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Today’s physical oceanography and primary and secondary production was investigated
for the entire Arctic Ocean (AQO) with the physical-biologically coupled SINMOD model.
To obtain indications on the effect of climate change in the twenty-first century the
magnitude of change, and where and when these may take place SINMOD was forced
with down-scaled climate trajectories of the International Panel of Climate Change with
the A1B climate scenario which appears to predict an average global atmospheric
temperature increase of 3.5-4°C at the end of this century. It is projected that some
surface water features of the physical oceanography in the AO and adjacent regions
will change considerably. The largest changes will occur along the continuous domains
of Pacific and in particular regarding Atlantic Water (AW) advection and the inflow
shelves. Withdrawal of ice will increase primary production, but stratification will persist
or, for the most, get stronger as a function of ice-melt and thermal warming along the
inflow shelves. Thus, the nutrient dependent new and harvestable production will not
increase proportionally with increasing photosynthetic active radiation (PAR). The greatest
increases in primary production are found along the Eurasian perimeter of the AO (up to
40 g C m~2 y=y and in particular in the northern Barents and Kara Seas (40-80 g C
m~2 y~) where less ice-cover implies less Arctic Water (ArW) and thus less stratification.
Along the shelf break engirdling the AO upwelling and vertical mixing supplies nutrients
to the euphotic zone when ice-cover withdraws northwards. The production of Arctic
copepods along the Eurasian perimeter of the AO will increase significantly by the end of
this century (2-4 g C m—2 y— ). Primary and secondary production will decrease along
the southern sections of the continuous advection domains of Pacific and AW due to
increasing thermal stratification. In the central AO primary production will not increase
much due to stratification-induced nutrient limitation.

Keywords: Arctic Ocean, primary production, secondary production, changes in productivity, future ecosystems,
climate change projections

INTRODUCTION

Primary production in the Arctic Ocean (AO) is predominately controlled by extreme variations in
light, which further is strongly modulated by ice and snow cover as well as the density of ice algae
and phytoplankton (e.g., Leu et al., 2015). In the marginal ice zone, toward the end of summer
and during present day global warming, the extent of the ice cover is substantially reduced, the
ice becomes thinner, snow cover is reduced and an increasing number of melt ponds appear.
The changes result in increased primary production of both ice algae and phytoplankton (e.g.,
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Zhangetal., 2010; Leu et al., 2011; Wassmann and Reigstad, 2011;
Arrigo et al,, 2014). As reductions in sea ice extent and thickness
continue (Rothrock et al., 2008; Kwok and Rothrock, 2009;
Screen and Simmonds, 2010) the effect of ice and freshening on
the total productivity in the AO will become stronger (e.g., Pabi
et al,, 2008; Arrigo and van Dijken, 2011; Leu et al., 2011; Barber
et al., 2015; Coupel et al., 2015). Variability in ice extent and
thickness is reflected in variable primary production along the
seasonal ice zone of the AO (e.g., Slagstad et al., 2011; Tremblay
etal, 2011).

The largest interannual variability in primary production
takes place along the innermost region of the seasonal ice
zone, exemplified by extreme interannual variability in ice-cover
characteristics (Wassmann et al., 2010). Recently there has been
an unprecedented decline in sea-ice cover and the loss rate
accelerated by a factor of ~5 in 1996 (e.g., Wadhams, 2012;
Kwok et al., 2013; Barber et al., 2015), but increases in random
fluctuations, as an early warning signal, were observed already
in 1990 (Carstensen and Weydmann, 2012). A new minimum
September ice extent was recorded in September 2012 and the
loss rate of sea ice appears to increase even further. After the melt
of most of the multiyear ice the Arctic will, for the most, have
a seasonal ice cover (some ice close to Greenland and Canada
may not totally melt). When this new state will occur is unknown,
but it may only be 1-2 decades away, accompanied by a gigantic
light experiment, the new Arctic lightscape (Varpe et al., 2015).
It is thus timely to study the physical constrains of primary
production of the entire AO that lie ahead of us.

Hind cast estimates of primary production in the AO (Pabi
et al., 2008; Popova et al, 2010, 2012; Wassmann et al,
2010; Zhang et al., 2010; Tremblay et al, 2011; Jin et al,
2012; Bélanger et al, 2013; Matrai et al, 2013; Arrigo and
van Dijken, 2015; Babin et al., 2015) have been provided, but
estimates of future productivity, let alone secondary production,
are hardly existing. How does physical forcing regulate AO
productivity now and how does it respond in decades to
come? Primary production, in particular new production!, is
not only forced by Photosynthetic Active Radiation (PAR), but
also decisively by nutrient availability (Popova et al, 2010;
Zhang et al., 2010; Tremblay et al., 2015), which in turn is
determined by the nutrient content of dominating water masses,
stratification/mixing and upwelling (Carmack and McLaughlin,
2011; Williams and Carmack, 2015). In the AO, winter NO3
concentrations typically range widely from 10 to 30 mmol N
m~ in the Pacific inflow through the Bering Strait to as little
as 2mmol N m~2 in polar surface waters of the Beaufort Gyre,
with 12mmol N m~ in the Atlantic inflow water taking an
intermediate position (Tremblay et al., 2006; Codispoti et al.,
2013). In addition, the supply of nutrients to the euphotic zone
is critical, in particular for new production. Erosion events in
ice-free and lightly ice-covered waters linked to storms (Yang
et al., 2004; Rainville et al., 2011; Randelhoff et al., 2014), vertical
mixing (Randelhoff et al,, 2015), near-inertial mixing (Fer,

!New production is supported by nutrient inputs from outside the euphotic zone,
especially upwelling of nutrients from deep water, but also from terrestrial and
atmosphere. New production depends on mixing and vertical advective processes
associated with circulation.

2014), and upwelling along continental shelves (e.g., Tremblay
et al., 2011; Williams and Carmack, 2015) have been observed.
Consequently, primary production is unevenly distributed in
the AO.

The Arctic inflows shelves, i.e., the Chukchi and Barents Seas,
experience the most variable ice-cover and PAR, the highest
nutrient availability and enjoy thus the highest regional primary
and secondary production in the AO, with about 50% of pan-
arctic shelf primary production taking place in the Barents
Sea (Sakshaug, 2004; Carmack et al, 2006; Tremblay et al.,
2011). Today’s internal Arctic shelves off Siberia, characterized
by high seasonal river run-off, turbidity and extensive ice-cover,
exhibit, in concert with the AO basins, the lowest primary
production, with the outflow shelves (Canadian Archipelago and
East-Greenlandic shelf) taking an intermediate position, often
influenced by extensive ice cover (Sakshaug, 2004; Carmack et al.,
2006; Tremblay et al., 2011).

It is expected that five distinct physical processes affecting
biological production will occur in the near future. (1) Greater
upwelling of nutrient-rich waters from offshore basins onto the
outer shelf when the seasonal ice edge routinely retreats past the
shelf break (e.g., Williams and Carmack, 2015). (2) When ice
become thinner the momentum transfer from the atmosphere
to the ocean becomes more efficient which affect wind induced
mixing, inertial motions and circulation (Rainville et al., 2011;
Carmack et al.,, accepted). (3) Elimination of multiyear ice and
associated habitat and ice transport when the AO become ice-
free in summer will increase level of PAR in the water column
(Arrigo and van Dijken, 2015). (4) The widening of the seasonal
ice zone will increase the light availability over a larger area
(Tremblay and Gagnon, 2009). (5) The freshening of the AO
induced major changes in species composition, productivity, and
biogeochemical cycling of the AO (Coupel et al., 2015; Carmack
et al,, accepted).

Detailed knowledge about the effects of climate change for
marine ecosystems in the AO is minute and limited to certain
regions (Wassmann et al, 2011). The best-investigated AO
ecosystem is the Barents Sea and adjacent waters (e.g., Wassmann
et al., 2006a; Dalpadado et al, 2012; Smedsrud et al., 2013).
The other well studied region is the Bering Strait and Chukchi
Sea (Grebmeier et al., 2006; Grebmeier and Maslowski, 2014).
Under such circumstances the obvious answer to point out the
all-over trends and spatial patterns in C flux and productivity is
modeling. The physical constrains and ecosystem C flux of the
Barents Sea regions has been extensively modeled and validated
(e.g., Slagstad and McClimans, 2005; Wassmann et al., 2006b,
2010), but detailed attempts of modeling in other regions are
limited (but see Ji et al., 2012). The only fully spatial ecosystem
models that cover the entire AO are based on simple PNZ-
type (Phytoplankton-Nutrients-Zooplankton) models. They are
driven by ocean general circulation models of relatively low
spatial resolution, some of them with poor representation of
mixing (Popova et al., 2012). Modeling the entire AO with more
satisfying resolution and an ecosystem models of reasonable
complexity will at present be burdened with uncertainties
that may be even greater than the generic lack of ecosystem
knowledge.
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To provide some first answers we applied the SINMOD model
(Slagstad and McClimans, 2005; Wassmann et al., 2006b) to
simulate the potential effect of the future climate on sea ice
cover, physical oceanography and ecosystem productivity. To
obtain indications on the magnitude of change, and where and
when these may take place we forced SINMOD with down-
scaled climate trajectories of the International Panel of Climate
Change (IPCC) with the A1B climate scenario. We raise two key
questions: (1) How much will productivity change in a warmer,
future AO? (2) Where may the changes be observed?

MATERIALS AND METHODS

Hydrodynamic and Ice Models

The hydrodynamic model is based on the primitive Navier-
Stokes equations and is established on a z-grid (Slagstad and
McClimans, 2005). The ice model is similar to that of Hibler
(1979) and has two state variables: Average ice thickness and ice
compactness (A). The equation solver uses the elastic-viscous-
plastic mechanism as described in Hunke and Dukowicz (1997).
Ice compactness denotes the area fraction of a grid cell that is
covered with ice. The other fraction (1-A) is regarded as open
water. PAR is an important driving force in the Arctic as it
changes dramatically from the long Arctic winter to continuous
sun light during the summer. In addition, ice and especially snow
on the ice strongly attenuates light before it enters the water
column. The water column under the ice fraction is receiving
PAR through ice and snow cover and one part is receiving PAR
through the open water fraction. PAR is attenuated through
the ice using an attenuation coefficient of 3 m~! in the first
0.3m from the air-ice interface and 1.1 m~! below (Pegau
and Zaneveld, 2000). The model does not account for light
attenuation through the snow cover. Data on snow thickness
on the Arctic sea ice is not available during the spring and
melting season. However, the major fraction of PAR penetrating

into the water column is entering through the open water
fraction of the ice cover. Only when the ice becomes thinner, the
contribution from the ice fraction becomes a significant part of
primary production. In this model primary production does not
distinguish between plankton and ice algae.

Ecological Model

A comprehensive description of the ecosystem or food web
model is found in Wassmann et al. (2006b) and a short
description, including recent deviations, is given here. The
model structure is designed for the Barents Sea ecosystem and
state variables and parameter values are set for modeling the
carbon flux in this region (Figure 1). The state variables are:
nitrate, ammonium, silicate, diatoms, autotrophic flagellates,
bacteria, heterotrophic nanoflagellates, microzooplankton, and
two mesozooplankters: the Atlantic Calanus finmarchicus and the
arctic C. glacialis. The model contains further compartments for
fast and slow sinking detritus, dissolved organic carbon and the
sediment surface. In a model that uses constant stoichiometry,
respiration of phytoplankton may be regarded as a loss term or
mortality rate. This rate is assumed to be 5% of the biomass per
day and independent of temperature. Organic matter entering
the bottom sediments is remineralized at a constant rate of 5%
per day. In the model, nitrogen and silicate are the potential
limiting nutrients. The basic unit used in the model is mmol
N m~3. When conversion to carbon is needed a C:N ratio
equal 7.6 is used, as based upon average data from the Barents
Sea (Reigstad et al., 2002). SINMOD calculates Gross Primary
Production (GPP), new production (NP), the f ratio (NP/GPP)
and secondary production of two key mesozooplankton species.
In the continental shelf areas of the AO the supply of biogenic
matter is high and significant denitrification takes place in the
sediment. This is especially pronounced in the Bering Strait
and Chukchi Sea (Devol et al, 1997). In order to match
the annual estimates of denitrification, we assumed that 40%

Mesozooplankton
C. finmarch. | C. glacialis

HNANO

1

Ciliates | Detritus | Detritus
fast sinki (sl inking)
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TR ' i i 8 :
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FIGURE 1 | Ecosystem model structure. See text for details and explanations.
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of the remineralized nitrogen is released as N2 (Kaltin and
Anderson, 2005; Chang and Devol, 2009). This rate is limited
by the overlaying nitrate concentration using Michaelis-Menten
relationship with a half saturation constant assumed to be 1 mmol
m~> NO;. No data are available to support this assumption
and advection of nitrate across the continental shelf into the
AO might be therefore be inaccurately represented in the
model, in particular through Bering Strait and shallow Siberian
shelves.

Model Set-up and Boundary Conditions

The model set-up encompassed the Nordic Seas, the central AO
and the Eurasian shelf (Figure2) and uses a horizontal grid
point distance of 20 km. The model has 25 vertical levels. The
levels which were modeled are the upper 10m just below the
sea surface, 10-15, 15-20, 20-25, 25-30, 30-35, 35-40, 40-50
m, then 50-75, 75-100, 100-150, 150-200, 200-250, 250-300,
300-400, 400-500, 500-700, 700-1000, 1000-1500, 1500-2000,
2000-2500, 2500-3000, 3000-3500, 3500-4000, and 3500-4500
m. Particular focus is provided to the region for which the
SINMOD ecosystem model has been developed (and beyond),
i.e., the western and eastern Fram Strait (FSW, FSE; where the
main in- and outflow to and from the AO takes place), the
southern and northern Barents Sea (BSS, BSN, permanently
ice-free and seasonally ice-covered), the Laptev Sea Shelf Break

(LSS, east-ward spreading of Atlantic water) and the North Pole
(NoP, center point of AO) (see Figure 2).

A total of 8 tidal components were specifying and imposed
(elevation and currents) at the open boundaries. Data were taken
from TPXO 6.2 model of global ocean tides (http://www.coas.
oregonstate.edu/research/po/research/tide/global.html).

Initial values of temperature and salinity are taken from World
Ocean Circulation Experiment Global Data Resource Version
3.0 (http://www.nodc.noaa.gov). A comprehensive description
of the WOCE data system can be found in Lindstrom
(2001).

Fluxes through the open boundaries were kept constant
during the simulation. A flux of 0.8 Sv enters the model domain
through the Bering Strait (Woodgate et al., 2010). On the Atlantic
side the average fluxes were taken from a large-scale (50 km
resolution) model covering most of the North Atlantic. Part of
the surface water heat advected into the Barents Sea, Svalbard.
The model is also forced with freshwater fluxes (river discharges
and diffuse run-off from land).

Freshwater run-off along the Norwegian coast and in the
Barents Sea is based on data from a simulation with a
hydrological model (see Dankers and Middelkoop, 2008 for more
details). For Arctic Rivers, data are obtained from R-ArcticNet
(Vorosmarty et al., 1996, 1998) available through http://www.r-
arcticnet.sr.unh.edu/v4.0/index.html.

LSS, Laptev Sea Shelf Break; and NoP, North Pole.

FIGURE 2 | The model domain. BS, Barents Sea; SB, Spitsbergen; KS, Kara Sea; LS, Laptev Sea; ESS, East Siberian Sea; NB, Nansen Basin; and AB, Amundsen
Basin. The transect line A (blue) indicates a cross Arctic Ocean transect. The transect line B (red) indicates a cross Fram Strait transect. The boxes indicate regions of
25 grid points that are investigated through a time series analysis: FSW, Fram Strait West; FSE, Fram Strait East; BSS, Barents Sea South; BSN, Barents Sea North;

60 20

Frontiers in Marine Science | www.frontiersin.org

October 2015 | Volume 2 | Article 85


http://www.coas.oregonstate.edu/research/po/research/tide/global.html
http://www.coas.oregonstate.edu/research/po/research/tide/global.html
http://www.nodc.noaa.gov
http://www.r-arcticnet.sr.unh.edu/v4.0/index.html
http://www.r-arcticnet.sr.unh.edu/v4.0/index.html
http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Slagstad et al.

Future Arctic Ocean productivity

Two scenarios have been run: one presenting the present
and past climate (1979-2010) and one the future IPCC Spres 2
scenario (A1B) from 2001 to 2099. The ERA INTERIM reanalysis
(Dee et al.,, 2011; www.ecmwf.int) data (wind, sea level air
pressure, air temperature, cloud cover, and humidity) has been
used to force SINMOD in the first case. In the second case, the
atmospheric forcing fields come from a regional model system
run by the Max Planck Institute, REMO (Keup-Thiel et al., 2006).
This model is configured to cover the model domain of SINMOD
(Figure 2) and has a resolution of 0.22° and uses data from the
MPI-ECHAMS coupled climate model system.

SINMOD has open ocean boundaries to the Atlantic Ocean
and the Bering Sea. The CARINA database (Tanhua et al., 2010)
has been used to calculate the seasonal average of temperature
(T), salinity (S), nitrate (NOs3), silicate (Si) (Bellerby et al,
2012). In order to depict the trends in nutrient concentrations
at the boundaries we have used monthly mean values from
Bergen Climate Model (BCM) using IPCC’s A2 run for the
climatic scenarios. Although these data are IPPC’s A2 run, the
development of atmospheric CO, concentration is quite similar
to the A1B run (Naki¢enovi¢ and Swart, 2000). Since these data
had a significant offset compared with the CARINA data the
BCM data has been corrected in the following way:

Using the CARINA data set the average values of T, S, NOs3,
and Si for the 1990s around the model’s open boundaries were
calculated. The difference between these values and the BCM’s
A2 run was added to the BCM A2 boundary data for the Scenario
runs. Since most of the CARINA data originates from the spring
to summer season, the winter values were taken from the bottom
of the winter mixed layer. The depth of the winter mixed layer in
the North Atlantic was estimated based on Steinhoff et al. (2010).
The CARINA data was also used for initial values of NO3 and Si.
The nutrient concentration (NOg, Si) in the river run-off is taken
from Dittmar and Kattner (2003) and Amon and Meon (2004).

RESULTS

Before projecting the productivity of the AO into the future we
need to examine if the SINMOD reflects the basic oceanography
of today’s AO. Thus, we start our attempt to characterize shortly
the distribution and characteristics of various water masses in the
AO of today through ERA INTERIM.

Simulated Monthly Means (T, S, and NO3)
Across the Arctic Ocean and the Fram
Strait

Early spring and late summer data were selected for two cross
sections. Section A starts in the Barents Sea (40°E) across the
North Pole into the Beaufort Sea (140°W) and section B across
the Fram Strait along at 79°N (Figure 2). Section A shows warm
and saline water on the Barents Sea shelf having low stratification
in winter, but strong stratification in late summer (Figure 3). A
core of warm Atlantic water (AW) is locked to the shelf break
north of Svalbard. This core is the east-bound, subducted AW,
start of the boundary current that engirdles the entire AO. Along
transect A two separated cores with AW are found across the AO,

as indicated by elevated temperatures (Figures 3A,B). Thisis AW
following the Gakkel and Lomonosov ridges toward Greenland.
The boundary current on the Canadian side is clearly visible at
depths of 300-800 m depth (Figures 3A,B). Toward the end of
the summer, the temperature has increased to more than 6°C
in the southern Barents Sea (Figure 3B). Strong stratification
due to ice melt is encountered throughout the center of the AO
(Figure 3D).

The surface nitrate concentration is low in the AO and
especially in the Beaufort Sea where it is low even in late winter
(Figure 3E). In summer nitrate is removed from the near surface
layer along the entire section, although some nitrate is still
available between 85 and 90°N (40°E). Nitrate availability is
relatively high on the Barents Sea side and depleted during the
productive season, supporting a high new production.

Section B across the Fram Strait (along 79°N; Figure 2) shows
typical AW in the eastern part of the section and low saline cold
water originating from the Arctic in the western side, in particular
on the Greenland shelf (Figure 4). Due to ice melt a shallow
mixed layer is created in the western part of the section whereas
surface heating seems to be the dominant factor for creating
stability in the eastern, Atlantic part of the section. The winter
concentration of nitrate is low in Artic water whereas the West
Spitsbergen Current (eastern side) has concentrations typical for
AW. During the summer the surface water is stripped for nitrate
over the entire Fram Strait.

The described SINMOD results on basic distribution of
water masses, water mass characteristics and currents of the
entire AO (Figures 3, 4) are as reflected and interpreted by
direct measurements (e.g., Schauer et al., 2008; Carmack et al.,
2010; Carmack and McLaughlin, 2011; Mauritzen et al., 2011;
Beszczynska-Moller et al., 2012; Woodgate et al., 2012; Smedsrud
etal., 2013). This legitimates to investigate the future primary and
secondary production.

A Comparison between ERA Interim and
the A1B Scenario

In order to compare productivity derived from the hindcast (ERA
INTERIM) with the forecast forcing (A1B) it is necessary to
compare the two forcings for the same time interval (2001-2010).
If there is reasonably coherence between the climate of the recent
past then we may proceed with A1B forcing into the future. The
A1B scenario is based on a “free running” downscaled version
of the MPI Global atmospheric model. The ERA INTERIM (EI)
is adjusted to the actual weather through data assimilation. The
A1B data set covers a time period from 2001 to 2099 which
make it possible to compare the average performance of the A1B
forcing with the ERA INTERIM forcing.

Generally, as compared to the AlB-forced production, the
ERA INTERIM-forced production is slightly lower in the Barents
Sea and Arctic basins, but higher on the Arctic shelves (Table 1).
The annual variability (expressed as STD) is higher in the ERA
INTERIM-forced simulation run. In the Barents Sea the ERA
INTERIM-forced annual average of GPP is 97 g C m~2 (STD 7.6).
The A1B forced annual GPP production is 104 g C m~? that is
within the range of STD. In the Arctic basins the annual ERA
INTERIM-forced GPP production is 17.3 g C m~2 (STD 3.4),
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FIGURE 3 | Simulated monthly mean temperature (°C), salinity (psu), and nitrate (mmol N m—3) along section A from the southern Barents Sea to the
Beaufort Sea 2010 (see Figure 2), forced by ERA INTERIM (reanalyzed atmospheric fields). (A,C,E) April 13. (B,D,F) August 16.

70 75 80 8590 85 80 75 70
Latitude

while the A1B-forced GPP production comprises 20.2 g C m~2.
On the Arctic shelves, which are dominated by the Siberian, shelf,
the A1B run provided lower GPP (28.6 g C m~2) as compared to
the ERA INTERIM run (32 g C m™2). Despite these differences
the annual production rates of both forcings are similar and of
same order.

Simulated Monthly Means (T, S, and NO3)
Across the Arctic Ocean and the Fram
Strait: Projections for Middle and End of
the Century

Also in the future water masses on the southern Barents Sea shelf
(between 70 and 74°N) will stay well mixed in late winter (April),

while the temperature increases above 4.5°C in the 2050 and
above 6.0°C in the 2099 (compare Figure 3A and Figures 5A,B).
Salinity is above 34.8. In the northern Barents Sea (between 75
and 80°N) the April temperatures range between 0 and 1°C
around 2050 and above 2.5°C in 2099. Also here the water
column stays well mixed. At the shelf break a core of AW (T =
5.5°C and S = 35) is flowing eastward. In the present climate this
warm core is isolated from the surface by a low salinity surface
layer (Figures 3A, 5A,B). Already in 2050 the low saline surface
water has disappeared and the AW is found from 500 m to the
surface. The Atlantic layer in the AO is projected about 2°C
warmer than today (Figure 3A) toward the end of this century.
Surface nitrate is slightly lower in the Barents Sea in 2050
and 2099 compared to today (Figures 3E, 5E,F), but the most
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) | — )
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FIGURE 4 | Simulated monthly mean temperature (°C), salinity (psu), and nitrate (mmol N m‘3) along section B (79°N) across the Fram Strait 2010 (see
Figure 2), forced by ERA INTERIM (reanalyzed atmospheric fields). (A,C,E) April 13. (B,D,F) August 16.

TABLE 1 | Comparison between of simulated mean rates for the 2001-2010 period for ERA INTERIM and A1B for different regions of the AO [mean and
standard deviation (STD)].

Area GPP NP Cfin Cgla
ERA INTERIM A1B ERA INTERM A1B ERA INTERIM A1B ERA INTERIM A1B
Mean (STD) Mean (STD) Mean (STD) Mean (STD) Mean (STD) Mean (STD) Mean (STD) Mean (STD)
Barents Sea 97 (7.6) 104 (3.9 64 (4.5) 66 (2.4) 0.9 (0.26) 1.6 (0.19) 2.3(0.4) 1.7 (0.35)
Arctic Basins 17.3 (8.4) 20.2 (2.4) 14.2 (2.5) 15.9 (1.4) - - 0.22 (0.21) 0.29 (0.14)
Arctic Shelves 32 (4.6) 28.6 (3.6) 23.4 (2.9) 20.9 (2.3) - - 1.1(0.42) 0.96 (0.22)

Shown are annual Gross Primary Production (GPP), New Production (NP) and the production of Calanus finmarchicus (Cfin) and Calanus glacialis (Cgla) (9 C m=2 y~').

Frontiers in Marine Science | www.frontiersin.org 7 October 2015 | Volume 2 | Article 85


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Slagstad et al. Future Arctic Ocean productivity

A A1B April 2050 B A1B April 2099

200 |

400

Depth (m)

600

800 |

1000

200

400

Depth (m)

600 ¢

200 p

400

Depth (m)

600 1

800

1000 000

. L.
70 75 80 8 90 85 80 75 70 70 75 80 8 90 8 80 75 70
Latitude Latitude

FIGURE 5 | Simulated monthly mean temperature (°C), salinity (psu), and nitrate (mmol N m‘3) for April along section A from the southern Barents
Sea to the Beaufort Sea (see Figure 2). Forced by a A1B scenario. (A,C,E) April 13 in 2050. (B,D,F) August 16 in 2099.

pronounced difference is found in the AO. Today’s low nitrate 2050 and 2 mmol N m~2 at the end of the century, respectively
concentrations in the Beaufort Sea is encountered across the  (Figures 6E,F). The surface water of the West Spitsbergen
entire AO. Toward the end of the century, surface winter values ~ Current also contains less nitrate in the future, 1-2 mmol N m—3
of nitrate about 2 mmol N m~2 are found in the AO basins. less than compared to today (Figure 4E).

The model produces a structure of the West Spitsbergen N Lo .
Current (Figure 6) that is similar to the situation of today Time Variation of Ice and Productivity at
(Figure 4). The main difference is that the core temperature ~Selected Arctic Ocean Regions
of the AW increases by about 3°C. The increased temperature  Before dealing with the productivity of the entire AO it is useful
of the Atlantic inflow is more pronounced toward the end of  to address the variability of important processes at six selected
the century. SINMOD projects extremely low surface nitrate  sites that are inside or adjacent to the European Arctic Corridor
concentrations in the Arctic water (ArW) leaving the AO onand  (reaching from the Fram Straight to Severnaja Zemlja, east of
along the Greenland shelf in spring, about 3 mmol N m~—> around  the Kara Sea, Figure 2). To this end we characterize time series

Frontiers in Marine Science | www.frontiersin.org 8 October 2015 | Volume 2 | Article 85


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Slagstad et al.

Future Arctic Ocean productivity

0 )

==

E
e
=)
Q.
[
@)

-15 -10 -5 0 5 10

Longitude

A A1B April 2050

FIGURE 6 | Simulated monthly mean temperature (°C), salinity (psu), and nitrate (mmol N m—a) for April along section across the Fram Strait (see
Figure 2). Forced by a A1B scenario. (A,C,E) April 13 in 2050. (B,D,F) August 16 in 2099.
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changes in ice cover (in spring and annually) and primary and
secondary production (Figure 7). Each time series shows average
values from an area of 10* km?. Two regions are in the Fram
Strait (FSW, Fram Strait West; FSE, Fram Strait East). Two are
in the Barents Sea (BSS, Barents Sea South; BSN, Barents Sea
North). The two remaining regions are situated in the Laptev Sea
(LSS, Laptev Sea Shelf Break) and at the North Pole (NoP, North
Pole) (see Figure 7).

Ice Cover
Both the annual mean and the April mean ice cover in the AO
outflow region in the Western Fram Strait (FSW) is relatively

stable to around 2040. After 2040 the April mean shows strong
inter annual variability. The annual mean ice concentration
decreases steadily with some interannual variability throughout
the century (Figure 7, upper panels). The Eastern Fram Strait
(FSE) and Southern Barents Sea (BSS) experience almost no
ice. There is a large inter annual variability in the annual ice
cover in the northern Barents Sea (BSN), which increases toward
the 2040s. After 2045 the ice disappears completely from the
BSN location. The April average ice concentration at the Laptev
Sea Shelf break (LSS) shows no trends during the simulation
period. However, the annual mean ice cover decreases from
around 85% in 2040 to 50% in 2099. This reflects earlier break-up
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FIGURE 7 | Time series variation at six stations in the Arctic Ocean. FSW, Fram Strait West; FSE, Fram Strait East; BSS, Barents Sea South; BSN, Barents Sea
North; LSS, Laptev Sea Shelf Break; and NoP, North Pole (see Figure 2). Each of the six boxes shows the fraction of ice cover (above, 0-1), gross primary production
(GPP, red) and new production (NP, blue) (middle; g C m~2 y=1) and the production of Calanus finmarchicus (C. fin., black) and Calanus glacialis (C. gla., red) (g C
m~2 y=1). Forced by a A1B scenario.
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of winter ice and later refreezing during the autumn. At the
North Pole (NoP) similar ice patterns are found. Annual mean
ice cover will decrease from 95% in the 2040s to around 53%
in 2099.

Gross Primary and New Production

GPP at FSW is characterized by great interannual variability (see
Table 2 for average productions rates). There is a weak decrease
in GPP toward the end of the century in spite of less ice cover
(Figure 7, mid panels). The average NP is about 72% of GPP.
GPP in the eastern part of the Fram Strait (FSE) is three times
higher compared to the western part, but the NP is somewhat
lower, 63% of GPP. The GPP in the southern Barents Sea (BSS)
is similar to that of eastern Fram Strait (FSE). There is however a
14% decrease in production during this century.

The mean annual GPP in the selected Northern Barents Sea
station (BSN) is 87 g¢ C m~2 and surprisingly unaffected by ice
conditions (Figure 7, mid panel). Even when the ice is completely
absent the production does not increase. This is caused by
southwards transport of ice-melt impacted surface water from the
AO and lower winter concentration of NOs. In the north-eastern
Barents Sea the fresh water input is lesser and there we have a
substantial increase in GPP (Figure 7). Average NP (63% of GPP)
shows a minor negative trend with time. At the Laptev Sea shelf
break (LSS) a significant increase in annual production from 25
to 40 g C m~2 is projected around 2045. The ice cover decreases
from 0.83 to 0.74 during the simulation period. The annual mean
production at the North Pole (NoP) is 18 g C m~2. There are
relatively large inter annual fluctuations. The f ratio (NP/GPP) in
the AO will decrease from 0.85 to 0.69 during this period. Most
likely NP will decrease (nutrient limitation) while GPP increases
(more PAR).

There is a strong decrease in GPP and NP along Section A
(Table 3). In today’s climate GPP ranges around 120 g C in the
Barents Sea, 12 g C at the North Pole and 25 g C close to the
Beaufort Sea shelf (m~2 y~!). The NP ranges from 78 and 11
to 21 m~2 y~! at the respective stations. Across the Fram Strait
there are also strong differences in GPP, with 120 g C on the
Svalbard shelf and about 45 g C closer to Greenland (m~—2 y~!,
Table 4). Equivalent rates for NP is 79 and about 35 g C m™2

y L, respectively. With an average f ratio of 0.76 it is obvious

TABLE 2 | Annual Gross Primary Production (GPP), New Production (NP)
and the production of Calanus finmarchicus (Cfin) and Calanus glacialis
(Cgla) (g C m—2 y‘1) in the FSW, Fram Strait West; FSE, Fram Strait East;
BSS, Barents Sea South; BSN, Barents Sea North; LSS, Laptev Sea Shelf
Break; and NoP, North Pole, (2010; see Figure 2).

GPP NP Cfin Cgla
FSW 41.4 30 0.09 0.76
FSE 119.5 74.7 3.9 0
BSS 111.3 68.3 4.7 0
BSN 87.6 54.9 0.22 2.2
LSS 32.5 24.9 —0.004 1.2
NoP 17.8 13.5 0 0.09

Forced by a A1B scenario.

that NP in the AO represents a far higher proportion of primary
production compared to boreal waters.

Production of Key Zooplankton Species

The mesozooplankton production is dominated by Calanus
finmarchicus in the AW and C. glacialis in the ArW masses. In
the Western Fram Strait (FSW) C. glacialis dominates, but shows
large interannual variability (Figure 7, lower panels). There is a
strong negative trend in production with time. In the eastern
Fram Strait (FSE) production of C. finmarchicus is remarkably
stable and very similar to the production pattern in the Atlantic
dominated southern Barents Sea (BSS). In the northern Barents
Sea (BSN) the mesozooplankton is dominated by C. glacialis.
Around 2035 large oscillations in the production are seen for a
period of 10-15 years. Note that the oscillations act in concert
with the annual variation in ice cover. After this transition C.
glacialis disappears totally from this location. C. finmarchicus is
not able to replace C. glacialis since the temperatures here are
not high enough for effective reproduction. The Laptev Sea shelf
edge (LSS) has a significant production of C. glacialis, but the
variability in production is extreme, from almost zero to 4 g
C m~2 y! between consecutive years. Toward the end of the
century there is a decrease in production even though annual
mean ice concentration is decreasing. At the North Pole (NoP)
we find a very low zooplankton production, caused primarily
by low GPP. During the transition from permanent ice cover to
periods with some open water around 2030 there is a short period
with higher annual production (0.5-0.8 gCm~2 y!).

The production of C. finmarchicus is connected to the warmer
AW and thus only prominent in the Barents Sea station of Sector
A (Table 3) and Svalbard, Sector B (Table 4). C. glacialis plays a
more pronounced role along both transects, except at the stations
dominated by AW. Dependent on both primary production
and lower temperatures C. glacialis production is highest close
to the northern Barents Sea and eastern Greenland shelf edge
(Tables 1, 2).

Present and Future Annual Primary and
Key Zooplankton Production in the

Entire AO
No place is the GPP of the AO higher than across the western
and central European Arctic Corridor, which is a continuum of
highly productive regions along the Norwegian coast and the
Norwegian Sea. Also in the advective regions of the Chukchi Sea
and adjacent Bering Strait GPP is high (Figure 8, upper panel).
In contrast, much lower GPP is found in the Arctic basins (10—
20 g C m~2 y~1). Present GPP in the eastern Fram Strait, the
southern Barents Sea and the Chukchi Sea are in order 120-150
g Cm 2y~ ! and about 60 g C m~? in the northern Barents and
Chukchi Seas. NP estimates show a similar pattern as GPP, which
comprises around 62% of GPP in AW of the European shelf
(Figure 8, lower panel). This percentage increases northwards
toward the central AO where PAR is increasingly the limiting
factor for production today.

The intensification of GPP and NP in the AO basins during
the course of this century is clearly illustrated in Figure 8. By
2050 GPP and NP have significantly increased north of Svalbard,
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TABLE 3 | Annual Gross Primary Production (GPP), New Production (NP) and the production of Calanus finmarchicus (Cfin) and Calanus glacialis (Cgla) (g
cm—2 y‘1) at the various latitudes along transect A from the southern Barents Sea to the Beaufort Sea (see Figure 2).

Latitude 70 75 80 85 90 85 80 75 70
Longitude 40 40 40 40 40 —-140 -140 —140 —140
Present GPP 122.4 117.6 68.6 12.2 12.0 18.2 20.4 18.8 26.1
NP 79.9 77.9 50.8 10.5 10.6 151 16.4 15.5 20.6
Cfin 0.6 0.01 —0.002 0 0 0 0 0 0
Cgla 0 4.9 6.1 -0.0 -0.0 0.39 0.35 0.07 0.01
2050 GPP 108.8 92.2 104.0 29.0 18.7 12.2 15.8 16.5 25.0
NP 70.1 56.5 68.6 19.0 141 101 13.2 141 20.7
Cfin 21 1.1 1.4 0 0 0 0 0 0
Cgla 0 0 0 0.02 0.1 -0.0 0.04 0.18 0.06
2099 GPP 109.8 94.7 78.6 16.3 12.4 9.5 9.1 25.2 61.4
NP 72.2 58.2 51.5 1.7 9.2 7.4 7.3 19.7 43.8
Cfin 2.8 2.0 1.4 0 0 0 0 0 0
Cgla 0 0 0.11 0.01 0.04 0.01 -0.0 0.12 0.2

Upper panel, today; Middle panel, 2050; Lower panel, 2099. Forced by a A1B scenario.

TABLE 4 | Annual Gross Primary Production (GPP), New Production (NP)
and the production of Calanus finmarchicus (Cfin) and Calanus glacialis
(Cgla) (g C m—2 y‘1) at the various latitudes along transect B across the
Fram Strait (see Figure 2).

Latitude 79 79 79 79 79
Longitude 15W 10w 5W 0 5E
Present GPP 47.8 42.5 39.8 70.6 1225
NP 38.4 31.3 30.3 50.2 78.9
Cfin 0 0 -0.0 0.65 3.4
Cgla 2.1 2.1 0.29 0.3 0
2050 GPP 41.0 31.4 37.8 88.7 114.3
NP 31.9 23.5 20.1 55.6 70.1
Cfin 0 -0.0 -0.0 2.9 4.7
Cgla 0.06 0.08 0.16 0.08 0
2099 GPP 32.4 22.2 19.1 60.2 1121
NP 25.8 16.8 14.4 37.7 67.7
Cfin 0 -0.0 -0.0 0.6 71
Cgla 0.06 0.06 0.05 0.24 0

Upper panel, today; Middle panel, 2050; Lower panel, 2099. Forced by a A1B scenario.

the north-eastern Barents Sea, the Kara Sea Chukchi Sea and at
the western end of the Siberian shelf. There is also an increase
in the outer sections of the AO basins, but the basic pattern—
low productivity in the center and highest production along the
European Arctic Corridor region—prevails. Noteworthy is the
decrease in GPP and NP in wide regions of the southern Barents
Sea toward the end this century (Figure 8). North of Greenland
and Canada GPP are low at present and it will decrease to about
10 g Cm~2y~! toward the end of the century. Despite the general

reduction in ice cover in the central AO the production is kept
low due to limited supply of nutrients (see Figure 11).

At present high production of the Atlantic key
mesozooplankton C. finmarchicus, closely connected to the
warm AW masses, is found in the eastern Norwegian Sea and
Fram Strait and southwestern Barents Sea (Figure9, upper
panel). The production here is in the range of 4-10 g C m~—2
y~L. C. finmarchicus may also be found outside the AW, but
the production is strongly reduced when summer temperatures
stay below 4-5°C. Along and toward the Eurasian shelf break
its production is negative (growth—respiration). Today’s
production of the Arctic species, C. glacialis, is high north of
the Polar Front, in cold ArW and the northern Barents and
Greenland Seas (Figure 9, lower panel). This species is also
found along the Eurasian shelf, but in much smaller quantities.
Production along the Siberian shelf break is negative.

Toward the end of the century and along with warming
(Figure 10) the production areas of C. finmarchicus will gradually
expand into the Greenland Sea, northern Barents Sea and even
the western Kara Sea (Figure 9, upper panel). The production
in the southern Barents Sea and western Fram Strait suggests
a negative trend. As AW spreads eastward north of Svalbard
along the northern edge of the Barents and Kara Seas (Figure 10),
negative production is turned into net growth. The area of
negative growth is now found further east along the shelf break
(Figure 9). There is a significant increase in the production of C.
finmarchicus in the northern Barents Sea, but the temperature is
too low for effective growth (Figure 10).

C. glacialis is sensitive to increased water temperature. Already
in 2055 most of the Barents Sea population has disappeared
(Figure 9). There is a transition to a gradually more eastern
distribution. Around 2055 we find a substantial production of
C. glacialis in the Kara Sea. Forty years later the production of
C. glacialis has collapsed also there (Figure 9). The production
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FIGURE 8 | Simulated 10 year mean production gross primary production (GPP, upper panels) and new production (NP, lower panels) in the entire
Arctic Ocean (A1B) at present (2001-2010), in 2046-2055 and 2090-2099 (g C m~2 y—1).
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in the Kara Sea region is stable to around 2050 when a steady
decline start accompanied with larger inter annual oscillations
until complete stop in production by 2080 (data not shown). The
production areas of C. glacialis have by then moved along the
Siberian Shelf and into East Siberian Sea, especially near the shelf
break (Figure 9).

The productivity of C. finmarchicus and C. glacialis along
Section A and B in 2050 and 2099 are in principle similar to
those of today (Tables 2, 3), but show some clear deviations. C.
finmarchicus expands from 70 to 80° latitude in 2050 and 2099
while C. glacialis disappears from these stations, but produces
throughout the remaining section (Table 3). Along section B
no principle changes are projected by 2099, but C. finmarchicus
intensifies its production close to Svalbard while production of C.
glacialis appears to cease throughout (Table 4).

DISCUSSION

Since the beginning of the twenty-first century the Arctic became
warmer and wetter, a self-reinforcing trend expected to continue
because it is linked to sea-ice melt and more persistent open-
water conditions (Boisvert and Stroeve, 2015). Recent awareness
of rapid climate change in the AO, the most significant on the
globe, is accompanied by the fact that the region has critical
effects on the biophysical, political, and economic system of
the Northern Hemisphere (such as increased winter storms,
record snow falls). Extreme weather events in the midlatitudes
are linked through the atmosphere with the effects of climate
change in the Arctic, such as dwindling sea ice (Grambling,
2015). The continuous melt of sea ice, in particular the expected

disappearance of summer ice, an extensive open water region,
a “new ocean,” that due to massive ice-cover were not managed
by the nations that engirdle and use the AO. As we already
see human activities spread in to the up till now ice-covered
regions (e.g., oil/gas exploitation, shipping, fisheries, tourism)
the demand to obtain sufficient system-ecological knowledge
is paramount. Humanity has to apply the limited knowledge
regarding the AO (Wassmann et al., 2011) and tools in all possible
manners of which physical-biologically coupled modeling is one.
In order to guide future management, investigating the physical
constrains and production over the entire AO is imperative.

Confines and Limitations
We have presented results from SINMOD using forcing from a
single downscaled A1B scenario of the global climate model MPI-
ECHAMS. It is well known that there are many uncertainties
associated with these climate model scenarios and we will point to
those of greatest relevance for the present study. We have chosen
the A1B emission scenario as the CO, emission over the latest
years follows this rather pessimistic projection. Only a single
model simulation was run and this must be considered. Running
an ensemble of simulations would enable us to provide more
robust trends over time. This would be a very computational
demanding task and as the purpose of the present analysis is to
discuss the physical constrains of the future production and not
to determine the general trends, a single simulation is adequate.
A well-known atmospheric feature in the AO is the Beaufort
High located over the Beaufort Sea (Kwok, 2011; Wood et al,,
2013). This weather system transports ice toward the Canadian
Archipelago. Kwok (2011) compared results from CMIP3 model
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FIGURE 9 | Simulated 10 year mean annual production of the zooplankton key species Calanus finmarchicus (Cfin, upper line) and Calanus glacialis
(Cgla lower line) in the entire Arctic Ocean (A1B) at present (2001-2010), in 2046-2055 and 2090-2099 (g C m—2 y‘1 )

'2090-2099

runs with observations and found that the mean high-pressure
system was in most models displaced. The MPI-ECHAMS5 has
the high-pressure center displaced toward the central Arctic and
this influences naturally SINMOD ice results both by direct wind
driven forcing, but also because SINMOD ice distribution will
resemble the ice cover of the forcing data due to thermodynamics.
Another aspect is the rapid decrease in the observed ice cover
that is not captured by most global models (e.g., Carstensen
and Weydmann, 2012; Wadhams, 2012; Kwok et al., 2013),
which is also the case for the SINMOD results presented here.
Future projections of primary production are naturally sensitive
to model presentation of ice and Vancoppenolle et al. (2013)
characterized ice cover to be the largest source of uncertainty.

Consideration of computational time for a model run for 1970
to 2100 for the entire AO resulted in that only a horizontal
resolution of 20 km was chosen. However, the internal Rossby
radius in the AO is around 10 km and thus the applied resolution
is too coarse to resolve eddies. Eddies are important for mixing
and cross shelf transport. This probably has an effect on the
present simulations. When the grid size of the original model
was changed from 20 (e.g., Slagstad and Wassmann, 1997)
to 4 km (e.g, Wassmann et al., 2006b) GPP increased on
average with 14.5%, mainly due to eddy resolution. However,
interannual variability was similar and on regional scales, the
spatial distribution of GPP was the same. Higher productivities
can be expected if the spatial resolution of the model increases,
in particular on shelves, shelf seas and water columns that are
weakly stratified.

SINMOD does not account for vertical mixing by internal
waves and vertical transport by double diffusive convection.

Including both processes into the vertical mixing scheme of the
model is non-trivial, as discussed in Sundfjord et al. (2008). That
SINMOD potentially underestimates mixing can be overrun by
an “artificial” vertical mixing that occurs as a consequence of
representing vertical motions in a z-level model. GPP results
from SINMOD might thus be both over and underestimated
due to this. Given that the model give a realistic water mass
distribution implies that this error should not have a significant
impact on spatial distribution of GPP.

The model results are sensitive to light attenuation in ice
and ice-covered water and this creates challenges for modeling
primary production (Babin et al, 2015). Besides shading by
plankton and ice algae PAR underneath ice depends on ice
thickness and snow on the ice surface. SINMOD gives an
annual mean gross production rate of 16 g C m2 y ! in
the Arctic basins. The production is relatively sensitive to the
assumptions of chosen attenuation coefficient through ice (Pegau
and Zaneveld, 2000). A doubling of the attenuation coefficients
results in a production of 9.6 g C m~2 y~! and reduction of 50%
to a production of 26 g C m~2 y~1, which is similar to the A1B
projection toward the end of the century. Whatever, the realism
of the applied PAR model, GPP and NP will stay low as long as
ice-cover prevails.

Another source of uncertainty is related to that the SINMOD
was used for the entire AO using the same ecosystem structure
and parameter settings. The further we move from the European
Arctic Corridor into the AO the more questions may be raised
about the adequacy of the applied biological model. However,
SINMOD does not differ significantly in structure compared to
other models used for pan Arctic studies and produce generally
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FIGURE 10 | Monthly simulated mean surface water temperatures at the start of the productive period in April (upper panel) and at the end,
September (lower panel) in the entire Arctic Ocean (A1B) at present (2010), in 2050 and 2099 (°C).

similar distribution of GPP (Babin et al., 2015). The greatest
weakness that is important to keep in mind is that the model
underestimates production in the Chukchi and the Beaufort Sea.
There are several potential reasons for this. One is that the open
boundary of the model domain is too close to the Bering Strait.
In the shallow Chukchi Sea there is also a close pelagic-benthic
coupling not properly represented in SINMOD.

In this model primary production does not distinguish ice
algae from plankton algae as only phytoplankton is considered.
Primary production in the AO can comprise significant fractions
that derive from ice algae (e.g., Tedesco et al., 2010, 2012; Leu
et al., 2015). During the Arctic melt season, floating ice algae
aggregates likely play an important ecological role in an otherwise
impoverished near-surface sea ice environment (Boetius et al.,
2013; Assmy et al., 2014). The timing of phytoplankton and ice
algae blooms as well as the biochemical composition is different.
As we cannot distinguish between these two algae forms only
annual primary production estimates are presented, which do not
depend on such a differentiation.

The robustness of SINMOD of answering how much annual
productivity will change in a future AO. Where the changes may
be observed is not fundamentally different from other projections
(i.e., Vancoppenolle et al., 2013). Our simulations seem thus
adequate to approximate possible scenarios of productivity in
the future AO. Our main goal is to point out the all-over trends
and spatial patterns in productivity around the high-productive
perimeter of the AO basins and a discussion on the changes in
forcing that result in the expected patterns.

Physical and Chemical Changes in the
Future Arctic Ocean

Strong stratification preventing mixing between surface Polar
Water and the nutrient-rich halocline water below are one of the
main characteristics of the AO, except for sections of the inflow
shelves (Carmack and McLaughlin, 2011).

There are several factors that impact freshwater content in
the AO and thus the surface salinity and stratification (e.g.,
Carmack et al., accepted). Freshwater run-off from land is locally
important, but most of the AO freshwater ultimately derives
from the Pacific Water inflow. Freshwater in sea ice is a minor
fraction (Figure 11B). Stratification in the upper 100 m is thus
only partly influenced by Pacific Water and ice melt, the latter
in the uppermost meters. Ice dynamics, strongly impacted by
wind, are an important forcing factor for the surface freshwater
distribution. It results in freshwater and ice accumulation close to
northern Canada and Greenland, causing both considerable light
and nutrient limitation. Sea ice cover can thus be primarily wind
or thermally driven, or both (Frey et al., 2015).

Increased stratification results in decreasing simulated
nutrient concentrations in the upper water masses, particularly
in the basins of the AO. A steady decrease during this century
is projected (Figure 11C). As summer ice gets thinner and
eventually disappears (Figure 11B), primary production will
increase because of increased PAR, but become increasingly
nutrient limited. In today’s climate surface nitrate concentrations
decrease during the growth season to about 2 mmol m~3. By
about 2050 nitrate concentrations may become undetectable at
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FIGURE 11 | Mean annual simulated ice concentration for April (%, A), the total (black), liquid (red), and ice (green) bound freshwater heights in the
upper 100 m of the water column using a reference value of salinity of 35 (B), the nitrate surface concentrations (C), and the annual gross primary (D)
and new primary (E) productions (g C m—2 y—1) in the Arctic Ocean basins throughout this century (A1B).

the end of the growth season while the maximum concentration ~ AO surface NO3 concentrations decrease over the twenty-first
will drop from 6 to 4 mmol m~> (Figure 11C). This estimate is  century by 2.31 mmol m~3, associated with shoaling mixed
supported by Vancoppenolle et al. (2013) who suggests that the  layer and with decreasing NO3 in the nearby North Atlantic

Frontiers in Marine Science | www.frontiersin.org 16 October 2015 | Volume 2 | Article 85


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Slagstad et al.

Future Arctic Ocean productivity

and Pacific waters. The estimate is almost identical with results
from SINMOD (Figure 11C). In the AO basins increased
stratification and significant nutrient limitation will characterize
an AO free of summer ice, a likely scenario within the next
decades. This impoverishment of nutrients impacts NP. So even
though increased wind driven mixing is expected as the summer
ice-free area in the AO expands and in the AO basins internal
motions may contribute to mixing, (e.g., Rainville et al., 2011),
it is not necessarily enough to support large increase in GPP.
Even though there are errors in the atmospheric forcing fields as
discussed in 4.1, these same results were achieved with a model
experiment using ERA-INTERIM forcing where air temperature
artificially was increased to obtain ice free summers (Slagstad
etal, 2011).

What impact the increase in PAR and UVB will have
on phytoplankton growth and diversity remains a matter of
discussion. Whereas Arctic warming is expected to lead to lower
net community production (Vaquer-Sunyer et al., 2010, 2013),
recent experimental results suggest that increased UVB radiation
may partially stimulate primary production in surface waters
(Garcia-Corral et al., 2014). In the central AO SINMOD projects
only a slight increase in GPP and NP of 20-25 and 5-8 g C m™2
y~! during the course of this century, respectively.

Primary Production of the Future Arctic

Ocean Basins

The development of ice cover, primary and secondary production
in the course of this century demonstrates clearly that the AO
is highly dynamic spatially variable and affected by ice cover
(Figure 7). Throughout this century GPP and NP range widely
between a few to 150 and 100 g C m~2 y~!, respectively, with
the highest rates on the shelves and seas of the European sector
to the Arctic Ocean and the Chukchi Sea (Figure 8). In essence,
SINMOD suggests that primary production increases in most
regions (in particular along the northernmost shelves and shelf
breaks), that it declines in the southernmost regions in the
European sector and north of Greenland and Canada, but that the
basic production patterns in the basins will only change slightly
(Figures 8, 13A).

In the present climatic regime the simulated GPP and NP
for the entire Arctic basins are for the most limited by PAR,
but later nutrient depletion plays a role (Figures 11A,C). Along
with the declining ice cover in the AO basins (from 0.6 to 0.1
ice fraction) also the winter concentrations of nitrate decline
(from 6 to 2.5mmol m~; Figure 11C). Widespread nitrogen
deficiency in surface waters fosters the occurrence and seasonal
persistence of subsurface layers of maximum chlorophyll a and
phytoplankton carbon biomass (Tremblay et al., 2015). From
about 2050 and onwards surface water nitrate gets depleted
after the spring bloom, clearly indicating an increasing nutrient
depletion in the AO basins throughout this century. The decrease
coincides with the decline in ice cover around 2025. The reason of
increasing nutrient depletion while radiation and GPP increases
(Figure 11D) is found in the highly stratified nature of the
AO basins (Figures 3, 5). Large amounts of freshwater (7-
8 m) characterize the upper 100m of the AO basins from
which the ice fraction only comprises 0-2m (Figure 11B). As

a result of increasing light availability and stratification surface
waters get stripped for increasing amounts of nitrate through
modest, but inevitable sedimentation. Which has implications for
regenerated production and the potential NP the following year.
As a consequence, the new (or harvestable) production increases
only by about 2 g C m~2 y~! in the AO basins over the course
of this century (Figure 11E). This is reflected in the negligible
to small difference of GPP and NP in the central AO basins
between 2001-2010 and 2091-2099 (Figures 12A,B). The entire
basin area does not enjoy major increases of primary production
and toward northern Greenland and Canada even decreases are
projected. These results, all connected to the on-going and future
freshening of the AO are much in line with suggestions by Coupel
et al. (2015) for the Pacific AO.

The average GPP in the Arctic basins increases slightly from
19.5 to 23 g C m~2 y~! around 2030 (Figure 11D) that is also
reflected by the North Pole station (Figure 7, station NoP). This
is mainly caused by a small drop in ice summer concentration
that allows more PAR to penetrate into the water column.
After 2030 the model suggests summer ice concentration in
the Arctic basins to decline continuously and, switching from
light to a nutrient limitation, the average GPP remains close to

The change from light to nutrient limitation is reflected by
the f ratio. The f ratio is far higher in the AO as compared to
boreal sea regions. This difference is due to the short growth
season in which spring production (high f ratio) constitutes a
substantial proportion of GPP at higher latitudes. Regenerated
production during a short summer—fall period is correspondingly
less important. As a consequence the f ratio in todays AO
basins is comparatively high. More light availability and nutrient
depletion the f ratio drops significantly during this century.
With a harvestable production over the entire AO basins in the
range of 4-8 g C m~2 y~! (Figure9) and neutral or slightly
increasing trends in the projections for this century (Figure 11D)
the potential for a sustainable pelagic fishery in the AO basins is
small. By large the SINMOD results support the conclusion of
Coupel et al. (2015) that predicted an increase in freshening in
future years will likely cause the Arctic deep basins to become
more oligotrophic, caused by weaker surface nutrient renewal,
despite higher light penetration.

The Hot Perimeter of the Future Arctic
Ocean Basins: Primary Production along
the Eurasian Shelf Break and Adjacent
Shelf Seas

While there is general agreement that primary production will
stay low in the central AO basins, even when summer ice retreats
for good in forthcoming decades, the question can be raised
where the differences between today’s and future climate may
be strongest? The major increases in GPP and NP will take
place at the Eurasian perimeter of the AO, in particular along
the shelf break and adjacent shelf stretching from the Beaufort
to Svalbard, including the southern Kara Sea (Figures 12A,B,
transect A in Figures 13A,C). These are not only the regions
where ice loss and PAR gain will be greatest. Shelf seas and
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FIGURE 12 | Difference between the simulated gross primary production (GPP, A) and new production (NP, B) between 2099 and 2010 (as based upon
Figure 8;g C m~—2 y=1). Also shown is the difference between simulated production of Calanus finmarchicus (Cfin, C) and C. glacialis (Cgla, D).
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particularly along shelf breaks are also regions where advection
of AW and PW is most significant and where vertical density
gradients are less pronounced, leading to vertical mixing and
upwelling. This is illustrated by increasing GPP and NP between
80 and 95°N along transect A (Figures 13C,D). The difference
in productivity between the Eurasian and American-Greenlandic
perimeter across the Fram Strait is strong and this pattern
will continue (Figures 13B,D). However, increasing stratification
over the course of this century (e.g., thermal generated on the
Svalbard and due to ice-melt in the Greenland side) suggests
a generic, Fram Strait wide decrease in primary production
(Figures 13B,D). The perimeter of the AO has a hot (Svalbard
to Beaufort Sea) and a cool side (northern Greenland and
north eastern Canada). Of particular interest is the increase in
productivity along the Siberian shelf break (around 80°N) in the
latter part of this century (Figure 8).

The increases in productivity may support increased
harvestable production for some Arctic countries such as
Norway, but in particular north-western Russia, including the
Kara Sea, will experience a pronounced increase of harvestable
production caused by climate warming (Figures 12A,B, 13).
These regions will be characterized by a harvestable production
range of 80-100 g C m~2 y~! (Figure 8B), comparable to today’s

regions with significant fisheries (such as the Barents Sea and
eastern Fram Strait). The production in the Chukchi Sea is high
today and will increase in the future, but that does likely not result
increased fisheries as a cold pool in the Bering Strait prevents
the spread of commercial fisheries into the AO (Hunt et al,
2013). Over the next 30-50 years Skaret et al. (2014) predicted
an all-over increase of GPP in a major fraction of the Barents Sea
of about 36% (in some regions from 100 g C m~2 y~! to around
200 g Cm~2 y~1). The majority of this production will take place
in the ice-free region in the south. In contradiction, toward the
end of the century SINMOD predicts a decline for the entire
Barents Sea of 9% and for the hitherto ice-covered north-western
Barents Sea an increase of 8% (results not shown). Differences
in physical forcing is part of the reason why two models using
the same IPPC scenario provide contradicting results, but the
mechanism for how additional nitrate can be added to the
upper layers of the ice-free Barents Sea in times of warming
(advection of AW and increased heat flux from the atmosphere)
is not provided (Sando et al., 2014; Skaret et al., 2014). On the
contrary, winter nutrients in the Atlantic waters of the Barents
Sea have declined from 1990 to 2010, silicate about 20% and
nitrate by about 7% (Rey, 2012). This is caused by changes in the
Atlantic inflow waters, which originate much further south in an
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FIGURE 13 | Annual simulated gross primary production (GPP, upper panel), new production (NP, lower panel) along transect A (A,C) and transect B
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North Atlantic subjected atmospheric changes. Also cloud cover
and PAR must not be forgotten. Increasing cloudiness in the
Arctic dampens the potential increase in phytoplankton primary
production caused by receding sea-ice (Bélanger et al., 2013).
Consistent with these declines SINMOD predicts a decrease of
GPP and NP over the next 100 years in the southern Barents
Sea and adjacent regions. As ice disappears and the Polar Front
moves northwards (Wassmann et al., 2015), primary production
in the north increases, as predicted by Skaret et al. (2014).
Primary production estimates are sensitive to how well the
model performs with regard to physical environment (Popova
et al,, 2012, 2013), in particular vertical mixing (see Physical and
Chemical Changes in the Future Arctic Ocean). Therefore, in the
future more care has to be taken to ensure that the physics of
models are as correct as possible.

In the AW that dominates the south-western Barents Sea GPP
is nutrient limited after the spring bloom. Nutrient availability
is determined by (i) winter concentration of nutrients of AW,
(ii) the strength and onset of thermal stability during early
summer and (iii) the nutrient concentration of the inflowing
water (e.g., Rey, 2012). In AW dominated parts of the Barents Sea
and eastern Fram Strait vertical mixing in the weakly stratified
water column reaches down to 200m and more (Figure 14).
Any change of AW warming (surface) will increase thermal
stratification. As a consequence of warming, SINMOD simulates
a decrease in GPP during this century partly due to decreased
winter nutrient concentration of AW (Figure 8). Already at
ocean weather ship Mike (66°N, 2°E) in the inflow region of
AW of the Norwegian Sea the effects of increasing thermal
stratification can be shown by SINMOD, with a reduction of
the maximum nitrate concentrations of 1 mmol m—> during
this century (results not shown). This effect, already observed
(Rey, 2012), becomes more pronounced in the southern Barents
Sea (Figure 14). SINMOD suggests that the maximum nitrate
concentrations decrease in the bottom and surface waters with
about 1 mmol m~> during the century, and the main reason
for this may be increased thermal stratification projected by

SINMOD. A future increase of primary production in AW would
require increased frequency of intense wind events during to
break down thermal stability. Previous simulations (Wassmann
et al.,, 2006b) have shown that the thermocline during summer is
quite persistent and an effect of wind-induced mixing is greatest
during early spring and summer (Sakshaug et al., 2000).

The increase in GPP along the European and Siberian
perimeter is predicted to range between 20 and 80 g C m~2 y~!
and decrease by up to 30 g C m~2 y~! in the regions dominated
by AW inflow or ArW export. Where these changes can be
observed is highly variable and depends upon the selection of
stations for time series studies (Figures 2, 14, Table 2). There
is also significant interannual variability reflecting the dynamic
nature of climate-enforced primary production.

The basic feature of future changes in GPP and NP are thus
a decline in the southern AW (caused by thermal stratification)
and north of Greenland and Canada (accumulation of ice), and a
crescent shaped increase region along the Eurasian and American
continental shelf (caused by reduction in sea ice, increased
vertical mixing, and upwelling along shelf break).

Secondary Production of the Future Arctic

Ocean

The secondary production estimates of SINMOD have to be
interpreted with great caution. Regarding physical forcing and
primary production the knowledge from the Barents Sea and
adjacent regions can be more straightforwardly applied over large
arctic region. However, this is more complicated for various
species of copepods. While the Calanus finmarchicus model is
adequate for the regions dominated by AW (comprising a large
share of the secondary production in the AO), the case of Calanus
glacialis is more complicated. C. glacialis is assumed to be a shelf
species, but in the model it represents Arctic copepods per se,
despite of being only one of several Arctic species. For example,
the important, long-lived C. hyperboreus that inhabits the deeper
waters of the AO, the Fram Strait and adjacent Greenland Sea is
not part of the model. The results of SINMOD can thus predict

Frontiers in Marine Science | www.frontiersin.org

19

October 2015 | Volume 2 | Article 85


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Slagstad et al.

Future Arctic Ocean productivity

12

— =

uM

o N b O

Wit

I I il I
2010 2020 2030 2040

Barents Sea during this century (A1B).

FIGURE 14 | Variation of simulated nitrate concentrations (M) near the bottom between 300 and 370 m (red) and at the surface (black) in the southern

il
2050

1 I 1} Il
2060 2070 2080 2090

with some certainty the future development of C. finmarchicus
and C. glacialis along the European Arctic Corridor (where most
of the AO secondary production takes place), but the predictions
for C. glacialis beyond this region have to be interpreted as an
indication for the potential secondary production of unspecified
Arctic copepods.

Toward the end of this century the production of C.
finmarchicus is predicted to increase substantially in the
Greenland Sea, north and south of Svalbard and the eastern
Barents Sea, which finds support by Skaret et al. (2014). The
eastern extent of C. finmarchicus production is found in the
St. Anna Trough and has to be seen as a result of warming
(Figure 10). There is an obvious decrease in C. finmarchicus
production in regions that in today’s climate play an important
role for fish food and fisheries (e.g., Figures 8A,B). This points
at that we may expect a decrease in C. finmarchicus as fish food
in these regions (Figure 12C), which is in contrast to Skaret
et al. (2014). As mentioned above the reason for the decline
in NP and secondary production is caused by the increased
thermal stratification and the 15-20% decline in nitrate of the
AW that is advected into the Barents Sea (Figure 14). Biomass
of C. finmarchicus is advected further east along the shelf
break, but the temperature in this area is not sufficient for
build-up of new biomass: respiration losses exceed production.
This is seen as tongue of negative production rate along the
shelf break (Figure12C). Today’s significant production of
C. glacialis (Figure 12D) is strongly reduced in the northern
Barents Sea (i.e., C. glacialis disappears completely from these
regions). Increase in production is found along the Laptev-
East Siberian shelf break (e.g., Kosobokova et al.,, 2011). Being
part of the hot AO perimeter, it will here create a new food
source for pelagic organisms, while production is low and
negligible along the American-Greenlandic perimeter. Should
these predictions become a reality or unless other zooplankton
species of comparative nutritional significance substitute future
fishery management in the AO will have to be re-evaluated.

Projections of Arctic Ocean Productivity
toward the End of the Century

Despite the limitations and shortcomings that are connected to
any model that attempts to project the future our SINMOD

projections for C flux and productivity in the future AO are
useful to address the main goal. This is to point out the all-over
time trends, the approximate order of changes and future spatial
patterns in C flux and productivity along the high-productive
perimeter of the AO basins.

Local changes in light availability resulting from reduced sea-
ice are only one factor in the intricate web of local and remote
drivers of GPP and NP in the Arctic Ocean. GPP and NP increase
along the Eurasian perimeter of the AO basins and adjacent
shelf seas, in particular in the northern Barents Sea and entire
Kara Sea and the projected increases are in the range of 10-
80 g C m~2 y! and 10-50 g C m~2 y~! of GPP and NP,
respectively (Figure 12). The central regions of the AO, subjected
to increasing freshening, show a slight increase in GPP while NP
does hardly change. On the American-Greenlandic perimeter of
the AO GPP and NP are projected to decrease to even lower
rates, mainly due to continued ice-cover and freshening. In the
southern regions of the continuous domains of AW advection,
in the outflow regions east of Greenland and compared to
today’s productivity GPP and NP will generally decline, caused
by increased thermal stratification and declines in the advected
nutrient concentrations.

The increase in GPP and NP along the shelf break and adjacent
continental shelves of Eurasia is accompanied by increased
productivity of zooplankton in the range of 1-4 g C m~2 y~!
(Figure 12). The hot perimeter of the AO may thus support
increased growth of pelagic species that are of commercial
interest, such as cod and capelin, but ultimately also shrimps,
snow crab, and scallops (see also Renaud et al., 2015). Among
the Arctic coastal nations Russia may benefit the most from
the increases in harvestable production in the future AO. A
sustainable pelagic fishery in the central AO basins appears
unlikely, as harvestable production at best will stay low and may
even decline.

The Atlantic copepod species Calanus finmarchicus will
expands its dominance in the Barents Sea, the Greenland Sea
and adjacent regions, but will not penetrate into the central
AO and only by advection along the Siberian shelf. Arctic
zooplankton, here exemplified by Calanus glacialis, will increase
its abundance over much of the AO, in particular the Eurasian
shelf and shelf edge. In the most productive fishing regions of
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the Arctic and Sub-Arctic these two species play a pivotal role
today, but this may change in decades to come, resulting so far
unidentified consequences for zooplankton consumers such as
capelin, juvenile fish and marine birds.
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