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Abstract. Iron is a key nutrient for phytoplankton growth in
the surface ocean. At high latitudes, the iron cycle is closely
related to the dynamics of sea ice. In recent decades, Arctic sea ice cover has been declining rapidly and Antarctic
sea ice has exhibited large regional trends. A significant reduction of sea ice in both hemispheres is projected in future
climate scenarios. In order to adequately study the effect of
sea ice on the polar iron cycle, sea ice bearing iron was incorporated in the Community Earth System Model (CESM).
Sea ice acts as a reservoir for iron during winter and releases
the trace metal to the surface ocean in spring and summer.
Simulated iron concentrations in sea ice generally agree with
observations in regions where iron concentrations are relatively low. The maximum iron concentrations simulated in
Arctic and Antarctic sea ice are much lower than observed,
which is likely due to underestimation of iron inputs to sea
ice or missing mechanisms. The largest iron source to sea
ice is suspended sediments, contributing fluxes of iron of
2.2 × 10 8 mol Fe month−1 in the Arctic and 4.1 × 10 6 mol
Fe month−1 in the Southern Ocean during summer. As a result of the iron flux from ice, iron concentrations increase
significantly in the Arctic. Iron released from melting ice increases phytoplankton production in spring and summer and
shifts phytoplankton community composition in the Southern Ocean. Results for the period of 1998 to 2007 indicate
that a reduction of sea ice in the Southern Ocean will have a
negative influence on phytoplankton production. Iron transport by sea ice appears to be an important process bringing
iron to the central Arctic. The impact of ice to ocean iron
fluxes on marine ecosystems is negligible in the current Arctic Ocean, as iron is not typically the growth-limiting nutrient. However, it may become a more important factor in the

future, particularly in the central Arctic, as iron concentrations will decrease with declining sea ice cover and transport.

1

Introduction

Sea ice covers a large portion of the high-latitude ocean,
and it is very vulnerable to climate change. Arctic sea ice
has experienced a large reduction in summer ice extent (Serreze et al., 2007; Kwok et al., 2009), thickness (Rothrock et
al., 1999), and multi-year ice cover (Maslanik et al., 2007;
Nghiem et al., 2007). Overall the Antarctic sea ice remains
relatively unchanged. While there is a mild increase in ice
cover (Kurtz and Markus, 2012), there are strong interannual
variations in coverage (Oza et al., 2011) and large regional
trends (Parkinson and Cavalieri, 2012). Climate projections
suggest that sea ice will decline rapidly in future decades in
both hemispheres (Holland et al., 2006; Stroeve et al., 2012).
Timing of the onset of ice formation and melting will also
change (Boe et al., 2009).
Sea ice has strong impacts on ocean biogeochemical cycles and marine ecosystems (Sedwick and DiTullio, 1997;
Ducklow et al., 2012). Phytoplankton blooms are often observed in the marginal ice zone, where there is recent melting of sea ice (Smith and Nelson, 1985; Fitch and Moore,
2007). Heavy sea ice cover blocks light and limits phytoplankton growth rates. The seasonal ice–ocean freshwater
exchange and brine rejection during ice formation can modify the mixed layer depth and drive vertical mixing, which
affects irradiance and nutrient levels experienced by phytoplankton (Stabeno et al., 2010; Taylor et al., 2013). Sea
ice removes nutrients from seawater during ice formation,
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intercepts dust deposited on it, and releases nutrients and dust
during melting. Therefore, changes in sea ice volume and/or
extent will alter the nutrient cycling and the seasonal timing
of nutrient availability to phytoplankton.
Iron (Fe) is an essential nutrient for phytoplankton growth.
It is required for important biological processes, such as photosynthesis and producing enzymes. The demand for iron
and uptake efficiency varies among phytoplankton groups,
so that concentrations in seawater also influence the competition between different groups (Wang and Moore, 2011). It is
commonly recognized that the Southern Ocean is the largest
high-nutrient low-chlorophyll (HNLC) region, and as such
primary productivity is often limited by low iron availability
(Boyd et al., 2001; Boyd, 2002; Arrigo et al., 2003; Wang
and Moore, 2011).
Potential iron sources for high-latitude surface waters include diffusion from sediments (Moore and Braucher, 2008;
Tagliabue et al., 2012), sediment resuspension (Planquette
et al., 2013), dust deposition (Jickells et al., 2005), snow
and sea ice melting (Aguilar-Islas et al., 2008; Lannuzel et
al., 2008; Tovar-Sanchez et al., 2010), river input (Klunder
et al., 2012), hydrothermal contributions (Tagliabue et al.,
2010), glacial runoff (Bhatia et al., 2013) and iceberg melting
(Smith et al., 2007; Lin et al., 2011; Shaw et al., 2011). Previous field studies reported that iron concentrations in sea ice
can be 1 or 2 orders of magnitude higher than iron concentrations in the underlying seawater (Aguilar-Islas et al., 2008;
Lannuzel et al., 2007, 2008; van der Merwe et al., 2011a).
In polar regions, dust deposition into seawater is obstructed
by the presence of sea ice during winter. Dust deposited on
the snow or ice surface accumulates within the ice component (Maenhaut et al., 1996; Sedwick and DiTullio, 1997;
Tovar-Sanchez et al., 2010). Suspended sediments can be incorporated into sea ice during formation processes and are
then released again during melting (Measures, 1999; Thomas
and Dieckmann, 2002). Meanwhile, sediments in sea ice can
be transported away from shallow regions by ice movement
(Nurnberg et al., 1994; Grotti et al., 2005). Sea ice formation
may also remove dissolved iron in surface waters by the process of entrainment in ice itself (Lancelot et al., 2009; Lannuzel et al., 2011). In the Southern Ocean, surface water iron
is largely supplied by deep winter mixing. It is then is depleted rapidly by biological uptake and particle scavenging
in spring (Tagliabue et al., 2014). Iron from melting ice may
be particularly important to marine ecosystems once winter
mixing has ceased. Sea ice may therefore constitute a significant iron source at high latitudes, play an important role in
controlling the location and timing of iron fluxes to seawater,
and regulate phytoplankton production through its impacts
on the iron cycle.
The role of sea ice in nutrient cycling has been the subject of an increasing number of studies over the past decade
(Aguilar-Islas et al., 2008; de Jong et al., 2013; Lancelot et
al., 2009; Lannuzel et al., 2007, 2008, 2011, 2013, 2014;
Measures, 1999; van der Merwe et al., 2009, 2011b). Ob-

servational data on iron concentrations in sea ice and the surrounding seawater are scarce due to harsh conditions and difficulty in making measurements. Therefore many questions
remain regarding the impact of sea ice on the iron cycle.
Given the rapid change in Arctic sea ice and the potential
for large reductions in ice coverage in both hemispheres in
the future, there is an urgent need to explore the role of sea
ice in ocean biogeochemical cycles.
Numerical simulations can provide a valuable complement
to field measurements in this regard. A previous modeling
study conducted by Lancelot et al. (2009) suggests that sea
ice–ocean iron exchanges alter the geographic patterns of
iron distribution in the Southern Ocean. Simulated annual
mean iron uptake in sea ice was on the same order of magnitude as sediment fluxes in the western Ross Sea (Lancelot
et al., 2009). The present study constitutes a first attempt to
incorporate iron into the sea ice component of the Community Earth System Model (CESM). Multiple sources of iron
are incorporated from the perspective of sea ice as a reservoir. Previous measurements in polar regions are reviewed
and compared with model results in Sect. 3.1. Impacts of sea
ice on the iron cycle and marine ecosystems at high latitudes
are examined in Sect. 3.2. Contributions of different sources
of iron incorporated into sea ice are analyzed in Sect. 3.3.
We next discuss interannual variability of the sea ice and the
iron cycle relationships in Sect. 3.4, along with the impacts
on phytoplankton. Our conclusions elucidate relationships
between future changes of sea ice and iron-limited marine
ecosystems.
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2.1

Methods
The ocean and sea ice components of the CESM

This work is based on the marine ecosystem and biogeochemistry module of the CESM, which is known as the Biogeochemical Elemental Cycling (BEC) model (Moore et al.,
2002, 2004). In this study, we use both active ocean and sea
ice components. Atmosphere and land components are set up
as data models, which prescribe observation-based forcing
information to ocean and ice. The BEC module runs within
the ocean physics component of the CESM 1.0, which is the
Parallel Ocean Program version 2 (POP2, Smith et al., 2010).
The ocean circulation model has a nominal horizontal resolution of 1 degree and 60 vertical levels. The thickness of
each vertical level is 10 m in the upper 150 m and increases
with depth below 150 m. Details of the model as incorporated
in the CESM1.0 are described by Danabasoglu et al. (2012).
The wind speed–mixing relation in the model was adjusted
to better match observed mixed layer depths in the Southern
Ocean (de Boyer Montégut et al., 2004).
The sea-ice component in the CESM is the Community Ice CodE version 4 (CICE4) (Hunke and Lipscomb,
2010). CICE4 operates on the ocean horizontal grid. The ice
www.biogeosciences.net/11/4713/2014/

S. Wang et al.: Impact of sea ice on the marine iron cycle
model includes elastic–viscous–plastic dynamics, energyconserving thermodynamics, and a subgrid-scale ice thickness distribution (ITD). The ITD includes five categories
within each grid cell, which have different thickness, different surface properties, and different melt and growth rates
as computed according to the thermodynamics. This version
of the CICE model includes a more sophisticated shortwave
radiative transfer algorithm and allows for both passive and
active tracers (Holland et al., 2012). Though iron is highly
reactive, iron speciation, chemical reactions and biological
processes in sea ice are not considered in this study. The
trace metal is incorporated into CICE4 as a passive tracer.
Iron accumulating in sea ice comes from different sources
and can be transported by ice motion. Sources of iron to sea
ice considered in this study include dust, seawater, and sediment. Detailed description of the iron sources is in Sect. 2.3.
Snow on top of sea ice is part of the sea ice component in the
CESM. The iron in this snow is included when we refer to
iron in sea ice.
2.2

The biogeochemical model

The BEC model used here includes four phytoplankton functional groups, one zooplankton group and biogeochemical
cycling of multiple growth-limiting nutrients (nitrate, ammonium, phosphate, iron and silicate) (Moore et al., 2004). The
four phytoplankton groups are diatoms, diazotrophs, small
phytoplankton, and coccolithophores. In the BEC model, the
diatom group represents larger phytoplankton, which are less
efficient at nutrient uptake and export carbon more efficiently
than other phytoplankton types.
The light-, nutrient-, and temperature dependencies of
the phytoplankton growth rate are modeled multiplicatively.
Phytoplankton growth rates decrease under nutrient stress according to Michaelis–Menten uptake kinetics. Phytoplankton
photoadaptation is described by varying chlorophyll to nitrogen ratios based on the model of Geider et al. (1998). Phytoplankton groups also have variable Fe / C ratios, which adjust as a function of ambient iron concentrations. Dissolved
iron sources to the ocean in the BEC model include atmospheric dust deposition and sediments. There is one “dissolved” iron pool that is assumed to be bioavailable in the
BEC model. Iron is removed from the dissolved form by
biological uptake and particle scavenging. A fraction of the
scavenged iron is assumed lost to the sediment (Moore and
Braucher, 2008). Ecosystem parameters were chosen based
on field and laboratory data and were described in detail by
Moore et al. (2002, 2004). The CESM 1.0 BEC model has
been evaluated against observational data sets for the 1990s
by Moore et al. (2013). That work also addresses the impacts
of 21st century climate change on marine biogeochemistry
and ecosystem dynamics.

www.biogeosciences.net/11/4713/2014/
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2.3

Modifications related to the iron cycle

In the previous CESM–BEC model, sea ice acted as a physical barrier for air–sea gas exchange, but had no impact on atmospheric dust deposition. Dust deposition over ice-covered
grid cells was released directly into seawater. Accordingly,
there was also no iron transfer between sea ice and the ocean.
Both dissolved and particulate iron have been measured
within sea ice. Iron concentrations inside the ice can be up to
2 orders higher than the underlying seawater (Aguilar-Islas
et al., 2008; Lannuzel et al., 2007, 2008; Measures, 1999;
van der Merwe et al., 2011a). Seasonal scenarios of the iron
cycle were suggested by Lannuzel et al. (2010). However,
the mechanisms for iron sequestration in sea ice and the effects of its release in the marginal ice zone are currently not
well constrained. We made several assumptions and simplifications to simulate iron sequestration in sea ice, and then
explored the impacts of sea ice on iron fluxes and marine
ecosystems.
First, we assumed that the amount of iron removed from
seawater during sea ice formation was proportional to the
concentration of dissolved Fe in surface seawater. Instead of
pumping iron from the seawater to obtain a fixed concentration of iron in the ice (Lancelot et al., 2009), a constant
percentage of iron was removed from seawater and trapped
in sea ice. We tested different removal fractions ranging from
50 to 100 % and compared simulated iron concentrations in
sea ice with observations. The differences in correlations between simulation and observation were small. A 60 % removal fraction was chosen to provide an optimal match with
observations.
Second, additional iron is incorporated into sea ice during ice formation in shallow regions to represent the sedimentary iron input to sea ice reported in previous studies
(Measures, 1999; Thomas and Dieckmann, 2002). We assumed that the bioavailable iron incorporated into sea ice
from suspended sediment was proportional to iron concentrations in seawater with a spatially varying coefficient, since
iron concentrations in shallow regions were mainly controlled by sedimentary input (Moore and Braucher, 2008).
The sediment source into sea ice (Fesed-ice ) was computed as Fesed-ice = percSed∗ × dFewater , where dFewater represented the simulated iron concentration in surface seawater. percSed∗ was a spatially varying parameter determined
by percSed and a constant coefficient, fsed . The value of
percSed, the fraction of sediment area in the model grid cell,
was calculated using the high-resolution ocean bathymetry
from the ETOPO2 version 2.0 data set (US Dept. of Commerce, 2006). The approach is similar to one developed earlier to estimate the global sedimentary iron source (Moore
and Braucher, 2008). To optimize fsed , different values were
tested to obtain better correlations between simulated iron
concentrations and observational data in sea ice and seawater. Sedimentary iron was only incorporated into sea ice
where sediments were shallower than 50 m. Different values
Biogeosciences, 11, 4713–4731, 2014
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Table 1. Description of model experiments.

period of 1948 to 2007. Simulations were forced by repeating
reanalysis data for 210 years as a spin-up, and then multiple
modifications were incorporated. Simulations ran from this
state for 30 years, which was long enough so that drifts in
upper ocean fluxes declined to negligible levels and marine
ecosystems approached steady state. The control simulation
(CTRL) was conducted using the original CESM-BEC without any modification.
Four 30-year simulations were conducted following the
initial spin-up of 210 years, as summarized in Table 1.
All modifications described above were incorporated in the
FULL simulation. Impacts of sea ice on the iron cycle and
phytoplankton production were evaluated by comparing the
FULL simulation with the CTRL simulation. The relative
importance of each iron source to sea ice was discussed by
comparing several simulations against one another. The differences between the NOdust and the FEdust highlights the
contribution of dust to iron accumulation in sea ice. The contribution of seawater iron can be estimated by comparing the
FEsw and FEdust. Comparisons between the FULL and the
FEsw showed the importance of sediments in ice iron accumulation. Interactions between different iron sources were
not considered in the present study.
The iron cycle and marine ecosystems in general are sensitive to the physical climate system. While the CESM generally does a good job of simulating sea ice and ocean physics,
there exist certain biases in the model at high latitudes (Danabasoglu et al., 2012; Gent et al., 2011). Physical biases were
significantly reduced in our simulations, due to use of the
NCEP/NCAR reanalysis climatology data as forcing (Danabasoglu et al., 2014). We focus mainly on comparisons between different experiments conducted in the same physical
environment (atmospheric forcings, circulation, sea ice dynamics), in order to discuss the relative importance of iron
sources to sea ice and impacts of iron delivered by sea ice on
marine ecosystems.
Simulated iron distributions in sea ice and ocean waters
are compared with observations in Sect. 3.1. Impacts of sea
ice on the iron cycle and marine ecosystems are evaluated
by comparing the FULL simulation and the CTRL simulation in Sect. 3.2. We also document the relative importance
of different iron sources to sea ice (Sect. 3.3), and examine
time-varying impacts of iron sequestration in sea ice from
1998 to 2007 (Sect. 3.4).

Simulations

Descriptions

Iron in
sea ice

CTRL
NOdust

No iron sequestration in sea ice.
Dust deposited over ice is
blocked and lost.
Dust deposited over ice is stored in ice
and released during melting.
Dissolved iron is transported from seawater
to sea ice during ice formation.
Modifications to FEdust are included.
Sedimentary iron trapped in sea ice
is considered, as well as
modifications in FEsw.

No
No

FEdust
FEsw

FULL

Yes
Yes

Yes

for this depth threshold were tested but a limit of 50 m had
to be adopted in order to avoid excessive sedimentary iron
in the Arctic. However, the sediment injections may be underestimated in wintertime deep-convection regions, and this
point will be taken up in a later section.
Sea ice and the overlying snow cover are considered as
a barrier and a temporary reservoir for dust in the present
work, as it is deposited in specific grid cells of the model.
When dust settles over sea-ice-covered regions, it is stored in
the ice or snow and passively follows ice mechanical movements. Iron inside the sea ice model component was transported with the ice or snow regardless of its origin. This
allows for transport of sedimentary iron from shallow regions to deep, iron-depleted regions. We assumed that there
was no chemical removal or biological uptake of iron in sea
ice. Furthermore, there was no consideration of trace metal
transfer between ice and seawater after ice formation, and
iron was only released to seawater upon melting. Iron always
remained bioavailable when it was released into the water
column. These assumptions include a number of simplifications necessary, in part, due to the lack of sea ice biota in the
model.
2.4

Model experiments

The initial distributions of nutrients, inorganic carbon and
alkalinity were based on the World Ocean Atlas database
(Garcia et al., 2006) and the GLODAP database (Key et al.,
2004). Dissolved iron was initialized based on the simulations by Moore and Braucher (2008). The atmospheric dust
deposition data used in this study were from Mahowald et
al. (2005), assuming a dust iron content of 3.5 % and a constant 2 % solubility. The sedimentary iron input data was estimated by Moore and Braucher (2008), based on a highresolution bathymetry and estimated Fe flux constrained by
the carbon export.
Atmospheric forcing was taken from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) meteorological reanalysis
climatology (Kalnay et al., 1996) with a number of modifications (Large and Yeager, 2009). The data set covered the
Biogeosciences, 11, 4713–4731, 2014
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3.1

Results and discussion
Iron distribution in sea ice and water

Simulated iron concentrations in surface seawater and sea ice
are shown in Fig. 1 for the major bloom periods. Iron concentrations in high-latitude seawater are less well documented
than for other regions of the global ocean. There have been
only a few studies reporting iron concentrations in sea ice.
www.biogeosciences.net/11/4713/2014/
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Table 2. Comparison between simulated iron concentrations and observed data (nM)a .
Location

Model

Data

Data reference

0.15

0.14–0.43b

Moore and Braucher (2008);
Tagliabue et al. (2012)b

0.25–23.08

1.1–30.2

Lannuzel et al. (2010)

0.25–0.34
0.29–0.41
–c
–c
0.08–0.17

2.64–26.0
0.23–14.4
2.11–81.0
1.1–6.0
0.7–36.8

Lannuzel et al. (2007)
van der Merwe et al. (2009,
2011b, 2011a)
Grotti et al. (2005)
Lannuzel et al. (2008)

Barent Sea
Bering Sea
Bering Sea
Central Arctic
Canada Basin,
Chukchi Sea
Chukchi Sea
Fram Strait
Laptev Sea

0.14–0.77
0.05–4.31
0.28–0.73
0.26–1.30
0.25–4.10

0.6–0.8
0.9–16.5
0.8–3.14
0.5–2.6
0.5–3.18

Klunder et al. (2012)
Nishimura et al. (2012)
Aguilar-Islas et al. (2008)
Klunder et al. (2012)
Nakayama et al. (2011)

0.37–.80
0.16
0.07–3.77

2.1–16.3
5.7–23.1
0.3–10.5

Nishimura et al. (2012)
Tovar-Sanchez et al. (2010)
Klunder et al. (2012)

Bering Sea

9.5–61

2.92–376

Aguilar-Islas et al. (2008)

Surface
Southern
Ocean
Antarctic
sea ice

Bellingshausen
Sea
East Antarctic

Ross Sea
Weddell Sea
Surface
Arctic
Ocean

Arctic
sea ice

a Model data show simulated iron concentrations from the locations of measurements, except the surface dFe concentrations in the
Southern Ocean, which show mean concentrations. b Moore and Braucher (2008) and Tagliabue et al. (2012) have thoroughly compiled

observations of iron in the Southern Ocean waters. Detailed comparison between simulated and observed iron concentration in the
Southern Ocean seawater can be found in Moore and Braucher (2008). c The location is not simulated in the 1degree CESM due to the
coarse resolution.

Here we first review the observations, then compare model
results with observed iron concentrations in seawater and sea
ice, respectively, in the Southern Ocean. We then move on to
analyze the simulated results against observations available
in the Arctic Ocean.
Measurements of dissolved iron (dFe) in the Southern
Ocean seawater have been compiled in previous studies
(Moore and Braucher, 2008; Tagliabue et al., 2012). Mean
observed dFe concentrations are in the range of 0.14–0.5 nM,
with lower values in the sub-Antarctic regions and higher
concentrations representative of the shelf and shallow areas (Moore and Braucher, 2008; Tagliabue et al., 2012). The
model does a good job of capturing the general pattern of
iron distributions and the magnitudes reported in field studies, with the highest iron concentrations in surface waters
around the Antarctic Peninsula (Fig. 1). Simulated seawater
iron concentrations and observational data are compared in
detail in Moore and Braucher (2008).
Observed iron concentrations in Antarctic pack ice vary
considerably: 0.23–26 nM in the East Antarctic (Lannuzel et
al., 2007; van der Merwe et al., 2009, 2011a, b), 0.7–36.8 nM
in the Weddell Sea (Lannuzel et al., 2008), and 1.1–30.2 nM
in the Bellingshausen Sea (Lannuzel et al., 2010). Samples of
sea ice in the Ross Sea have lower iron concentrations: 1.1–
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6.0 nM (Grotti et al., 2005). Iron in sea ice is replenished in
winter and then decreases as summer progresses (Lannuzel
et al., 2010).
Comparisons between simulated and observed iron in sea
ice are shown in Table 2. In our simulations, dFe concentrations in Antarctic sea ice are generally lower than 2 nM,
except near the Antarctic Peninsula. The low bias in our results is likely due to underestimation of iron inputs or the
omission of other mechanisms. Sedimentary iron is only incorporated into sea ice where the water column is shallower
than 50 m in our simulation. However, ocean bathymetry is
often deeper than 50 m in the ocean model grid. This parameterization may cause an underestimate of entrainment
of suspended sediments. In regions such as the Ross Sea,
where deep convection occurs during winter, sediments may
be brought up by the deep mixing. It is also possible that
certain mechanisms for incorporation of iron into sea ice are
missing from our simulations. Iron can be incorporated into
sea ice with detrital and living organisms during ice formation and then degraded into dissolved Fe via heterotrophic
processes (Lannuzel et al., 2010). Iron may also be continuously transferred from seawater into sea ice due to active
biological uptake by ice algae (Lannuzel et al., 2010). These
mechanisms are ignored in our study, but could be included

Biogeosciences, 11, 4713–4731, 2014
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Figure 1. Simulated iron concentrations in (a, b) seawater and (c, d) sea ice in (a, c) the Arctic and (b, d) the Antarctic. Results are iron
concentrations in May in the Arctic and November in the Antarctic, when phytoplankton biomass starts increasing rapidly. The color scale
is logarithmic. (c, d) show data where ice concentration is greater than 15 % in simulations. Observations are scattered over the model fields.

in future work. This may cause some biases in our simulations. Simulated iron concentrations in sea ice above shallow
water near the West Antarctic Peninsula are up to 134 nM
during late winter months. This is higher than reported dFe
concentrations in Antarctic sea ice. However, simulated dFe
concentrations in sea ice in the Bellingshausen Sea in spring
and summer months are lower than 24 nM, which agree with
previous observations (Lannuzel et al., 2010). Simulated dFe
concentrations are higher in sea ice near the continental shelf
and decline offshore. There are elevated dFe concentrations
along the margin of sea ice, especially on the east side of
the Antarctic Peninsula. This is likely attributable to the flow
of sea ice, which transports iron-rich sea ice formed near
the Antarctic Peninsula downstream. Iron concentrations are
higher during winter and decrease rapidly in November and
December, which agree with the seasonal variation shown in
observations.
In the Arctic region, in situ studies have reported high dissolved iron concentrations in the Laptev Sea, the Fram Strait,

Biogeosciences, 11, 4713–4731, 2014

the Bering Strait, and the Chukchi Sea: values are > 10 nM
(Klunder et al., 2012), 5.7–23.1 nM (Tovar-Sanchez et al.,
2010), 5–10 nM (Nishimura et al., 2012), and 2.1–16.3 nM
(Nishimura et al., 2012), respectively. Lower concentrations
are observed in other Arctic regions. Klunder et al. (2012)
reported that surface dFe concentrations in the central Arctic were in the range of 0.5 to > 2 nM. Iron concentrations
in the Canada Basin and the Chukchi Sea are 0.5–3.2 nM
in September 2008 (Nakayama et al., 2011). Aguilar-Islas et
al. (2008) reported iron concentrations in the Bering Sea of
between 0.8–3.14 nM in spring/summer 2007. Surface dFe
concentrations in the Siberian shelf seas (Barents Sea and
Kara Sea) are relatively low during August and September (< 1 nM) (Klunder et al., 2012). Comparisons between
model output and observational data are shown in Table 2.
By comparison with the CTRL simulation, simulated surface
iron distributions in the FULL experiment are improved in
the central Arctic, the Bering Strait, the Chukchi Sea, and
the Canada Basin. The FULL simulation overestimates iron

www.biogeosciences.net/11/4713/2014/
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concentrations in offshore areas of the Barents Sea and Kara
Sea. A previous study suggested that the depletion of iron
in the Barents Sea and Kara Sea is caused by biological uptake (Klunder et al., 2012), however, simulated phytoplankton biomass in CESM1.0 is biased low in this region (Moore
et al., 2013). Weak biological uptake in the model likely contributes to a general overestimation of iron concentrations.
Simulated iron levels along the Fram Strait are similar in the
CTRL and FULL experiment, and biased low compared to
observations. This is likely due to positive biases in biological production and the large consumption of iron by phytoplankton in this region. The general pattern of iron distributions in our experiment agrees well with observations, except
for this Fram Strait region.
Observations of iron concentrations in Arctic sea ice are
scarce. Aguilar-Islas et al. (2008) reported that dFe concentrations in sea ice in the Bering Sea varied from 2.92 to
376 nM, with a geometric mean of 22.9 nM. Simulated dFe
stocks fall in this range of observations. The highest simulated dFe concentrations in April, May and June are 119 nM,
159 nM and 192 nM in the Bering Strait and Chukchi Sea.
Iron sequestration in sea ice has been considered in a previous modeling study of iron sources in the Southern Ocean,
by Lancelot et al. (2009). Compared to the results of Lancelot
et al. (2009), simulated iron concentrations in Antarctic sea
ice are generally lower in our work, except along the West
Antarctic Peninsula. This is mainly due to different parameterizations for the transfer of ocean dFe to sea ice. Lancelot
et al. (2009) set a maximum iron concentration of 16.5 nM
in sea ice and transferred iron from seawater to ice to ensure
this value. The parameterization caused extremely low dFe
concentrations in seawater and relatively high iron stocks in
sea ice. In the simulations here, a fixed fraction of iron is removed from seawater to ice during ice formation, ensuring
a reasonable amount of dFe remains in the water. However,
it must be stated that there are no strong observational constraints on the fraction of dFe incorporated into the sea ice
during ice formation.

growth, during spring/summer when there are more light and
macronutrients available in the mixed layer. Compared to the
CTRL, the iron input during the melting season shifts northward in the Southern Ocean, and in the Northern Hemisphere
toward the Bering Sea, the Fram Strait, and the west Arctic.
Impacts of sea ice on the iron concentrations in seawater
and marine ecosystems depend strongly on the factors limiting phytoplankton growth. Increased iron input can stimulate
phytoplankton production if iron is the most limiting factor
for growth. However, iron concentrations in seawater may
not change significantly due to rapid biological uptake. When
phytoplankton are not limited by iron, iron concentrations in
seawater will increase with increased iron input.
Primary production in the Arctic is limited mainly by light
and macronutrient concentrations, except for some areas in
the Bering Sea and the Sea of Okhotsk (Moore et al., 2013).
Thus ambient iron concentrations increase with larger inputs.
Ice melting in spring causes large concentration increases in
Arctic surface waters (Fig. 2b). The greatest rise appears in
the east Arctic, where there is wide shallow continental shelf.
The impact of ice on surface iron distributions is generally
confined in the seasonal ice zone. Only a small amount of
iron is laterally transported by sea ice to the Barents Sea and
the south Bering Sea.
Figure 2a shows clear changes of the total iron input to
seawater in the Southern Ocean. Previous studies reported
that melting ice released 0.30–0.70 µmol Fe m−2 day−1 of
iron to surface waters in the East Antarctic, the Weddell
Sea, and the Ross Sea (Lannuzel et al., 2007, 2008; de Jong
et al., 2013). Simulated iron fluxes from sea ice to ocean
are often less than 1 µmol Fe m−2 month−1 in the Southern
Ocean in our simulations, except in the Bellingshausen Sea
(> 30 µmol Fe m−2 month−1 ). The flux is lowest in the Australian sector of the Southern Ocean. Simulated iron supply
from sea ice in the Ross Sea is 4.9 µmol Fe m−2 month−1
during the growth season and totals 14.7 µmol Fe m−2 “new”
iron annually, which is 1 order of magnitude smaller than
previous estimates compiled by Boyd et al. (2012). The
model fluxes are lower than the observational studies, but are
averaged over an entire model grid cell and over monthly
timescales. The local-scale, daily release would be higher
in regions where ice was melting. The pattern of iron supply from sea ice is quite different from results in the previous study of Lancelot et al. (2009), due to the varying parameterizations of iron incorporation. In the previous
study, the iron flux is highest in the Weddell Sea and East
Antarctic and quite low in the Amundsen–Bellingshausen
Sea (< 0.25 µmol Fe m−2 month−1 , Lancelot et al., 2009).
Our simulated iron fluxes between sea ice and ocean during summer are about 1 order of magnitude smaller than
estimates by Lancelot et al. (2009) in the Weddell Sea and
East Antarctic regions. In both the study of Lancelot et
al. (2009) and this study, concentrations in seawater show
no significant changes after coupling the iron cycle to sea ice
(Fig. 2b), because iron is often the strongest limiting factor

3.2

Impacts of sea ice on the iron cycle and
marine ecosystems

Differences of net iron fluxes to the surface ocean between
the CTRL and the FULL simulations (FULL – CTRL) are
shown in Fig. 2a. There is a relative negative influx of iron
to the surface ocean in the FULL experiment in ice-forming
areas. There are two reasons for the differences. First, sea
ice in the modified model blocks the dust deposition, which
causes a decrease in the net iron supply to seawater compared
to the CTRL simulation. Second, a fraction of the iron is incorporated into sea ice during ice growth, which leads to a
negative iron flux from ice to seawater. When melting takes
place, both dust and iron in the ice are released to the seawater. Suspended sediments trapped in ice are also released
to the seawater as “new” iron available for phytoplankton
www.biogeosciences.net/11/4713/2014/
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Figure 2. Differences between the CTRL and the FULL simulations (FULL – CTRL): (a) the net iron flux to the surface ocean in May and
November. Negative values indicate iron primarily removed from seawater due to ice formation. Positive values indicate enhanced iron input
to the surface ocean due to effects of sea ice. (b) Mean surface iron concentrations during the growing season.
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Figure 3. Impacts of iron supply from sea ice on export production during growing season: (a) May, June, and July in the Northern Hemisphere; (b) November, December, and January in the Southern Hemisphere. The figure shows differences of export production between the
FULL and the CTRL simulations.

for phytoplankton growth in the Southern Ocean (Arrigo et
al., 2003; Boyd, 2002; Moore et al., 2004; Wang and Moore,
2011). Thus, iron from melting ice is rapidly consumed by
phytoplankton.
Due to the sequestration process, iron is enriched in sea
ice in winter and then released into seawater in spring and
summer at a time ideal for phytoplankton growth because
the light availability and stratification of the water column
are optimum. As a result, biological production increases in
both hemispheres. Differences in export production during
the growing season are shown in Fig. 3. In the Arctic region,
simulated export production is mostly unchanged, except in
the Bering Sea and the Sea of Okhotsk. This is because limitation is mainly due to light and other nutrients (Moore et
al., 2013). Aguilar-Islas et al. (2008) found strong evidence
for the ice–iron linkage leading to phytoplankton blooms in
the Bering Sea. Export production in spring and summer is
generally enhanced by iron supply from ice in the Southern
Ocean. This agrees with previous field studies, which suggest
that iron released by sea ice melting fuels summer blooms
in the Southern Ocean (Sedwick and DiTullio, 1997; Tagliabue and Arrigo, 2006). Overall, the effects of ice-released
iron on biological production are moderate. Changes of surface phytoplankton carbon biomass due to iron flux from
sea ice in regions south of 60◦ S are in the range of −0.01
to 0.52 mmol m−3 . Overall export production increases less
than 4 % in the growing season.
Sea ice shifts the timing and location of iron supplied
to high-latitude surface waters. The various phytoplankton
groups included in BEC show different responses to melting
ice (Fig. 4). Small phytoplankton biomass increases rapidly
along the margins of sea ice in spring. Elevated production

www.biogeosciences.net/11/4713/2014/

of diatoms only appears near the West Antarctic Peninsula
in November, where iron concentrations in sea ice are highest. During December, average small phytoplankton biomass
between 60–70◦ S increased from 0.14 µM to 0.16 µM. Increases in small phytoplankton biomass are mostly confined
to the range 60–65◦ S. By contrast, diatom biomass increases
at higher latitudes. This is because diatoms are more abundant in nearshore waters and require higher iron supply for
growth (Wang and Moore, 2011). Changes in percentages of
phytoplankton carbon biomass are less than 10 % in most regions. Simulated dominance patterns display no significant
changes – diatoms continue to dominate coastal, iron-rich
water masses and small phytoplankton prevail in the open
sea. The simulated small phytoplankton and diatom groups
also have different responses to the iron supply from sea ice
in the Northern Hemisphere (not shown). There is an increase
of diatom biomass in the Bering Sea and the Sea of Okhotsk
in spring, while small phytoplankton biomass remains similar with only a slight decrease in the south Bering Sea in
June. The supply of iron therefore shows a modest impact
on phytoplankton community structure. Arrigo et al. (2008)
suggest that Arctic phytoplankton production may rise to 3
times the current level. Such a large increase in phytoplankton biomass would consume a large amount of iron and could
cause a shift toward iron limitation. In this case, sea ice may
become a more important source for bioavailable iron in the
Arctic as well.
3.3

Iron sources to sea ice

Three sources of iron are considered for iron accumulation in sea ice: atmospheric deposition, seawater iron, and
Biogeosciences, 11, 4713–4731, 2014
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Figure 4. Impacts of sea ice on phytoplankton biomass during the growing season in the Southern Ocean: (a) diatoms; (b) small phytoplankton. The figure shows differences of phytoplankton biomass between the FULL and the CTRL simulations.

suspended sediments in shallow regions. Dust iron and sedimentary iron are “new” to the system. Our focus will be on
the impacts of iron supply from sea ice to water on phytoplankton production. Model output for summer is analyzed
in this section and contributions of different sources of iron
incorporated into sea ice are calculated (Fig. 5).
Mineral dust and sedimentary iron contribute roughly
equally to dissolved iron on an integrated basis across the
global ocean. However, at high latitudes atmospheric deposition is relatively low (Moore and Braucher, 2008). In the
Northern Hemisphere, dust deposited on sea ice during winter contributes to 8.5 × 106 mol month−1 iron flux to surface
seawater in summer. The flux is the highest in the northwest
Sea of Okhotsk (Fig. 5a). Dust from Asia depositing onto
the top of the pack is stored in ice over the winter and released into surface waters along with melting ice in spring.
This delayed release of dust iron causes the enhanced pro-

Biogeosciences, 11, 4713–4731, 2014

duction discussed in the previous section. The role of dust
as an iron source to sea ice is weaker in the high-latitude
Southern Ocean. There is an average flux of 2.2 × 106 mol
dust Fe month−1 from sea ice meltwater (below 45◦ S). Spatial variation of the flux is relatively low. The total amount of
dust iron in sea ice meltwater is less than 1 % of global dust
deposited into the oceans. However, dust iron from Southern
Ocean sea ice dominates the supply of iron from sea ice to
phytoplankton growth in the marginal ice zone.
Iron originally coming from winter seawater contributes
to a flux of 1.7 × 107 mol Fe month−1 during the Northern
Hemisphere summer. The distribution of the iron flux follows simulated concentrations, higher in the east Arctic and
lower in the west (Fig. 5b). The flux is about double that
flux contributed by dust. Mean iron flux around the Antarctic attributable to seawater is 1.6 × 106 mol Fe month−1 during summer. Though dust deposition over the seasonal ice

www.biogeosciences.net/11/4713/2014/
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Figure 5. Iron supply from sea ice contributed by different iron sources in summer: (a) dust, (b) seawater, and (c) sediments. Contributions
of different iron sources are differences of the net iron flux into the surface ocean (FEdust – NOdust, FEsw – FEdust, and FULL – FEdust,
respectively).

zone is low, it is also the case that seawater additions are restricted in the Southern Ocean. This is largely due to iron depletion caused by biological uptake. Iron fluxes contributed
by seawater in our study are lower than results of Lancelot
et al. (2009), in which iron in surface water is largely transferred to sea ice during the winter, leading to very low con-

www.biogeosciences.net/11/4713/2014/

centrations in seawater. The supply from seawater is higher
when ice forms in iron-rich coastal waters. The distribution
of fluxes of iron originally from seawater and incorporated
into the pack mainly tracks the supply of seawater iron to ice,
except in the Ross and Weddell seas where, iron-rich sea ice

Biogeosciences, 11, 4713–4731, 2014
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has drifted away from continental areas (Holland and Kwok,
2012).
Incorporation of sediments and their transport offshore are
considered for the first time in the present modeling study.
Figure 5c shows iron fluxes attributed to sediments in ice.
Sediment-laden ice leads to a large iron flux into the ocean
in our model. Total sedimentary iron carried by sea ice is
equivalent to ∼ 8 % of monthly averaged fluxes from sediment across the global ocean, corresponding to 2.2 × 108 mol
Fe month−1 in the Arctic and 4.1 × 106 mol Fe month−1 near
the Antarctic in summer. Flux distributions show that iron
has been transported from the peripheral Siberian seas toward the central Arctic, which supports the hypothesis that
iron may be mobilized by “dirty” sea ice (Measures, 1999;
Klunder et al., 2012).
Overall, an additional 8.3 × 108 g Fe year−1 is added to the
Southern Ocean (> 35◦ S) by sediment-bearing ice. This iron
supply is smaller than iceberg Fe (1–3 × 109 g Fe year−1 ),
sediment Fe (257–635 × 109 g Fe year−1 ), hydrothermal Fe (20.8 × 109 g Fe year−1 ), and dust Fe (4.5–
30 × 109 g Fe year−1 ) (summarized by Tagliabue et al.,
2010). Boyd et al. (2012) showed that iron flux from
melting sea ice is one of the largest iron sources in some
regions. Previous studies suggested that iron from melting
ice contributed 70–90 % of the total iron supply to surface
waters in the East Antarctic, the Weddell Sea, and the Ross
Sea during the melting period (Lannuzel et al., 2007, 2008;
de Jong et al., 2013). Simulated iron inputs from melting ice
in our simulations are generally less than these observational
estimates. It is likely the iron supply is underestimated in this
study. In the Northern Hemisphere, sediment-bearing sea ice
adds 3.9 × 109 g Fe annually to the oceans north of 45◦ N,
which is more than one time larger than the iron supply from
dust (1.8 × 109 g Fe year−1 ). With the “new” iron from sea
ice, simulated iron concentrations agree reasonably well
with observations (Table 2).

2007 are shown for the month of December in Fig. 6. These
discrepancies are caused by iron–ice interactions. However,
variations from year to year are a result of combined effects
of the physical environment of surface water and iron fluxes
from ice.
Comparing simulations of the Antarctic Peninsula in 2002
and 2004, the mixed layer depths in the Weddell Sea and the
Bellingshausen Sea are similar (Fig. 6). The extent of coverage in this region is similar as well, but winter ice volume
in 2004 is lower than in the year 2002 (Fig. 7). More iron is
removed from seawater and incorporated into sea ice in winter. As a result, there is more iron released in the summer of
2002. Consequently, a large increase of phytoplankton production is simulated in 2002. Differences in the region north
of the Amery Ice Shelf between 2000 and 2001 also suggest
an important role of ice iron in phytoplankton growth. Iron
concentrations are similar for the two years. The larger ice
extent in 2000 releases more iron into seawater and causes
a clear increase in phytoplankton biomass. Thicker and more
extensive ice in the Amundsen Sea in 2001 releases more iron
to the surface ocean. This is the reason why there is higher
biological productivity in this region during the spring of
2001, by comparison with succeeding years. Marine ecosystem changes driven by the sea ice iron vary on an interannual basis. For example, anomalies for ice volume, differences of iron concentration and phytoplankton biomass in the
Amundsen Sea region are shown in Fig. 7. As expected, iron
concentration and ice anomalies are closely related. Positive
phytoplankton biomass anomalies are often associated with
higher than normal ice volume and vise versa. Comparison
of these differences suggests that reduction in sea ice in the
future will have a negative effect on biological production
that is attributable to the influence of ice on the iron cycle.
Effects of sea ice iron on marine ecosystems are enhanced
by the cold and well-illuminated environment created by
melting sea ice. Ice melting increases the stratification of
surface waters, thus iron from meltwater is often released
to areas with a shallow mixed layer. Light is often sufficient for phytoplankton growth in these areas and iron becomes the main limiting factor controlling production. This
is why small phytoplankton biomass often shows an immediate increase along the margins, due to enhanced iron fluxes
from sea ice (Fig. 6). However, iron fluxes may not be the
dominant control on biological production. For example, iron
fluxes from ice are similar in the Ross Sea in 2006 and 2007,
but the increase of diatom biomass is larger in 2006. The
remaining iron in surface water is higher in 2007, which suggests phytoplankton growth is limited by lower light due to
the thicker overlying pack ice. Note that the amount of iron
released from melting ice is affected by iron concentrations
in seawater during the previous autumn, which depends on
biological uptake in the growing season. Thus, phytoplankton production from year to year can also be linked through
iron sequestration in sea ice.

3.4

Sensitivity of marine ecosystems to the varying iron
supply from sea ice

Climate models have projected a large reduction in sea ice
(Holland et al., 2006; Stroeve et al., 2012). It is necessary
to understand the influence of declining sea ice extent and
volume on the iron cycle and marine ecosystems in order to
estimate the future primary production and the ocean carbon
cycle at high latitudes. There has been a significant decrease
of Arctic sea ice and large variations in Antarctic sea ice over
the past decade. Simulations representing this period provide insight on the sensitivity of iron distributions and phytoplankton production to changes of sea ice extent and volume.
We compare differences between the FULL simulation and
the CTRL simulation from year to year, focusing on the role
of iron released by sea ice. The simulated physical environment is the same in these two simulations. Differences in the
biomass of diatoms and small phytoplankton from 1998 to
Biogeosciences, 11, 4713–4731, 2014
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Figure 6. Caption on next page.
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Figure 6. Differences of biomass in December caused by iron fluxes from ice (from 1998 to 2007) (FULL – CTRL): (left) small phytoplankton and (middle) diatoms. The mixed layer depth in December is shown on the right. The grey line shows 15 % ice concentration.
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   7. Time series of (left) the Weddell Sea region and (right) the Amundsen Sea region: (a) anomalies of ice volume (i.e., 10-year mean
seasonal cycle removed); (b) differences of iron concentration anomalies (FULL – CTRL); (c) differences of diatom biomass anomalies
(FULL – CTRL); (d) differences of small phytoplankton biomass anomalies (FULL – CTRL). Differences between the FULL and the CTRL
show effects of iron sequestration in sea ice.

Iron sequestration in sea ice also affects the competition
between different phytoplankton functional groups. Changes
of marine ecosystems in the Atlantic sector of the Southern
Ocean offer a clear example of impacts of varying sea ice on
phytoplankton community structure (Fig. 6). Sea ice drifts
from the Antarctic continent to the north in this region (Holland and Kwok, 2012). When it forms in iron-rich nearshore
waters, iron is removed from the water column causing concentration decreases in the surface ocean. Northward sea ice
motion then transports the captured iron away from continental areas. As a result, there is a decrease of diatom biomass
nearshore, especially during heavy ice years, and an increase
of small phytoplankton biomass in the north (Fig. 6). Therefore, increases of sea ice in this region can cause phytoplankton community shifts from diatoms to small phytoplankton.
Increases in iron are generally concurrent with increases
of sea ice formation in the Arctic. If the decreasing trend
of Arctic sea ice continues, iron concentrations in the Arctic will decline due to lower iron inputs, particularly in the
central Arctic. The impacts of iron sequestration in sea ice
on marine ecosystems are more complex for simulations between 1998 and 2007. Phytoplankton production is usually
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limited by light intensity and macronutrient concentrations
in the mixed layer (nitrogen and silicon). Though iron is a
limiting factor for phytoplankton growth in some areas of the
Bering Sea and the Sea of Okhotsk, changes of phytoplankton production are not tightly coupled with iron fluxes from
ice. The decoupling between iron fluxes and production occurs when strong ice melting causes a dilution of other nutrients. This is because concentrations of macronutrients in sea
ice are usually lower than seawater (Lin et al., 2011; TovarSanchez et al., 2010). Thus, the biogeochemical impacts of
melting ice depend on the surrounding ocean environment.
Longer simulations forced with future climate conditions are
needed if we are to predict the possible impact of iron fluxes
from sea ice on marine ecosystems.
4

Discussion and summary

Iron sequestration and transport by sea ice are incorporated
into the CESM-BEC model to study the role of sea ice in
the marine iron cycle, with a full assessment of the impacts
on biology. We include suspended sediments as an additional source of iron to sea ice in shallow regions, which can
Biogeosciences, 11, 4713–4731, 2014
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advance our understanding of the impacts of “dirty” ice on
transport of iron and other materials.
The modified model captures the general patterns of iron
distribution and concentrations in the high-latitude oceans.
Compared to previous BEC versions, simulated iron concentrations are in better agreement with observations in the
central Arctic, the Bering Strait, the Chukchi Sea, and the
Canada Basin. Discrepancies in iron concentration are associated with biases in phytoplankton production. Simulated
maximum iron concentrations in sea ice are identified in the
vicinity of the West Antarctic Peninsula (134 nM dFe) and
in the Bering Strait and the Chukchi Sea (192 nM dFe). Our
simulation cannot reproduce the highest iron concentrations
(up to 376 nM dFe) observed in the field (Aguilar-Islas et al.,
2008). Previous work suggests that the continuous growth of
ice algae at the bottom of sea ice during winter also contributes to the accumulation of iron in sea ice (Lannuzel et
al., 2010). As such, the model bias may be improved by incorporating an ice algal component to the model (Deal et al.,
2011) or by including other biological iron sources in the sea
ice. Our assumption of unified iron distributions in each sea
ice cell may also be a factor contributing to low iron concentrations. Sea ice microstructure and brine dynamics have
strong impacts on tracer distributions in ice (Jeffery et al.,
2011; Vancoppenolle et al., 2010). Interactions between iron
and brine dynamics should also be considered in future studies. Another caveat in the present work is that iron speciation and related chemical reactions in both seawater and sea
ice are not considered. Tagliabue and Arrigo (2006) showed
that the cold and well-illuminated environment created by
melting sea ice enhanced photochemical activity, which effectively leads to Fe recycling and retention. The impacts of
iron released from melting sea ice on marine ecosystems may
then be enhanced under such conditions. Chemical reactions
should be considered in addition to physical processes in future studies.
Our results show that sea ice can change the timing and location of iron supply to the ocean. Suspended sediments are
an important iron source to sea ice and can significantly affect iron distributions in the Arctic. Iron released from sea ice
melting enhances phytoplankton production in the Southern
Ocean, the Bering Sea and the Sea of Okhotsk. The magnitude of simulated increases in production may be underestimated, because often the observed very high iron concentrations in ice are not reproduced by the model. The simulated influence of ice on phytoplankton agrees with conclusions from previous studies (Measures, 1999; Lannuzel
et al., 2008; Sedwick and DiTullio, 1997). The structure of
regional-scale ecosystems can be changed by iron from sea
ice, because different phytoplankton groups respond differently to iron inputs.
Simulations of 1998 to 2007 show that decreases in sea
ice have a negative impact on phytoplankton growth and production, due to interactions with the iron cycle in the Southern Ocean. Iron in sea ice has only a small influence on

total phytoplankton production. Iron and some other bioactive metals (Zn, Cu, Ni, Mn, Co, Cd) are highly enriched in
sea ice (Tovar-Sanchez et al., 2010; Lannuzel et al., 2011),
which can be transported by sea ice motion. Given the apparent importance of sea ice mobility in bringing iron to
the central Arctic, iron concentrations will likely decrease
in the central Arctic as ice coverage continues to decline in
the coming decades. Iron limitation of phytoplankton growth
rates is possible in a future, ice-free Arctic Ocean during
summer months. Declining sea ice cover modifies the light
regime experienced by phytoplankton. Ocean circulation,
mixed layer depths, and stratification will also be affected.
Marine ecosystems are strongly influenced by all of these
factors (Arrigo et al., 2008; Lannuzel et al., 2008; Lee et al.,
2012; Pabi et al., 2008; Sedwick and DiTullio, 1997). The
net physical and biogeochemical effects of sea ice on marine
ecosystems need to be considered holistically in the future in
the context of the ongoing perturbations of the climate system.
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