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Abstract

The Arctic Ocean is a region that is particularly vulnerable to the impact of ocean acid-
ification driven by rising atmospheric CO,, negatively impacting calcifying organisms
such as coccolithophorids and foraminiferans. In this study, we use an ocean general
circulation model, with embedded biogeochemistry and a full description of the carbon
cycle, to study the response of pH and saturation states of calcite and aragonite to
changing climate in the Arctic Ocean. Particular attention is paid to the strong regional
variability within the Arctic and, for comparison, simulation results are contrasted with
those for the global ocean. Simulations were run to year 2099 using the RCP 8.5 (the
highest IPCC AR5 CO, emission scenario). The separate impacts of the direct increase
in atmospheric CO, and indirect effects via climate feedbacks (changing temperature,
stratification, primary production and fresh water fluxes) were examined by undertak-
ing two simulations, one with the full system and the other in which ocean-atmosphera
exchange of CO, was prevented from increasing beyond the flux calculated for year
2000. Results indicate that climate feedbacks, and spatial heterogeneity thereof, play
a strong role in the declines in pH and carbonate saturation (Q) seen in the Arctic.
The central Arctic, Canadian Arctic Archipelago and Baffin Bay show greatest rates of
acidification and Q decline as a result of melting sea ice. In contrast, areas affected
by Atlantic inflow including the Greenland Sea and outer shelves of the Barents, Kara
and Laptev seas, had minimal decreases in pH and Q because weakening stratifica-
tion associated with diminishing ice cover led to greater mixing and primary production.
As a consequence, the predicted onset of undersaturation is highly variable regionally
within the Arctic, occurring during the decade of 20002010 in the Siberian shelves and
Canadian Arctic Archipelago, but as late as the 2080s in the Barents and Norwegian
Seas. We conclude that, in order to make future projections of acidification and carbon
saturation state in the Arctic, regional variability needs to be adequately resolved, with
particular emphasis on reliable predictions of the rates of retreat of the sea-ice which
are a major source of uncertainty.
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1 Introduction

The concentration of CO, has been steadily rising in the atmosphere as a result of
the burning of fossil fuels, cement manufacture and land-use changes (Friedlingstein
et al., 2010). Further increases are expected on the basis of current emission rates,
e.g. to 450-650 ppm by the mid-21st-century (Houghton et al., 2001). The ocean acts
as a sink for this atmospheric carbon, with uptake estimated at 120-140 Pg C since
preindustrial times (Sabine et al., 2004; Khatiwala et al., 2009). The invasion of CO,
into the ocean has two important consequences for seawater chemistry, namely that
both pH and carbonate saturation state (Q2) decrease. The ocean biota, and especially
calcifying organisms such as coccolithophores, foraminiferans and pteropods, are par-
ticularly vulnerable to these changes (Fabry et al., 2008; Gangstoet al., 2011).

In addition to the direct impact of CO, invading the ocean, pH and saturation state
are influenced by other aspects of changing climate including temperature increase,
changes in ocean stratification (including associated changes in the net primary pro-
duction), retreating sea-ice and increasing freshwater input. A number of studies have
examined the relative importance of the direct impact of invading CO, and these other
climate-related factors for the pH and Q in the global ocean. McNeil and Matear (2007)
remarked that temperature was the most important of the climate change factors. It
has relatively little effect on pH because, although increasing temperature causes pH
to decrease, it also buffers dissolved inorganic carbon (CT) increase (and associated
pH decrease) through the reduction in CO, solubility. In contrast, carbonate satura-
tion state, which is relatively insensitive to the direct effect of temperature, declines
significantly because of increasing CT in the ocean, despite the buffering effect of tem-
perature. The implication is that future projections of surface ocean acidification (pH)
in the global ocean need only consider the direct effect of CO, invading the ocean,
whereas the temperature effect is more relevant regarding carbonate saturation state.

The Arctic is an area that is particularly sensitive to changing climate (Walsh et al.,
2011) as a result of so-called polar amplification (Moritz et al., 2002). Observations
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have shown that a number of areas in the Arctic Ocean are already undersaturated with
respect to aragonite (e.g. the Canada Basin: Yamamoto-Kawai et al., 2009; freshwater-
influenced shelves: Chierici and Fransson, 2009; the Chukchi, Beaufort and eastern
East Siberian Seas: Bates et al.,, 2011). A number of modelling and observational
studies have indicated that the Arctic Ocean, with its low temperatures, substantial
fresh water input and fast retreating sea-ice, is a region where the impact of ocean
acidification is likely to manifest itself first (McNeil and Matear, 2007; Yamamoto-Kawai
et al., 2009; Yamamoto et al., 2012, Steinacher et al., 2009; Bates et al., 2011). Future
declines in pH and Q have been shown to closely track changes in atmospheric CO,.
The equilibration between oceanic and atmospheric CO, follows the well-established
carbonate chemistry of sea-water, with only a relatively minor impact by the changing
ocean physics in nearly all ocean regions except for the Arctic Ocean (e.g. Yamamoto
et al., 2012; McNeil and Matear, 2007). The fast retreat of sea-ice leads to the exposure
of previously undersaturated (with respect to CO,) areas to the atmosphere, acceler-
ating its absorption by the ocean. Other potential impacts include changes in stratifica-
tion with consequences for nutrient supply and primary productivity (e.g. Popova et al.,
2010), and the effect of freshwater input (Chierici and Fransson, 2009).

Various climate-related impacts on ocean acidification have been included in mod-
elling studies, and have indicated that the Arctic Ocean will become undersaturated
with respect to aragonite by the 2040s (e.g. Steinacher et al., 2009; Yamamoto et al.,
2012). These studies generally assessed the impact of acidification in Arctic on the ba-
sis of basin-averaged or zonal characteristics. The Arctic Ocean is, however, an area
with large spatial gradients in physical and biological properties (e.g. Carmack et al.,
2006; Popova et al., 2010) and, even more importantly, it is an area where climate
change factors are expected to have strong regional variations. In this paper we fo-
cus on regional aspects of Arctic Ocean acidification, with two main aims. First, using
a global ocean general circulation model (GCM), we investigate the direct (invasion of
CO,) and indirect (climate-related) effects of increasing atmospheric CO, (changes in
temperature, stratification, sea-ice cover and freshwater input) on pH and saturation
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state in the Arctic Ocean, undertaking an intercomparison with the rest of the global
ocean. The GCM includes a full representation of the carbon cycle and is forced by the
RCP 8.5 scenario (Jones et al., 2011) through the period 1860—-2099. This run is de-
scribed and analysed in detail for the global ocean by Yool et al. (2013b). The second
aim is to study the heterogeneity of acidification and carbonate saturation state in the
Arctic as predicted by the model, and to relate it to the variability in underlying factors.
The direct and indirect effects are distinguished by comparing two parallel simulations
of the model. The first run is that described above, where the ocean carbon system
experiences both increasing atmospheric CO, and the resulting climate impacts on
ocean physics and biology. The second simulation separates CO, and climate by hold-
ing atmospheric CO, constant at the year 2000 value while continuing to allow climate
change.

2 Method

The Nucleus for European Modelling of the Ocean (NEMO) model is comprised of
an ocean general circulation model, OPA (Madec, 2008), coupled with the Louvain-la-
Neuve Ice Model v2, LIM2 (Timmermann et al., 2005). NEMO version 3.2 is used here
which has a horizontal resolution of 1° and a vertical resolution of 64 levels achieving
resolution of 5m in the top 20 m of the water column. Vertical mixing is parameterised
using the turbulent kinetic energy scheme of Gaspar et al. (1990). NEMO is forced
by the output from a simulation of the HadGEM2-ES Earth system model run by the
UK Meteorological Office (UKMO) that includes representations of the terrestrial and
oceanic carbon cycles, atmospheric chemistry and aerosols (Collins et al., 2011). The
HadGEM2-ES simulation used here, identifier ADKKH, was performed as part of the
UKMO'’s input (Jones et al., 2011) to the Coupled Model Intercomparison Project 5
(CMIP5) and Assessment Report 5 (AR5) of the Intergovernmental Panel on Climate
Change (IPCC). The frequency of output fields is monthly for precipitation (rain, snow,
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runoff), daily for radiation (downwelling short- and long-wave) and 6-hourly for the tur-
bulent variables (air temperature, humidity and wind velocities).

Biogeochemistry in NEMO is represented by the plankton ecosystem model
MEDUSA (Model of Ecosystem Dynamics, carbon Utilisation, Sequestration and Acid-
ification; Yool et al., 2011, 2013a). This is a size-based, intermediate complexity model
that divides the plankton community into “small” and “large” portions and which re-
solves the elemental cycles of nitrogen, silicon and iron. The “small” portion of the
ecosystem is intended to represent the microbial loop of picophytoplankton and micro-
zooplankton while the “large” portion covers microphytoplankton (specifically diatoms)
and mesozooplankton. The intention of MEDUSA is to separately represent small,
fast-growing phytoplankton that are kept in check by similarly fast-growing protistan
zooplankton and large, slower-growing phytoplankton that are able to temporarily es-
cape the control of slower-growing metazoan zooplankton. The non-living particulate
detritus pool is similarly split between small, slow-sinking particles that are simulated
explicitly, and large fast-sinking particles that are represented only implicitly. See Yool
et al. (2013a) for a full description of the models.

Model performance with respect to ecosystem dynamics of the present day Arctic
Ocean was assessed by Popova et al. (2010) and Popova et al. (2012) and globally by
Yool et al. (2011). Model performance with respect to the global ocean carbon cycle
is described in Yool et al. (2013a) and Yool et al. (2013b). For the Arctic Ocean we
note good agreement of modelled values of surface saturation with respect to calcite
(Q.), and aragonite (Q2,) with values reported by Jutterstrom and Anderson (2005) for
the central Arctic Ocean (1.9-2.7 for Q, and 1.1-1.8 for Q, measured during 1990s).
Over the shelves of the Western Arctic Ocean and Baffin Bay the modelled values are
in the same range as observations reported by Chierici and Fransson (2009) (8.0-8.2
for pHgws,Where SWS denotes sea water scale units; 1.8-3.0 for Q. 1.8-2.), however
we note that the model underestimates high values of Q; and Q, in the Chukchi Sea
(4 and 2.5 as reported by Chierici and Fransson, 2009 and Bates et al., 2012) by about
1 unit.

2942

Title Page
Abstract Introduction
Conclusions References
Tables Figures
1< >l
4 >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.biogeosciences-discuss.net
http://www.biogeosciences-discuss.net/10/2937/2013/bgd-10-2937-2013-print.pdf
http://www.biogeosciences-discuss.net/10/2937/2013/bgd-10-2937-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

3 Results
3.1 Regional aspects of Arctic Ocean acidification

Under the RCP 8.5 scenario, atmospheric CO, in the model reaches 950 ppm by the
end of the century while globally averaged SST (sea surface temperature) rises from
18 t0 22°C (Fig. 1a, b). This increase is more pronounced in the Arctic Ocean (defined
here as north of 66° N) due to polar amplification (Moritz et al., 2002) with SST changing
from —1 to 4.5°C (Fig. 1b). The associated decline of sea-ice leads to virtually ice-free
conditions in summer in the Arctic Ocean from the 2060s onwards (Fig. 1c).

Ice retreat is the factor that most strongly influences the spatial distribution of the
predicted declines of pHgyg and Q in the Arctic Ocean (e.g. McNeil and Matear, 2007).
This is a result of increasing ocean uptake of CO,, freshening of the surface layers by
melt of the perennial ice and the weakening of stratification. Modelled annual mean
sea-ice concentration for years 2000 and 2099 is shown in Fig. 2a, b. Seasonally ice-
free conditions in the Arctic Ocean occur during the decade of the 2060s. By the end of
the 21st century, the central Arctic Ocean becomes nearly ice-free on an annual basis
and winter ice occurs only on the Siberian and Canadian shelves, including Baffin Bay
(Fig. 2b). The retreat of the ice brings substantial changes to predicted surface salinity
(Fig. 3a, b), with a strong decline over the shelves of the western Arctic Ocean and in
Baffin Bay of up to 3 driven by the accumulation of the melt water. The second major
area of salinity decline is the Siberian shelves (up to 4 due to the increase in riverine
input). In the areas which change from being permanently ice-covered to permanently
ice-free (the central Arctic Ocean), surface salinity increases by about 3—4. In addition,
an increase in surface salinity occurs in areas of weakening of the stratification, mostly
associated with Atlantic inflow (Fig. 3c, d).

We chose the maximum annual depth of the upper mixed layer (based on monthly
mean values) as a convenient measure of the state of water column stratification. This
is important as regards ecosystem functioning and the rate of acidification as it controls
exchange with deeper layers with high salinity, temperature, nutrients, CT and low Q.
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Stratification weakens over the majority of the Arctic Ocean (Fig. 3c, d), with the excep-
tion of the Norwegian and Western Barents Seas where ocean warming induces strong
stabilisation of stratification, with shallowing of the winter mixing by more than 200 m.
The strongest weakening of stratification occurs in areas of increased Atlantic inflow
into the Arctic Ocean, namely the Greenland Sea and the outer shelves of the Barents,
Kara and Laptev Seas, where deep mixing by the end of the century penetrates to
200-300m.

The areas experiencing the largest changes in ice regime (from permanent ice cover
as it is today to a year-round ice-free zone by 2099) and substantial freshening show
the largest decreases in pHgyg from 8.2 to 7.65 (Central Arctic Ocean, Canadian Arctic
Archipelago and Baffin Bay, Fig. 4a, b), Q. from 2to 1 (Fig. 4e, f) and Q, from 1.2 to
0.5 (Fig. 4i, j). The largest increase in CT is also seen in the central AO (Fig. 4m, n) due
to equilibration with the atmosphere following the loss of permanent ice cover and an
increase in vertical mixing. More than half of this increase (150 out of 220 mmolm'3)
happens as a result of climate feedbacks driving retreat of the ice, while only about
30-40 % of this increase is driven by rising CO, (Fig. 40, p). Nevertheless, the area of
maximum increase in CT does not correspond exactly to the area of maximum decline
in pHgws and Q. This is a consequence of the role of freshening as a factor in acceler-
ating the decline of both pHgys and Q, and plays a major role in the Canadian Arctic
Archipelago and Baffin Bay.

In the case of Q, and Q,, the buffering effect of climate change is driven by changes
in stratification (cf. Fig. 4h, I, d) and is strongest in the area of Atlantic inflow in the
Greenland, northern Barents and Kara Seas. Substantial deepening of the winter
mixing in these areas dilutes undersaturated surface waters reducing the impact of
changes at the surface. In contrast, the stabilisation of stratification along the Norwe-
gian Shelf does not appear to have a pronounced effect.

Relative to the acidification rates in the central Arctic Ocean and Canadian Arctic
Archipelago, changes over the Siberian shelves occur more slowly (Fig. 4a—d). How-
ever, by 2099 values of pHgyg and Q are lower than those in the central Arctic Ocean
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since present day pHgys and Q are already low in this area. Thus, by 2099 surface
PHsws is as low as 7.6, while typical values of Q; and Q, are 0.8 and 0.4 respectively.

Values of pHgyg and Q decline more slowly over the Siberian, Beaufort and Chukchi
shelves reflecting the opposite effect of climate change on these characteristics com-
pared to the central Arctic and Canadian Arctic Archipelago. Today, these areas experi-
ence a substantial ice-free period during the year and so ocean CO, is well-equilibrated
with the atmosphere. Thus, a more prolonged ice-free season does not impact CT con-
centration to the same extent as in the present permanently ice-covered areas. The cli-
mate change simulation shows a decline in CT in these areas by the end of the century
(Fig. 40). The main climate factor driving this decline appears to be the near doubling
of the net primary production over the Chukchi, Beaufort and East Siberian shelves
(Fig. 4f) and an increase of riverine inputs over the Siberian shelves. While the in-
crease in the net primary production tends to increase pHgyg and Q by decreasing CT
concentration, the increase in riverine freshwater inputs has the opposite effect. The
two factors nearly cancel each other out (Fig. 4d, h, I) so that climate related factors
have little impact on pHgg and Q.

In summary, these results indicate that climate change feedbacks have a pronounced
impact on pHgg and Q in the Arctic Ocean in some areas, increasing (by up to factor of
2) their decline as driven by the rising of the atmospheric CO,. In other areas buffering
(for Q) has little or no total impact. Thus, processes driven by climate change feedbacks
create strong gradients in the rates of decline of pHgyg and Q across the basin.

3.2 Timing of the first occurrence of undersaturation conditions in the
Arctic Ocean

By 2099, the model predicts that surface waters of the Arctic Ocean will be undersat-
urated with respect to aragonite in all areas (Fig. 4j). Some areas, however, escape
undersaturation with respect to calcite, including the areas of the Arctic Ocean affected
by Atlantic inflow: Greenland, Norwegian and Barents seas and the outer shelves of
Kara Sea (Fig. 4f). As such, it is crucial to correctly estimate the time of the onset of
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undersaturation. The year of first occurrence of monthly mean undersaturated surface
waters with respect to calcite and aragonite under the RCP 8.5 scenario is shown in
Fig. 5a, b, while the same characteristic for shelf bottom waters is shown in Fig. 5¢, d.
With respect to aragonite, undersaturation of both surface and bottom waters is al-
ready widespread at the Siberian shelves, Canadian Arctic Archipelago and part of
the Beaufort Sea affected by the McKenzie River. The surface of the Beaufort gyre
becomes undersaturated before 2020, followed by widespread undersaturated condi-
tions in the central Arctic before 2040. Areas affected by the Atlantic inflow become
undersaturated last, during the 2080s.

In the case of calcite, undersaturation in the surface occurs 20-30yr later than that
of aragonite, and follows the same spatial progression (Fig. 5a, c). Siberian shelves
become undersaturated first, starting from the inner shelves of the Kara and Laptev
Seas and Canadian Arctic Archipelago, followed by the central Arctic Ocean. Areas
affected by the Atlantic inflow (Greenland, Norwegian and Barents seas) do not show
undersaturation within the 21st century. Shelf bottom water shows a similar timing of
calcite undersaturation, except for the East Siberian Sea where undersaturation at the
bottom occurs nearly two decades earlier than at the surface.

3.3 The Arctic from a global perspective

In this section we aim to compare the conditions influencing acidification and saturation
state in the Arctic Ocean with those of the rest of the world ocean. One of the most
important consequences of global warming for the marine biota and the ocean carbon
system is the stabilisation of ocean stratification, leading to a reduction in the surface
concentration of nutrients available for the net primary production as well as a stronger
separation between surface layers in contact with the atmosphere from the intermedi-
ate and deep layers which have higher CT and lower (at the present day) Q and pHgys-
Globally averaged values of the maximum depth of mixing (Fig. 1d) show a shallowing
of this depth from 137 to 127 m by the end of the century, although geographical vari-
ations are substantial (Fig. 6a, b). The most pronounced stabilisation of stratification
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occurs in the Pacific and Atlantic sectors of the Southern Ocean and in the northern
North Atlantic, as well as in areas of the Atlantic inflow into the Arctic Ocean (Fig. 6b).
The Arctic Ocean provides a marked exception from the general tendency of the ocean
to stratify in response to climate warming. In the Arctic Ocean, stratification weakens
with the exception of areas most affected by Atlantic inflow (see details in Sect. 3.1).
This weakening of stratification tends to buffer the decline in pHgyg and Q caused by
rising atmospheric CO,.

In order to assess effects associated with nutrient regime, we chose to examine
the variation in annual maximum of dissolved inorganic nitrogen (DIN). The stabili-
sation of stratification leads to a decline in globally averaged maximum surface DIN
(Fig. 1c, d) although spatial patterns of its distribution show substantial geographical
variation. While the majority of the surface ocean shows a decline of DIN (Fig. 6c, d),
one notable exception is the northern North Pacific where weakening of the stratifi-
cation allows access to subsurface waters rich in nutrients. The Arctic Ocean shows
a strong decline in maximum DIN and widespread oligotrophic conditions in spite of
the weakening of stratification, with the exception of areas affected by Pacific inflow
which is characterised by relatively high DIN concentrations. Predicted global net pri-
mary production shows a consistent decline from 2010, falling by 6 % across the 21st
century. The regional response of the net primary production, however, shows both
positive and negative deviations after year 2000 (Fig. 6e, f). The two most prominent
areas in this respect are the North Atlantic and the Arctic Ocean. In the former, the net
primary production declines as a result of the shallowing of winter mixing. However,
in the case of the latter, the net primary production increases over a substantial part
of the basin as a result of the improved light regime (caused by sea-ice retreat) and
higher nutrient supply rates (caused by weakening of stratification).

Increasing atmospheric CO, leads to an increase in surface CT (Fig. 7a—c), seen
most prominently in the central Arctic Ocean. Globally, climate change effects mitigate
this increase (Fig. 7c). This is most pronounced in the Northern North Atlantic and
areas of the Arctic Ocean affected by inflows from the North Atlantic and Pacific. The
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impact of climate change is more substantial than that of the increase in CT in these
areas due to the equilibration of the surface ocean with increasing atmospheric CO,.
The main mitigating factors in areas such as Arctic Ocean are the stabilisation of strat-
ification (Fig. 6b) and the increase in the net primary production (Fig. 6f). However, the
central Arctic Ocean is a pronounced exception, since here climate change accelerates
the increase of surface CT due to the retreat of sea-ice (Sect. 4).

Following the increases in atmospheric and oceanic CO,, globally averaged pHgyg
declines from 8.1 to 7.7 (Fig. 7d—f), this change being nearly homogeneous across the
globe. Again, the Arctic Ocean is an exception, and here the basin-averaged pHgys
decline is largest (-0.5), although there is strong spatial variability in this decline, rang-
ing from —0.3 in the Greenland Sea to —0.6 in the Canada Basin (Fig. 4d). Climate
change has only a small effect on pHgg because of the compensating temperature
effect that buffers CT (e.g. McNeil and Matear, 2007). Once again, the Arctic Ocean is
a special case where climate change factors (sea-ice retreat and surface freshening)
accelerate the decline of pHgyyg, most noticeably in the central basin. While at present
the Arctic Ocean is an area that exhibits some of the highest surface pHgyg values in
the World Ocean, it is predicted to become an area of the lowest pHgyg by the end of
the century as a result of climate change (Fig. 7d, e).

Q. and Q, are predicted to decline by 2 units globally (Fig. 1i). The decline is higher
at low latitudes and lower at high latitudes, especially in the Arctic Ocean (Fig. 7i, 1).
On average, climate change mitigates the decrease of Q, with maximum impact at
high latitudes. Predicted changes in surface Q by the end of the century are much less
homogeneous than pHgyyg although, as for pHgyyg, the decline is maximal in the Arctic
Ocean. Unlike pHgyg, however, climate effects buffer changes in Q brought about by
the increased atmospheric CO, in nearly all ocean regions with the exception of most
areas of the Arctic. In these latter areas, climate change effects accelerate the decline
of Q (Fig. 7i, I).
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4 Discussion

Due to polar amplification, the effect of climate change is greater at the poles com-
pared to the rest of the globe. This amplification is thought to be largely a result of
the retreat of sea-ice and associated feedbacks (e.g. Moritz et al., 2002). It is likely to
continue in future, with the possibility of a seasonally ice-free Arctic in the 21st cen-
tury (e.g. Zhang and Walsh, 2006). The ongoing retreat of sea-ice additionally brings
about substantial changes to the freshwater balance of the region and increases the
exposure of the ocean surface to the atmosphere with associated changes in ocean
stratification and the net primary production. This increase in the spatial extent of open
water in the Arctic Ocean also permits the equilibration of ocean and atmospheric CO,
in areas previously covered by perennial ice, with resulting consequences for the asso-
ciated carbonate chemistry. The Arctic Ocean has shown an early onset of the effects
of acidification, characterised by low values of pHgyg and carbonate saturation state
(Yamamoto-Kawai et al., 2009). Observations already show undersaturated waters
in various regions of the Arctic including the Canada Basin (Yamamoto-Kawai et al.,
2009), freshwater-influenced shelves (Chierici and Fransson, 2009) and the Chukchi,
Beaufort and eastern East Siberian Seas (Bates et al., 2011). A number of future pro-
jections for pHgyg and Q have been made using models that take into account the
effects of climate change feedbacks (Orr et al., 2005; McNeil and Matear, 2007; Ya-
mamoto et al., 2012). These studies have identified temperature, and its buffering ef-
fect on CO, exchange with the atmosphere, as the main climate change factor affecting
undersaturation with respect to calcite and aragonite in the global ocean. The general
consensus obtained in these studies is that climate change effects have little net im-
pact on projected pHgyg but that they substantially buffer the decline in Q caused by
increasing CO,. The Arctic Ocean however, is a considerably more complex region.
Melting sea-ice causes pHgyg and Q to decline markedly (McNeil and Matear, 2007;
Yamamoto et al., 2012), both as a result of the relatively low pHgg of melting ice
water and because of the greater exposure of previously ice-covered waters to the
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atmosphere and the consequent ventilation of CO,. Various projections show that the
Arctic Ocean will become locally understaurated (in at least one month per year) with
respect to aragonite within the current decade (2010-2020) and with respect to cal-
cite during the decade 2040-2050 (McNeil and Matear, 2007; Steinacher et al., 2009;
Yamamoto et al., 2012).

Our results are in general agreement with the previous projections described above.
They indicate that the Arctic is the first ocean basin to exhibit widespread undersatu-
ration (Fig. 8b, d). We have focused our examination on the strong spatial gradients
seen in physical and biogeochemical properties of the Arctic Ocean, which have im-
portant consequences for the time evolution of pHgyg and carbonate saturation state.
The impact of the various climate change drivers on ocean acidification and saturation
state in the Arctic is a complex problem to address when making future projections.
The various drivers include: (i) increase in the temperature of seawater, which directly
affects carbonate chemistry and biological production, as well as indirectly affecting the
same characteristics via changes in ocean stratification; (ii) changes in the freshwater
balance and energy exchange with the atmosphere affecting ocean stratification, which
regulate not only the atmospheric exchange of CO, but also the mixing of deep waters
— which are characterised by higher nutrient and lower (at present day) pHgys and Q
— to the surface; (iii) retreat of sea-ice, which accelerates uptake of atmospheric CO,
by the ocean, as well as influencing stratification and providing freshwater inputs that
lower pHgwg and Q; (iv) increase in riverine input, lowering pHgyg and Q and also
stabilising ocean stratification.

The various climate-related factors were predicted by our model to operate differ-
ently in the various regions of the Arctic Ocean, their role varying from acceleration of
acidification rates through to a strong buffering effect. The Canadian Arctic Archipelago
and Baffin Bay have the highest inputs of freshwater from melting sea-ice which, be-
cause of its relative acidity, causes pHgyg and Q to decline. These regions bear the
brunt of the transition towards a seasonally ice-free state as the sea-ice retreats, with
the result that they experience greater ventilation of CO, with the atmosphere which
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in turn further decreases pHgys and saturation state. The Siberian shelves, in con-
trast, show little response to climate change in terms of pHgyg and saturation state
because increased fresh water input is largely compensated for by elevated rates of
the net primary production. A further variation in climate change impacts is seen in ar-
eas affected by the Atlantic inflow, namely the Greenland Sea and outer shelves of the
Barents, Kara and Laptev seas. In these regions, weakening stratification associated
with diminishing sea-ice cover leads to increased net primary production as nutrient
rich waters are mixed in from below. Decreases in pHgys and saturation state are
therefore minimised, both because of decreasing CT levels at the surface due to the
net primary production and because CO, invading the ocean is effectively diluted over
a greater depth range.

The results from our model indicate that timing of the onset of undersaturation is
highly variable across the Arctic, occurring during the decade of 2000-2010 in the
Siberian shelves and Canadian Arctic Archipelago, but as late as the 2080s for the
Barents and Norwegian Seas (corresponding to atmospheric pCO, of 350-400 ppm
and 750-800 ppm, respectively: Figs. 5b and 8c).

The future projections presented herein are based on the RCP 8.5 scenario which
ostensibly represents an upper bound of anthropogenic carbon emissions currently
under consideration for the upcoming IPCC Fifth Assessment Report. However, as
things stand today, observed emissions are already reaching this level (e.g. Peters
et al., 2012), suggesting the possibility that future emissions, and associated atmo-
spheric CO,, could be even higher. In the event that future emissions are higher than
the RCP 8.5 scenario, undersaturation will occur even faster than indicated by our
model results. The atmospheric CO, levels that correspond to the onset of arago-
nite undersaturation, and how this varies spatially within the Arctic Ocean, are shown
in Fig. 8. As a first approximation, the CO, levels shown in this figure may be con-
sidered independent of any particular emission scenario. This analysis indicates that
widespread Arctic Ocean undersaturation with respect to aragonite occurs before at-
mospheric CO, reaches 500 ppm. In contrast, the Southern Ocean only begins to
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experience widespread undersaturation in surface waters when atmospheric CO, ex-
ceeds 550 ppm (year 2050 under RCP 8.5).

We conclude that, in order to make future projections of acidification and carbon
saturation state in the Arctic, models of sufficiently high resolution are needed to ad-
dress regional aspects of physical and biological dynamics. The use of basin-averaged
characteristics, while useful for model intercomparison studies, is not optimal for pre-
dicting, for example, the timing of the first occurrence of aragonite undersaturation in
the Arctic. Forecasting the future progression of ocean acidification in the Arctic Ocean
is challenging given the complexity of ocean-atmosphere feedbacks, especially the role
of retreating sea-ice, as well as being hampered by the paucity observations available
for model verification. A major source of uncertainty in future projections of ocean acid-
ification in the Arctic Ocean is the difference in the sea-ice reduction rates projected by
climate models (Yamamoto et al., 2012). Our results confirm this conclusion and stress
the need for careful model intercomparison studies of Arctic Ocean acidification, with
a particular focus on differences in the modelled decline of sea-ice.

5 Conclusions

— We compared two runs of a global ocean general circulation model that includes
biogeochemistry and the carbon cycle, forced by the RCP 8.5 emission scenario
and run to year 2099. We separated the impacts of rising atmospheric CO, from
associated future climate change and showed that climate change feedbacks play
a strong role in the Arctic Ocean driving spatial heterogeneity of declines in Q and
PHgws in this basin.

— Simulation results indicate that the Arctic is the first ocean basin to exhibit
widespread surface undersaturation with respect to aragonite and, later, calcite.
The onset of surface undersaturation shows great variability between different re-
gions of the Arctic Ocean as a result of differences in climate change feedback
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factors such as the retreat of sea-ice, changes in freshwater input and changes
in stratification. The timing of the first occurrence of surface undersaturation with
respect to aragonite varies across the Arctic Ocean by nearly a century. Our re-
sults thus caution against using coarse resolution models when modelling future
changes in acidification and saturation state in the Arctic.

- In line with the previous studies (e.g. Yamamoto et al., 2012), the strongest driving
force and the largest uncertainty in prediction of acidification in the Arctic and its
response to changing climate is the rate of decline of sea-ice. Model intercompar-
ison studies that address acidification rates in the Arctic Ocean need to assess
the associated processes in relation to model projections of sea-ice retreat.
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Fig. 1. Time evolution of modelled characteristics for the global ocean (black line and font) and
the Arctic Ocean (treated as north of 66° N, red line and font): (a) atmospheric CO, (ppm); (b)
sea surface temperature (°C); (c) volume of the Northern Hemisphere sea-ice (km®); (d) max-
imum depth of the upper mixed layer UML, (m); (e) surface dissolved inorganic nitrogen (DIN,
mmolm’3); (f) water-column integrated net primary production (ng‘2 yr‘1); (g) surface CT
(mmolm‘3); (h) pHsws; (i) Q. and Q.. Annual mean characteristics are given for all properties
except for the ice volume (c) where monthly mean values are shown. For (g—i) dashed lines
refer to the “climate-effect” run (no CO, increase), for (i) thin line refers to Q_, thick line refers
to Q,.
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Fig. 2. Arctic Ocean annual mean ice concentration for year 2000 (a), 2099 (b), difference

between year 2099 and 2000 (c).
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Fig. 3. Arctic Ocean surface salinity (a, b), maximum upper mixed layer depth (UML, (c, d) in
m, net primary production (a—c) in ng’2 yr’1. The first column shows values for year 2099,
the second column shows deviation between year 2099 and year 2000.
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Fig. 4. Arctic Ocean pHgys (a—d), Q. (e-h), Q, (i-1), CT (mmol m=3, m-n). The first and second
columns shows values for year 2000 and 2099 respectively, the third column shows deviation
between year 2099 and year 2000 for the full run, and the fourth column shows deviation
between year 2099 and year 2000 for the for the climate change run.
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Fig. 5. The first occurrence of a monthly mean undersaturated surface waters in respect to
calcite (a) and aragonite (b, years). The same for the bottom waters at the depth of the deepest

model vertical grid box (¢, d).
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Fig. 6. Global surface maps of the upper mixed layer maximum (a, b, in m), surface DIN (c, d
in mmolm™2), net primary production (e, f in gCm=2yr™"). Values are given for year 2000 (left
column) and for deviation between year 2099 and year 2000 (right column).
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Fig. 7. Global surface maps of CT (mmolm‘3) (a—c), pHgws (d-f), Q (g-h) and Q, (j-1). The &
first column shows values for year 2000; the second column shows deviation between year & _
2099 and year 2000 for the full run, and the third column shows deviation between year 2099 Y
and year 2000 for the for the climate change run. o oMo
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Fig. 8. Level of atmospheric CO, (ppm) under which monthly mean undersaturated surface
waters occur fist time in respect to calcite (a, b) and aragonite (c, d).
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