the carbon cycle of the Arctic Ocean, inter-
actions with other biogeochemical cycles, and importance in
providing nutrition for upper trophic levels.

[3] Because of the challenges in making measurements
in the ice environment (e.g., logistical, methodological),
accessing remote regions, and remotely sensing under ice
biology on regional scales, observations of sea ice algae are
sparse. Data gaps are particularly apparent for the time
period directly preceding and during ice breakup, when
logistical constraints severely limit access and sampling
operations. On the basis of the information available, >50%
of primary production in the central Arctic Ocean is attrib-
uted to ice algae [Gosselin et al., 1997]. For arctic shelf seas,
the percentage of marine primary production by ice algae is
4-25%, depending upon location [Legendre et al., 1992].

[4] For a few locations where sea ice algal dynamics and
habitats have been rather well characterized, ice algal pro-
duction has been simulated in one dimension [Lavoie et al.,
2005], sometimes coupled to biological production models
in the water column [Jin et al., 2006, 2007; Nishi and Tabeta,
2005], and in two instances, using a sea ice dynamics model
[Lavoie et al., 2009, 2010]. These studies have focused on the
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Figure 1. One-dimensional Physical Ecosystem Model (PhEcoM) ice-ocean ecosystem model schematic
from Jin et al. [2006]. The PhEcoM ice ecosystem model component was coupled to the Los Alamos Sea

Ice Model (CICE) in this study.

bottom ice algal community and have thus provided useful
information on the local environmental controls and vari-
ability of sea ice primary production and biomass. As a first
attempt on the regional scale, Sibert et al. [2010] have esti-
mated ice algal production using a 3-D ice-ocean model of
the Hudson Bay system.

[s] Water-ice transport flux, nutrient supplies, and light
availability are important factors on small scales [Jin et al.,
2006; Lavoie et al., 2005]. Observations show that regional
differences in sea ice primary production are largely driven
by both small- and large-scale changes in nutrient avail-
ability [Smith et al., 1990; Gradinger, 1999, 2008]. How-
ever, there is still no clear understanding of the magnitude
and variability of ice algal production over most of the Arctic.
If we apply knowledge of the controls on small scales and
extend tested ice ecosystem models out to larger scales,
we can begin to investigate the large-scale variability and fill
in the large gaps of information between observations.

[6] Only one model, based on the work of Arrigo et al.
[1997, 1998], has been used to assess large-scale changes
in sea ice primary production [Arrigo, 2003]. Although
results of the study suggested that snow cover in combina-
tion with the proportion of first-year ice may be funda-
mental in controlling primary production in arctic regions,
the model was developed for Antarctic sea ice during 1989—
1990 and neglects the important bottom ice community
predominant in arctic sea ice. Here we couple the 1-D
Physical Ecosystem Model (PhEcoM) ice ecosystem model

that has been used to predict sea ice algal biomass and pro-
duction at individual sites in the Arctic to a global dynamic
sea ice model. PhEcoM was tested for first-year pack ice in
the seasonal ice zone [Jin et al., 2007, 2009], annual landfast
ice [Jin et al., 2006], and multiyear pack ice [Lee et al.,
2010]. In this configuration, the prognostic ecosystem
model extrapolates detailed information from individual sites
to seasonal, regional, and pan-Arctic scales. In this paper, a
model run for year 1992 is used to calculate the magnitude
and annual cycle of primary production and ice algal biomass
within arctic sea ice before recent dramatic sea ice decline.
The model simulates sea ice physics and provides external
forcing thought to control primary production within sea
ice. An additional motivation for this modeling study is the
need to include in climate models the role of ice algae in C
flux and biogeochemical cycling.

[7] This is the first paper to describe simulated horizontal
and annual variability of ice algal production and biomass
across the entire Arctic Ocean, including ice-covered arctic
shelf seas. Model results are presented and discussed in lieu
of sparse observations from the literature, and new insights
from analysis of the model results are presented.

2. Model Description

[8] We have coupled a global dynamic/thermodynamic
sea ice model, the Los Alamos Sea Ice Model (CICE)
[Hunke and Lipscomb, 2008; Hunke and Bitz, 2009], to the
ice ecosystem model of Jin et al. [2006]. CICE has been
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Figure 2. Map of study area showing distribution of the ten study regions: Arctic Ocean basins; Bering
Sea; Canadian Archipelago/Baffin Bay (north of 62°N latitude); Greenland-Iceland-Norwegian (GIN)
seas; and six pan-Arctic shelf seas (Barents Sea, Kara Sea shelf, Laptev Sea shelf, Eastern Siberian
Sea shelf, northern Bering Strait and Chukchi Sea shelf, and Beaufort Sea shelf). The southern boundary

of the Arctic Ocean basins region is the shelf edge.

widely used in different ice simulation applications and is
extensively documented (see publications in http://climate.
lanl.gov/Models/). Currently, CICE partitions the ice pack in
each grid cell into a five-category ice thickness distribution,
with four ice layers and one snow layer in each category.
The horizontal advection of the ecosystem variables is
handled like other tracers in CICE. There is a flux exchange
of nutrients between ice and ocean as in the work of Jin
et al. [2006] based on the observations of Wakatsuchi and
Ono [1983] that brine flux volume in the skeletal layer
has a high correlation (R* = 0.994) with ice growth rate
(dH;e/dt) during the ice growth period. The calculation of
the flux is applied in each ice category as a function of
bottom sea ice growth/melting rate, temperature and salinity
form CICE, and then a sum of the flux from all categories is
used to communicate with the ocean. This ice-ocean flux
velocity, Twi [Jin et al., 2006], is calculated using the same
relationship as in the work of Arrigo et al. [1993]. Thus the
transport of nutrients from the surface ocean is upward
during ice growth and when the bottom ice melts, nutrients
and algae within the ice are released to the ocean.

[9] The ice ecosystem model is the ice component of
PhEcoM, which is shown schematically in Figure 1. The ice
component of Jin et al. [2006] includes four equations for
the four compartments: ice algae, nitrate and ammonium in
units of mmol N m73, and silicate in units of mmol Si m >.
The ice ecosystem model equations are applied to the bot-
tom 3 cm of each ice thickness category in the CICE. Jin
et al. [2006, 2007] introduce the model equations and

parameters, and the history of some improvements. A full
set of updated equations and new improvements are sum-
marized and discussed by Jin et al. [2008].

[10] CICE was configured with a 20 m slab ocean and run
as by Hunke and Bitz [2009]. The coupled model was run
for year 1992 only, to assess the seasonal to annual ice algal
production level. Year 1992 was chosen because its ice
extent was consistent with the mean from 1979 to 2000. Key
processes important to the functioning of ice algae have
been retained from the work of Jin et al. [2006], such as
(1) nutrient flux between ocean and ice bottom layer and
(2) light and nutrient limitation terms of ice algae.

[11] The CICE model domain is global, but this study
focuses on the arctic region where ice cover has varied
seasonally from 4 x 10° to 16 x 10° km? in the last decades.
Ice algal carbon contributions and fixation rates are calcu-
lated separately for the following ten subregions (Figure 2)
to assess regional differences: the Arctic Ocean basins,
Bering Sea, northern Bering Strait and Chukchi Sea shelf,
Barents Sea shelf, Beaufort Sea shelf, Kara Sea shelf, Laptev
Sea shelf, East Siberian Sea shelf, Canadian Archipelago/
Baffin Bay (north of 62°N latitude), and Greenland-Iceland-
Norwegian (GIN) seas.

[12] The ice ecosystem model component is described in
detail by Jin et al. [2006]. Ice algae in the model are
restricted to the bottom 3 cm of sea ice. The bottom layers of
arctic first-year and multiyear ice are the most favorable
subhabitat for ice algal blooms [Gradinger et al., 2005;
Gradinger, 2008]. Chukchi Sea field studies show that
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Figure 3. Simulated (a) ice cover area (m?) and (b) ice thickness (m) in ten study regions. BAR,
Barents Sea shelf; KAR, Kara Sea shelf, LAP, Laptev Sea shelf; ESIB, Eastern Siberian Sea shelf;
CHUK, northern Bering Strait and Chukchi Sea shelf, BER, Bering Sea; BEA, Beaufort Sea shelf;
CAN, Canadian Archipelago/Baffin Bay; GIN, Greenland-Iceland-Norwegian seas; and CEN, Arctic

Ocean basins.

“both ice algal pigment concentration and productivity are
strongly correlated with the surface nutrient concentration”
[Gradinger, 2009]. As formulated by Jin et al. [2006], the
freeze-thaw process drives nutrient transport between the
layer of ice containing algae and the underlying ocean. This
results in nutrient availability being a function of ice growth/
melt rate, which are calculated by CICE. Ice growth and
melt rates are explicitly included in the model.

[13] The sea ice model does not include sediments or
biology above the bottom 3 cm layer. Consequently, light
levels reaching the ice bottom-layer algae in impacted areas
may be biased high. There can be widespread occurrence of
sediment-laden ice over the Siberian Arctic shelves and
similar conditions have been observed covering more than
100,000 km?* of the Chukchi and Beaufort shelves [Eicken
et al., 2005]. Also, freshwater algae growing in the top

4 of 14



C07004

a)

Nitrate in mixed-layer (mmol/m*3)

1992 03 19

20cm/s

25.0
20.0
15.0
12.5
10.0
7.5
5.0
3.0
2.0
1.5
1.0
0.5
0.1

c)
Silicate in mixed-layer (mmol/mA3)

1992 03 19

20cm/s
| I—

25.0
20.0
15.0
12.5
10.0
7.5
5.0
3.0
2.0
1.5
1.0
0.5
0.1

DEAL ET AL.: REGIONAL AND LOCAL CLIMATE CHANGES

C07004

b)

Nitrate in mixed-layer (mmol/m”3)

1992 07 16

20cm/s

25.0
20.0
15.0
12.5
10.0
7.5
5.0
3.0
2.0
1.5
1.0
0.5
0.1

d)
Silicate in mixed-layer (mmol/m”3)

1992 07 16

20cm/s
| I—

25.0
20.0
15.0
12.5
10.0
7.5
5.0
3.0

Figure 4. Model ocean mixed layer concentrations (mmol m>) for nitrate in (a) mid-March and
(b) mid-July 1992; and silicate in (c) mid-March and (d) mid-July. Apparent convergence at the North
Pole is caused by discontinuities at the pole in the oceanic nutrient forcing data. The white ocean areas
indicate open waters. The vector arrows are ocean surface velocity.

layers of the ice can attenuate light in late summer when melt
ponds cover large parts of the ice floes [Gradinger et al.,
2005]. The sometimes abundant centric diatom suspended
from the ice-water interface, Melosira arctica, is also of
concern, but because of its unpalatability, and very patchy
and virtually unknown distribution [Legendre et al., 1992;
Gosselin et al., 1997], it is not included in this study.

[14] The initial seawater nitrate and silicate concentra-
tions were set to the World Ocean Atlas 2005 (WOAOS5)
monthly climatology http:/www.nodc.noaa.gov/OC5/WOAOQ5/

pr_woa05.html and restored on a three-month time scale
during the model run.

3. Simulation Results

3.1.

[15] During the 1 year model simulation, maximum arctic
sea ice area was 15.7 x 10° km® in March. The minimum
simulated arctic sea ice area was 6.7 x 10° km? in September,
very close to the 1979-2000 average shown in plots posted

Physical and Chemical Environment

S5of 14



C07004

~
|

@
3
|

w
L

™
o
|

N
L

=
3]
f

—_
1

Accumulated Primary Production (Tg C)

o
34
f

0-

Figure 5. Simulated total primary production within arctic
sea ice (Tg C) during 1992. For abbreviations see caption
for Figure 3.

by the National Snow and Ice Data Center (http://nsidc.org/).
In the simulated time series of sea ice area and thickness for
each arctic region, the Arctic Ocean basins and Canadian
Archipelago/Baffin Bay stand out in terms of high maximum
ice area and thickness (Figures 3a and 3b, respectively). The
Beaufort Sea shelf region has the least amount of sea ice
cover (0.2 x 10'* m?) for most of the year, although long
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winter periods with constant ice area indicate ~100% cov-
erage. All of the ice in the Bering Sea melted by mid-June.
In spring, summer and fall, ice was thickest in the Canadian
Archipelago/Baftin Bay (up to 3.3 m thick on average) while
during November and December the ice was thickest over
the Arctic Ocean basins. Before the season of ice melt, the
thinnest ice was simulated for the Bering and Barents seas.

[16] Average restored nitrate and silicate concentrations
for the middle week of March ranged from, for the most
part, several mmol m > to 25 mmol m > (Figures 4a and 4c).
Values above 20 mmol N m > were found only in the
western Bering Sea. The overall spatial pattern of modeled
nutrient concentrations under the ice from spring through
summer changed little from month to month. For comparison,
the nutrient distributions for July are shown in Figures 4b
and 4d. This consistency was as expected since most
of the depletion of nutrients occurs when the ice is gone
(R. Gradinger, personal communication, 2006).

3.2. Ice Algal Production and Biomass

[17] Simulated sea ice primary production for the pan-
Arctic was 15.1 Tg C yr '. The most productive regions
were the Bering Sea (4.2 Tg C yr '), Arctic Ocean basins
(2.8 Tg C yr ') and Canadian Archipelago/Baffin Bay
(2.7 Tg C yr'; Figure 5). Other significant fractions
were the northern Bering Strait and Chukchi Sea shelf
(1.3 Tg C yr ") and GIN Seas (1.2 Tg C yr ). The remaining
five pan-Arctic shelf regions (i.e., Barents Sea shelf, Beaufort
Sea shelf, Kara Sea shelf, Laptev Sea shelf, East Siberian Sea
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Figure 6. Map of total annual primary production within arctic sea ice simulated for 1992.
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Figure 7. Maps of simulated rates of ice algal production in the middle of (a) March, (b) April, (c) May,
and (d) June 1992 and sea ice algal biomass distribution in the middle of (e) March, (f) April, (g) May,
and (h) June 1992. The vector arrows are ice velocity.

shelf) contributed each <5% to the total arctic sea ice pri-
mary production in 1992. Most of the pan-Arctic production
occurred in March (3.6 Tg C), April (3.8 Tg C), and May
(3.0 Tg C).

[18] A pan-Arctic view map shows the spatial distribution
of simulated total ice primary production for year 1992
(Figure 6). Annual areal sea ice primary production was as
high as 10 g C m ~ in the Bering Sea. High values (>2 g C m ?)
were simulated in coastal regions and the lowest values in the
vicinity of the Beaufort Gyre and Transpolar Drift System,
and over much of the Russian shelves. The Beaufort Gyre and

the Transpolar Drift System, or Stream, are the two primary
components of the wind-driven arctic ice circulation pattern.
The Beaufort Gyre is a clockwise circulation in the Beaufort
Sea well beyond the shelf, north of Alaska. The Transpolar
Drift carries ice that moves from the Siberian coast, across the
pole and then exits the Arctic east of Greenland.

[19] The horizontal distributions of average daily pro-
duction rates for the middle of March, April, May, and June,
(Figures 7a—7d) are similar to the patterns displayed with ice
algal biomass concentrations (Figures 7e—7h). The ice algal
standing stocks display less biomass in mid-June at most
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