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Chapter 5
Sea Ice in a Climate Change Context

Abstract This chapter is a description of the role and importance of sea ice and sea
ice biota on large scales and in relation to the effects of climate change. The decrease
in summer sea ice extent and thickness are evident and described in (5.1). A Case
Study 4 based on our observations in the Fram Strait and the Arctic Ocean illustrates
some of the consequences and effects of increased inflow of warm Atlantic water
(5.2). The question whether more light in an ice-free water column will increase
pelagic primary production in the Arctic Ocean, is addressed with a model (5.3).
Sea ice plays an important role in the exchange of CO, between ocean and atmo-
sphere and the sea ice CO, pump is described in (5.4).

Keywords Effects of climate change - Ice extent - Atlantification - Primary
production - CO,

5.1 The Decrease in Arctic Sea Ice Extent and Thickness

Data on sea ice extent covering the entire Arctic Ocean first became available in
1979 when passive microwave remote sensing by satellites was developed (Wang
and Overland 2009; Serreze et al. 2007). The Arctic sea ice extent varies annually
between a maximum range of 14.3-16.3 million km? in March and a minimum
range of 7.7-4.7 million km? in September, showing that about 8 million km? of sea
ice melts every summer and develops again during autumn and winter. This is close
to the area of Australia (7.7 million km?). Figure 5.1a~b shows the maximum and
minimum sea-ice extent on 18 March and 16 September 2012. The sea ice extent
recorded in September 2012 was the lowest seasonal minimum extent ever recorded
with satelites (Fig 5.1). Comparison of the September minimum sea ice extent and
the bathymetry of the Arctic Ocean shows that it is the more shallow water (<200 m)
shelf areas that are ice-free in summer. The large and extensive shelf areas are char-
acteristic features of the Arctic Ocean where about half of the ocean seabed consists
of shelf areas (Jakobsson 2016), potentially rich in oil and gas (Gautier et al. 2009).
Sea ice extent varies annually and gradually between a maximum and minimum
extent, as shown in a plot of year versus sea ice extent with maximum in March and
minimum in September for the period 1979-2018 (Fig. 5.2a). Trend lines of annual
maximum (March) and minimum (September) sea ice extent between 1979 and
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Fig. 5.1 Seaice extent on 18 March 2012 (a), and 16 September 2012 (b), where the magenta line
is the median (1979-2000) sea ice extent (Courtesy: National Snow and Ice Data Center, Boulder,
Colorado, USA http://nsidc.org/arcticseaicenews/2012/09/), and bathymetric map of the Arctic
Ocean and the different sections referred to in the text (c)

2018 demonstrate a clear decrease during September of about 0.082 million km? per
year or 3.2 million km? between 1979 and 2018 (Fig. 5.2b). The loss in March sea
ice extent was half that, about 0.042 million km? per year equal to 1.6 million km?,
and demonstrates that the loss in sea ice extent is highest in September. The trend
line for the September extent is: y = — 0.082 - x + 170.5 (Fig. 5.2a), which gives an
ice-free Arctic Ocean in about 2080 if the decrease continues unabated. Longer
time-series (1950-2015) from a high Arctic fjord, Young Sound in NE Greenland
also show a significantly decreasing trend in the number of days with sea ice and
thus, a corresponding longer open-water period is observed (Fig. 5.3). The loss in
number of days with sea ice in this Young Sound area appears to be related to
increased summer temperatures (Glud et al. 2007), which implies that the seasonal
length of the ice—free period of this Arctic site has increased due to later freeze-up
(Fig. 5.3). This also agrees with observations of later freeze-up from other Arctic
sites (Parkinson 2014). A longer open-water period also results in an increasing
potential for pelagic primary production, which agrees with estimates from remote
sensing analysis of ocean colour that indicate a 30% increase in pelagic primary
production between 1998-2009 in the Arctic Ocean (Arrigo and Dijken 2011).
However, these trends vary between regions and the differences in increased pelagic
production largely depend on the balance between the effects of sea ice decline,
surface stratification, mixing and upwelling, and light conditions (Barber et al.
2015). Concomitant with a decrease in sea ice extent and ice cover duration in the
Arctic, there has been a decrease in the thickness of the sea ice from an average of
3.5 m in November 1980 to about 2 m in November 2005 (Kwok and Rothrock
2009) and a parallel decrease in the age of the sea ice. The extent of multi-year ice
defined as ice that survives one or more summer melts, was reduced by nearly 50%
between 1999 and 2017 (Kwok 2018) with a decrease in coverage from about 22%
in 1983 to about 5% in 2014 for multiyear ice >4 years. For multiyear ice >1 year
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Fig. 5.2 Annual variation between maximum sea ice extent in March and minimum in September
comprising the period 1979-2018 where the year 2012 with the lowest minimum is marked, and
bold red line represents the average for the period (a), and the minimum sea ice extent in September
and maximum sea ice extent in March for each of the years 1979-2018 with trend lines. Note dif-
ferent ordinate scales for the maximum (blue) and minimum (orange) sea ice extent (b). (Data
available at: https://nsidc.org/arcticseaicenews/sea-ice-tools/)

the coverage decreased from about 60% in 1983 to about 40% in 2014 (Fig. 5.4).
The air temperature is increasing in the Arctic, and the increase is higher here than
for the global average. The Arctic here refers to the area between latitudes 60 and
90°N, and the temperature anomaly, defined as the deviation from an average, is
much higher in the Arctic than the global average (Fig. 5.5). The increase in air
temperature reduces the growth of the sea ice, reinforcing the later autumn freeze-
up, and enhances its melting. The significant decrease in summer sea ice extent and
ice thickness are generally linked to the increase in air temperatures and secondly
the increase in upper water column temperatures (Lindsay and Zhang 2005). There
are, however, additional factors that also explain the decrease in summer sea ice
extent. The lowest minimum extent observed until now was in September 2012
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Fig. 5.3 The average sea ice days (red dots) and open water days (black dots) (1950-2015) and
average summer air temperatures (blue dots) (1997-2015) in Young Sound, NW Greenland.
(Modified from: Rysgaard and Glud 2007)
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Fig. 5.4 The extent of sea ice as age groups: <ly, 1-2y, 2-3y, 3-4y, +4y at the end of summer
between 1983 and 2014 in the Arctic Ocean. (Courtesy: Tschudi M. and Stewart S., University of
Colorado, Boulder; Meiner W. and Stroeve J., NSIDC, http://nsidc.org/arcticseaicenews/2014/04/
arctic-sea-ice-at-fifth-lowest-annual-maximum/)

(Fig. 5.2) and was related to extraordinary strong Arctic winds which transported
large amounts of sea ice out of the Arctic Ocean through the Fram Strait (Zhang
et al. 2013), eventually melting in the Fram Strait on its path south with the East
Greenland current (Smedsrud et al. 2017). The general circulation of the Arctic
Ocean comprises of a circular wind-driven current over the Canada Basin, termed
the Beaufort Gyre, and a transpolar drift of ice and water from the Laptev and Kara
Seas across the North Pole towards the Fram Strait (Fig. 5.6). The surface currents
in the Arctic Ocean are colder and less saline, compared to the warm and saline
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Fig. 5.5 Annual temperature anomaly in the Arctic (red dots with thin line) and average (red solid
line), annual temperature anomaly in global temperatures (blue dots with thin line), and average
(blue solid line) between 1900 and 2017. Data available at https://data.giss.nasa.gov/gistemp/

Atlantic water that flows into the Arctic Ocean, where it sinks beneath the polar
surface waters (Jakobsson et al. 2004) but is still a surface current in the Fram Strait.
There has been an increase in the volume inflow of warm Atlantic water to the
Arctic Ocean which is termed “Atlantification” (Polyakov et al. 2017; Randelhoff
et al. 2016), and it was demonstrated that the increased inflow limits the southward
expansion of winter sea ice in the Barents Sea (Barton et al. 2018). Larger areas in
the Barents Sea are then ice-free during winter driven by the increased inflow of
Atlantic water, and demonstrated by a comparison of March and median 1979-2000
seaice extent where the Barents Sea winter ice edge has moved north-east (Fig. 5.1a).
The water budget for the Arctic Ocean shows a discharge of warm saline Atlantic
water into the Arctic Ocean and the pathways of colder, and less saline waters,
which leave the Arctic Ocean through the Fram Strait, Narres Strait, and Canadian
Archipelago (Fig. 5.6). It is also foreseen that precipitation and thus freshwater
discharges into the Arctic Ocean will increase in the future (Carmack et al. 2015),
which will enhance stratification of the water column and inhibit the vertical
exchange of nutrients (Sect. 5.3).

5.2 A Glimpse into a Future Arctic Ocean - Case Study 4

The summer season offers research possibilities in the Arctic, as the thawing ice
allows icebreakers access to areas that are largely inaccessible in winter. Here, two
icebreaker cruises highlight the conditions and abiotic stressors that the sea ice com-
munity experiences during summer in the Fram Strait, and early autumn in the cen-
tral Arctic Ocean.
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Fig. 5.6 Circulation and transport pathways of water masses in the Arctic Ocean, where red
arrows signify warm and saline water from the Atlantic Ocean. This water sinks below the less
saline surface waters influenced by freshwater outflow from large Russian rivers, and inflow
through the Bering Strait. The Transpolar Drift (TD) transports ice and water from Laptev and
Kara Sea towards the Fram Strait. BC Baffin Bay Current, EGC East Greenland current, WGC
West Greenland Current, and /rC Irminger Current. (Modified from https://www.whoi.edu/main/
topic/arctic-ocean-circulation)

5.2.1 Melting Sea Ice in the Fram Strait

Both the Fram Strait campaign and the Central Arctic Ocean campaign demon-
strated the ecological consequences of melting of the sea ice and gave us a glimpse
of what a future Arctic Ocean might look like. The purpose of the Fram Strait case
study is also to highlight the strong west-east gradient (Randelhoff et al. 2018) in
sea ice and ice algae conditions with the western section in the cold and low saline
East Greenland Current, and eastern section in the warm saline Atlantic water
(Fig. 5.6). As can be envisioned from the satellite image, there is a transport of ice
out of the Arctic Ocean with the southward East Greenland current (Fig. 5.7). The
annual amount of ice transported equals an area of about 500,000 km? and is
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Fig. 5.7 Satellite image of sea ice conditions in the Fram Strait on 10 June 2014 with drifting pack
ice, large ice-floes and land-fast ice at the east Greenland coast. The numbers refer to station num-
bers in the Fram Strait sea ice campaign. (Courtesy: NOAA/National Oceanic and Atmospheric
Administration)

equivalent to 10% of the summer sea ice in the Arctic Ocean (Comiso et al. 2008).
We sampled a transect of stations between East Greenland and Svalbard in June
2014 with stations 1 and 2 at land-fast ice stations, meaning that the ice was fixed in
position and attached to land (Fig. 5.7), and stations 3—10 in the pack ice, which is
free-floating floes of different sizes from km to m (Figs. 5.7 and 5.11). The floes can
be packed together due to wind and currents and large ridges can develop (Fig. 5.11),
and the mixture of land-fast and pack-ice floes are clearly reflected in the different
ice thicknesses (2.80-0.65 m) with thin ice stations to the east (Fig. 5.8a).
Transmittance was high at the thinner ice at stations 7 and 8, and also low in Chl q,
and lower (< 0.25) in maximum quantum yield (F,/F,,) compared to western sta-
tions (~ 0.5) (Figs. 5.8b—c and 5.9). Ice algae at the bottom of the two stations had,
in comparison, the highest concentrations of Diadinoxanthin and Diatoxanthin
(Dtx + Ddx) relative to Chl « at all stations. This demonstrates, that the ice algae at
these stations started to adapt to the increased transmittance and higher light by
developing sunscreen pigments (Dtx + Ddx) in the thinner ice as a response to melt-
ing from below in the warmer Atlantic water, with surface water temperatures of
1-2 °C compared to minus 1-2 °C at the western station 3 (Fig. 5.10b). With the
increased inflow of warm Atlantic water (Polyakov et al. 2017) larger areas with ice
in the Fram Strait would then be affected by warming and melting as observed here
at stations 7 and 8, with significantly reduced ice algae biomass and low viability.
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Fig. 5.8 Snow thickness (black bars) and sea ice thickness (blue bars) (a), PAR transmittance (b),
Chl a concentration (¢), and maximum quantum yield (F,/F,) (d) at stations 1 to 10 in June 2014 in
the Fram Strait. Values are means with standard deviations

Fig. 5.9 Station 3 in the
cold and low saline water
originating from the Arctic
Ocean and station 8 in the
warm and high saline
water flowing into the
Arctic Ocean

Greenland
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Fig. 5.10 Profiles of salinity (a), and temperature (b) with depth at stations 3 (blue line) and 8 (red
line) in June 2014 in the Fram Strait

The west-east transect can be considered as a “space for time” concept where going
from west to east (space) demonstrates the ecological consequences of melting of
the sea ice with higher transmittances, and reduced biomass and viability. This will
become the conditions at more sea ice sites in a future Arctic Ocean. Field work on

the ice in the Fram Strait (Fig. 5.11).

5.2.2 Late and Future Arctic Ocean

There has been a gradual decrease in summer sea ice extent in the Arctic Ocean with a
significant minimum in 2012 (Fig. 5.12a), where we participated in a research cruise in
the Arctic Ocean on board the Swedish icebreaker Oden. A video shows Oden breaking
heavy pack ice in the Amundsen Basin, Arctic Ocean. The purposes of this case study
are to show and discuss the specific physiological conditions in the central of ice algae
and related physical and optical properties at the end of summer in central Arctic Ocean.
The ice algae was in very bad condition with low average maximum quantum yield (F,/
F,,=0.33) (Fig. 5.13a), but what was to reason for this? Is transmittance increasing in a
thinner ice and are the algae photo-damaged, and how low are nutrient conditions?
Sampling was focused on the western part of the Amundsen Basin in central Arctic
Ocean >86°N (Fig. 5.12), where station numbers are Julian day, i.e. station 226 was
sampled on 13 August. Ice types were a mixture of first-year and multi-year ice with an
average thickness of 152 cm (Fig. 5.13a), and identified based on bulk salinity of the ice.
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Fig. 5.11 Pressure ridges, sampling from ice floes and first-year ice, June 2014, Fram Strait.
(Photographs by: Authors)

Lower salinities around 2—-3 showed that the desalination processes of the ice had been
active for a longer time period and indicative of a multi-year sea ice compared to first-
year sea ice salinities around 5—7 (Warner et al. 2013; Lund-Hansen et al. 2015), and
about 33% of the ice at stations were multi-year ice. Snow cover was absent in August/
September, but transmittance in the ice was still comparatively low (0.05) (Fig. 5.13b),
and with no difference in transmittance between first- or multi-year ice opposite to find-
ings by Nicolaus et al. (2012). Ice algae occurred in very low (Chl a < 0.05 mg m™2)
concentrations at most stations (Figs. 5.13c—d and 5.14) and were strongly dominated
by diatoms (~80%) half of which was Nitzschia frigida, a very common Arctic diatom
(Fig. 5.15a). Our August/September sampling was the end of season, and it is likely that
ice algae were photodamaged after being exposed to 24 h of sunlight during summer
months, but nutrient concentrations in the water were also low, e.g. nitrate (< 0.5 NO;~
pmol L) (Fig. 5.15a), which might have affected conditions of the algae. Accordingly,
a higher maximum quantum yield of the phytoplankton of 0.58 in the water below the
ice compared to the ice algae (0.33) could reflect that phytoplankton is mixed up and
down along light gradients and not fixed in position below the ice and exposed to per-
petual light all through the summer. Ice thickness in the Arctic Ocean, north of Svalbard,
has decreased about 0.5 m over the last 10 years (Kwok 2018) driven by the observed
increase in Arctic air temperatures (Kurtz et al. 2014). A thinner ice with no snow cover
will increase transmittance as observed in the Fram Strait which, in the future could have
further negative consequences for the low light adapted ice algae in an environment of
perpetual summer light as the Arctic Ocean.
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Fig. 5.12 Sea ice extent on 16 September 2012 (a), where the magenta line is the median
(1979-2000) sea ice extent. (Courtesy: National Snow and Ice Data Center, Boulder, Colorado,
USA http://nsidc.org/arcticseaicenews/2012/09/), and bathymetric map of the Arctic Ocean with
LOMROG I1I sea ice stations (b). (Modified from: Lund-Hansen et al. 2015)

5.3 Pelagic Primary Production Increase in Future Ice-Free
Central Arctic Ocean?

Sea ice extent in the Arctic Ocean has decreased significantly during nearly four
decades and is predicted to decrease as described above. The transition from a state
with ice cover to a state of open water and its governing parameters is


http://nsidc.org/arcticseaicenews/2012/09/
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Fig. 5.13 Sea ice thickness (cm) (a), PAR transmittance (b), Chl a concentration (c), and maxi-
mum quantum yield (F\/F,,) (d) at sea ice stations in August-September 2012, LOMROG III sta-
tions. Station numbers refer to Julian day. (Modified from: Lund-Hansen et al. 2015)
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Fig. 5.15 Average concentrations of nitrate, ammonium, phosphate and silicic acid in seawater
just below ice (a), and abundances of dominant ice algae in ice bottom, August-September 2012,
LOMROG I1I stations (b). (Modified from: Lund-Hansen et al. 2015)

conceptualized in Fig. 5.16. The ice-free water column will be exposed to winds and
significantly higher irradiances with a water albedo of 0.1 compared to 0.6 for ice,
and up to 0.8 if the ice is snow-covered. Wind exposure will induce mixing of the
water column, whereby nutrients deeper in the water column can reach the surface
and become available in the light-exposed surface waters. A question of high inter-
est from a biological point of view is how the decrease in sea ice extent will affect
the pelagic primary production in the Arctic Ocean? This is a question also of eco-
nomic interest, as a higher primary production will result in higher secondary pro-
duction and ultimately larger fish stocks and greater fisheries. Note that the
conceptualization is simplified, as sea ice cover varies locally with larger and
smaller leads (Fig. 5.17) (Assmy et al. 2017). Anyway, rates of primary production
can be measured directly by applying the *C method (Sect. 6.6), but satellite-based
remote sensing techniques are often applied to estimate primary production rates for
extensive areas that are difficult to access. Basically, the techniques rely on the
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Fig. 5.16 Change of Arctic Ocean marine conditions with and without a sea ice cover — increased
light in the water column and increased wind mixing

Fig. 5.17 Photo of sea ice, leads, and melt ponds near the North Pole, August 2012 from a heli-
copter. (Photograph by: Authors)
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Fig. 5.18 Annual net primary production (a), and length of open water period (b) between 1998
and 2012 in the Arctic Ocean. (Modified from: Arrigo and Dijken 2015)

assumption that a high Chl a concentration in the water presupposes a high primary
production (Pabi et al. 2008). An equation is subsequently developed based on in
situ measured primary production and Chl a concentrations, and the satellite-
measured Chl a signal is then converted into a primary production (Arrigo et al.
2008; Arrigo and Dijken 2015). Application of this method has demonstrated that
net primary production (NPP), i.e., gross primary production minus respiration, has
increased significantly from 460 Tg C year™! to 560 Tg C year~! between 1998 and
2012 in the Arctic Ocean (Fig. 5.18a). Satellite-based primary production rates are
then scaled up with the size of the area and production time, as for areas with several
months in darkness. Apart from irradiance there are additional parameters that influ-
ence primary production such as nutrients, grazing, and stratification (Popova et al.
2012), but it appeared that a longer period of higher irradiance could explain the
observed increases in NPP in the Arctic Ocean (Arrigo and Dijken 2015). The 21%
increase in NPP correlates with a longer open water period, which has increased by
more than a month from about 120 days (4 months) to 160 days (5.3 months)
between 1998 and 2012 (Fig. 5.18b). The increase of about 100 Tg C year™' com-
pares to the entire carbon production of the Barents Sea of 129 Tg C year™" in 2012
as the most productive shelf in the study (Arrigo and Dijken 2011). An average NPP
increase of 21% conceals some significant regional differences between the shelves,
ranging from 8.3% in Baffin Bay to 112.4% in the Laptev Sea. The Greenland Sea
experienced, in comparison, a significant decrease in NPP (Arrigo and Dijken
2011), see Fig. 5.1c for locations. The study of Arrigo and Dijken (2015) was
focused on the now summer ice-free shelf areas, but how will primary production
change in the central Arctic Ocean when this area becomes ice-free in the near
future (Fig. 5.2)? To answer the question we need a more detailed look of the Arctic
Ocean. It is surrounded by large continents with limited exchange of water through
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the Bering and Fram Straits, and the Barents Sea (Fig. 5.1). It receives a large and
increasing amount of freshwater from Russian and Canadian rivers (Peterson et al.
2002), where the freshwater and melting of ice establish the surface Polar Mixed
Layer, a cold (ca. -1.6 °C) and low saline (30-33) layer up to 40 m thick. A strong
halocline separates the Polar Mixed Layer from the deeper lying warm and saline
water of Atlantic origin (Fig. 5.19). The central Arctic Ocean is different to the
shelves with deeper waters, generally low wind speeds due to the atmospheric high
pressure covering the central Arctic (Overland et al. 2012), no supply of nutrients
from surrounding rivers (Blais et al. 2017) and an extensive sea ice cover. Current
primary production rates below the ice in the central Arctic Ocean in August—
September are about 20 mg C m~2 day~! (Ferndndez-Méndez et al. 2015), but will
rates here increase with an ice-free water column and higher irradiances as observed
on the shelf areas? In spite of low wind speeds there will be an increased mixing of
the water column. But will the mixing bring nutrients to the sun-lit surface waters
(Lincoln et al. 2016; Randelhoff et al. 2016) to fuel primary production? To address
these questions in detail and more thoroughly, Lund-Hansen et al. (2019) applied a
physical numerical 1-D model for the central Arctic Ocean with an added model
describing primary production driven by wind speed, irradiance, nutrients, and Chl
a concentrations as initial conditions. The model calculated primary production
rates below the sea ice and for an ice-free period where the ice was removed in the
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Fig. 5.20 Model results with depth vs temperature for the water column (0-50 m), with isohalines
(salinity) during ice-free July and August (a), and primary production during July and August
(green line) and only August (black line) (b). (Modified from: Lund-Hansen et al. 2019)

model. A typical under-ice CTD profile near the North Pole shows a strongly strati-
fied water column with a low (33) surface layer salinity, which increases to 33.7 at
60 m depth. Irradiance is low (10.0 pmol photons m=2 s7!) at the bottom of the ice,
but there is still some (~0.3 pmol L") nitrate (NO;) in the surface layer where Chl
a is also higher (0.24 mg Chl a m~3) (Fig. 5.19). Primary production in the water
column with ice was 3.9 mg C m~2 day~'. The surface layer is close to being depleted
of nitrate and production is mainly sustained by regenerated nutrients in the surface
layer. The limiting factor for the primary production is here nutrients, but mixing of
the water was strongly limited by the ice, and transport of nutrients as nitrate towards
the surface layer was low. Model results showed that the temperature of the surface
water increased by 3—4 °C when ice-free and exposed to more light, but salinity
stratification was still maintained (Fig. 5.20a). This implies that open water and
wind mixing was too weak to fully break down stratification, but wind mixing
events transported some nutrients to the surface waters, as shown by the peaks in
primary production in early and late July (Lund-Hansen et al. 2019) (Fig. 5.20b).
The model shows that primary production is initially high after the ice melts but
decreases over time. Total integrated primary production reached 37.4 mg C m~
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day~! in August and 55.2 mg C m~2 day~! for July—August, which is higher, but still
comparatively low. The 55.2 mg C m~2 day~' equals 3.3 g C m~2 year~! for a two-
month period compared to the Barents Sea shelf production of 90 g C m~2 year™!
(Sakshaug 2004). The below-ice production of 3.9 mg C m~2 day~' in the model is
lower than the average 20.0 mg C m~2 day~! measured in the same area (Fernandez-
Méndez et al. 2015). However, productions of 37.4 mg C m~2 day~' in August and
55.2mg Cm~2day~' for July-August are still higher. Primary production in the sea
ice reached an average of 2.2 mg C m~2 day~' in August-September (Fernandez-
Meéndez et al. 2015), lower than the pelagic primary production. The model results
demonstrate that an ice-free Arctic Ocean at latitudes >85°N will therefore not add
significantly to overall Arctic marine primary production, predominantly due to the
strong stratification of the water column. This stratification will only increase with
higher precipitation and riverine discharges. The observed higher shelf production
is because of a longer open water period at lower latitutes (Fig. 5.1), and therefore a
stronger wind mixing in these areas transporting nutrients to the sun-lit surface
waters (Randelhoff et al. 2016).

5.4 Sea Ice Driven CO, Uptake

This section briefly describes the drivers of inorganic carbon dynamics in sea ice
and illustrates that sea ice can function as a CO, pump that draws CO, from the
atmosphere into the ocean. The main driver of climate warming is the accumulation
of CO, and other greenhouse gases in the atmosphere. The atmospheric concentra-
tion of CO, has increased from a preindustrial value of about 280 ppm to about
410 ppm (August 2019). Fortunately, the global oceans play an important role in
buffering the effects of CO, emissions to the atmosphere by absorbing large amounts
of the emitted CO, (approximately 30%; Sabine et al. 2012). Until recently, the role
of sea ice-covered regions in ocean-atmosphere CO, exchange was assumed to be
insignificant, because sea ice has been treated as an impermeable barrier to the
exchange of CO, (Tison et al. 2002). However, scientists now know that sea ice can
affect the capacity of the polar oceans for taking up atmospheric CO,. One of the
first descriptions of the transport of CO, across the sea ice-ocean interface (i.e., the
sea ice CO, pump) was by Jones and Coote (1981). Now, 39 years later, understand-
ing the seasonal events controlling the inorganic carbon dynamics, including both
abiotic and biotic processes in sea ice-covered regions, is still a challenging subject.
An important question to address within this field of research is: what is the relative
impact of abiotic and biotic processes on carbon cycling in sea ice and what is the
effect of these sea ice processes on the ocean carbon system? During winter, as sea
ice grows, some of the salts and gases present in the seawater are rejected, whereas
the rest are trapped within the brine pockets, channels and tubes (Petrich and Eicken
2017) (Fig. 5.21). A reduction in sea ice temperature decreases the brine volume
(Fig. 5.22) with a concurrent increase in brine salinity and concentrations of solutes
and gases in the brine (Cox and Weeks 1983; Papadimitriou et al. 2004). In addition,
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Fig. 5.21 Conceptual model of the fate of CO, in growing permeable sea ice (a), and cold imper-
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calcium carbonate (CaCQO;) can precipitate as brine temperatures decrease and sol-
ute concentrations increase. On the basis of thermodynamic equilibrium calcula-
tions, CaCOj; precipitation was predicted to occur during natural sea ice formation
(Assur 1960), which was later confirmed by observations: first in freezing seawater
by Richardson (1976), then in artificial sea ice (Tison et al. 2002) and then finally
observed in Antarctic and Arctic sea ice as ikaite crystals (Dieckmann et al. 2008,
2010). The precipitated ikaite crystals increase the amount of CO, in the brine
beyond that attributed solely to the solubility effect. The ikaite crystals are trapped
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Fig. 5.23 Microscopic image of ikaite crystals at high magnification (a), and microscopic image
of sea ice showing ice crystal borders, brine pockets, air bubbles and ikaite crystals (b). (Modified
from: Rysgaard et al. 2013)

within the interstices between the ice crystals (Rysgaard et al. 2013; Fig. 5.23),
whereas the CO, released through the ikaite production within the brine can be lost
from the sea ice to both the atmosphere and the underlying water (Fig. 5.21).
However, when the sea ice temperature reaches —5 °C and the ice becomes less
permeable for fluid transport, sea ice-air gas exchanges are also reduced, and CO, is
mainly lost from the sea ice to the underlying water column (Fig. 5.21). Therefore,
as sea ice grows, brine drainage can lead to an export of gases from the sea ice, leav-
ing sea ice depleted in CO, compared to ambient seawater (Rysgaard et al. 2009).
Brine drainage from sea ice causes the formation of cold, highly saline and dense
water that sinks to deeper ocean layers. Observations in the Arctic also suggest that
CO, by brine drainage can be transported below the pycnocline and, subsequently,
be incorporated into intermediate and deep—water masses (Rysgaard et al. 2011).
However, the fate of the rejected CO, in the water column is still poorly understood.
Another important process during winter is the formation of frost flowers. As
described in Sect. 2.5, frost flowers and brine skim can develop on the surface of
newly formed mm-thick sea ice in cold air temperatures and at low wind speeds.
Very high ikaite concentrations have been observed in this high-salinity brine skim
and frost flowers within an hour of formation (Barber et al. 2014). Frost flowers are
extremely effective collectors of drifting snow on sea ice and, with time, can be
integrated into the snow layer on top of the sea ice. Recent studies have indicated
that the incorporation of ikaite from frost flowers into the snow cover, together with
the CO, that is released during ikaite precipitation, may result in snow-driven CO,
outgassing under high wind speeds above winter sea ice (Sievers et al. 2015). The
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overall outcome of this process is a closed CO, loop, with snow-driven CO, release
above the ice in winter and CO, uptake during spring due to undersaturation in CO,
after ikaite dissolution (Rysgaard et al. 2013; Sggaard et al. 2019). Due to their
unique growth processes, chemical composition and later integration into the snow
layer on top of sea ice, frost flowers and brine skim provide an important link for
ocean-ice-atmosphere interactions in the Arctic. Furthermore, these cold and salty
structures can support an ecosystem with millions of microbes inside (Barber et al.
2014). The question is: are the bacteria inside these structures active, and are cold-
loving algae also living in frost flowers? What is the relative impact of these micro-
bial processes on the net CO, exchange? All these questions remain unclear.
However, the areal extent and periodicity of frost flowers and brine skim are
expected to increase due to later autumn freeze-up, and a higher prevalence of thin
and more fragile first-year sea ice with more leads where frost flowers can develop
after refreezing (Isleifson et al. 2014). This will have significant implications for the
CO, exchange and biogeochemical processes operating between the ocean-ice-
atmosphere interfaces in the Arctic Ocean.

In spring, the warming of sea ice is accompanied by reduced ice salinity,
approaching zero salinity, because of internal ice melt and brine flushing due to the
brine draining of meltwater from surface melt ponds. As the sea ice warms, dissolu-
tion of ikaite (ikaite dissolves at temperatures above 4 °C), autotrophic assimilation
of CO, through ice algal photosynthesis, and dilution of brine by melting sea ice are
all processes that decrease the pCO, of the brines. At this point, the sea ice is
depleted in TCO, and potentially enriched in TA due to dissolution of ikaite, which
will result in a decrease in pCO, of the under-ice water (Else et al. 2011). Once the
sea ice has melted totally, the surface seawater is highly undersaturated with CO,,
which will lead to an increase in the ocean uptake of atmospheric CO, (e.g. Miller
etal. 2011). As mentioned above, microbial processes in sea ice can also change the
pCO, of the brine and ultimately of the surface waters. In general, sea ice algae take
up CO, and nutrients during the spring bloom, whereas sea ice bacteria may release
CO, throughout the entire sea ice season. It is very important to understand the sig-
nificance of these sympagic processes and their effects on net CO, exchange.
However, few combined measurements of bacterial and primary productivity exist
for Arctic sea ice, making it very difficult to assess the spatial and temporal impacts
and effects of these processes (Fig. 5.24). Typically, the annual succession of the sea
ice organisms seems to follow a distinctive pattern, with a winter stage character-
ized by a low but net heterotrophic activity (Fig. 5.25). This shift in the balance
towards a net heterotrophic community is also consistent with the high concentra-
tions of DOC and DON in sea ice, and the observed accumulation of macronutrients
in winter sea ice (Fig. 4.3). Several studies have observed that DOM and EPS can
be enriched in sea ice and that active phosphate (Helmke and Weyland 1995) and
nitrogen (Baer et al. 2015) remineralization by sea ice bacteria actually occurs. The
observed accumulation of algal nutrients indicates not only low ice algal productiv-
ity (allowing nutrients to accumulate) but also that heterotrophic bacteria are the
main source of biogenic CO, in winter sea ice. The autotrophic activity exceeds the
heterotrophic activity (Fig. 5.25) once light levels in the sea ice pass a critical level
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Fig. 5.24 Sea ice bacterial and algal productivity compiled for different Arctic sea ice locations
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Fig. 5.26 Seasonal development in Phosphate (a), silicic acid (b), nitrate and nitrite (c), and
ammonium (d) concentrations in sea ice, in Malene Bight, SW Greenland. LOD is lower than
detection limit. (Modified from: Sggaard et al. 2010)

(Fig. 1.1), resulting in rapid uptake of nutrients. A recent study has shown that the
ice algal biomass was nutrient-limited in the late part of the sea ice season and that
the nutrient concentrations in the ice fell to near zero, except ammonium concentra-
tions that increased from winter to spring in the sea ice, indicating exchange and
heterotrophic regeneration (Fig. 5.26) (Sg¢gaard et al. 2010). Spring and summer is
the season for increased ice algal activity, but even though the sea ice is net autotro-
phic, the ice bacterial activity is typically also highest in sea ice during spring and
summer (Fig. 5.25). Although summer ice bacterial production rates are higher than
reported winter rates, the bacterial production only represents 10% of primary pro-
duction rates during summer. Therefore, at this spring/summer stage, the autotro-
phic assimilation of CO, depletes the pCO, but also the macronutrients of the brine.

One estimate indicates that the sea ice-driven CO, pump (i.e. including both
abiotic and biotic processes in sea ice covered waters) is equivalent to 17-42% of
the annual air-sea CO, flux in open ocean waters at high latitudes (Rysgaard et al.
2011). This estimate strongly contradicts the perception that sea ice acts only as a
barrier, sealing off air-sea CO, fluxes in the Arctic Ocean, and emphasises that sea
ice should be considered an essential part of the global carbon cycle. However,
when considering the recent and ongoing changes in sea ice extent, age, thickness
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and transmittance, a question arises: how will these changes affect the CO, uptake
in a future Arctic Ocean? Recent estimates have ranged from a decrease to an
increase in the net CO, uptake by the future Arctic Ocean (Mortenson et al. 2018).
Therefore, there are still a lot of important future research questions to answer to
better understand the importance of the sea ice driven CO, pump.
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