Biogeosciences, 7, 3569591 2010 "5\ . .
www.biogeosciences.net/7/3569/2010/ ‘GG’ Biogeosciences
doi:10.5194/bg-7-3569-2010 -
© Author(s) 2010. CC Attribution 3.0 License.

Control of primary production in the Arctic by nutrients and light:
insights from a high resolution ocean general circulation model

E. E. Popova, A. Yool, A. C. Coward, Y. K. Aksenov, S. G. Alderson, B. A. de Cuevas, and T. R. Anderson
National Oceanography Centre, Southampton, UK

Received: 28 June 2010 — Published in Biogeosciences Discuss.: 19 July 2010
Revised: 3 November 2010 — Accepted: 4 November 2010 — Published: 11 November 2010

Abstract. Until recently, the Arctic Basin was generally con- found in the model output between primary production and
sidered to be a low productivity area and was afforded littlethese two factors, highlighting the importance of physical
attention in global- or even basin-scale ecosystem modellingprocesses in the Arctic Ocean.

studies. Due to anthropogenic climate change however, the
sea ice cover of the Arctic Ocean is undergoing an unex-

pectedly fast retreat, exposing increasingly large areas of thti
basin to sunlight. As indicated by existing Arctic phenomena

such as ice-edge blooms, this decline in sea-ice is liable torne symmer extent of sea-ice cover in the Arctic has
encourage pronounced growth of phytoplankton in summefeen declining in recent decades. A record minimum

and poses pressing questions concerning the future of Arctigs 4 2 million k2 was recorded in September 2007 (e.g.,
ecosystems. It thus provides a strong impetus to modelling>eroyich et al. 2009 compared to a 1979-2000 mean
of this region. of 7.0millionkm?. Given ongoing anthropogenic climate

The Arctic Ocean is an area where plankton productiv-change, this trend is likely to continue, with modelling stud-
ity is heavily influenced by physical factors. As these fac- jes predicting a seasonally ice-free Arctic Ocean (AO) as
tors are strongly responding to climate change, we analearly as 2050\(innikov et al, 1999 Flato and Boer2001;
yse here the results from simulations of the°lrdsolution  Qverland et a].1995. Diminishing sea-ice cover has impor-
global ocean NEMO (Nucleus for European Modelling of tant consequences for ecosystem dynamics, associated bio-
the Ocean) model coupled with the MEDUSA (Model for geochemistry and the capacity of the Arctic Ocean to ab-
Ecosystem Dynamics, carbon Utilisation, Sequestration anéorb atmospheric CO An analysis of satellite-derived pri-
Acidification) biogeochemical model, with a particular fo- mary production byArrigo et al.(2008 showed that annual
cus on the Arctic basin. Simulated productivity is consistentproduction in 2007 exceeded the 1998—2002 mean by 23%.
with the limited observations for the Arctic, with significant Export of particulate organic carbon may also be enhanced
production occurring both under the sea-ice and at the ther¢_alande et a].2009, strengthening the biological pump of
mocline, locations that are difficult to sample in the field.  atmospheric C@in the region Bates and Mathjs2009.

Results also indicate that a substantial fraction of the vari-Forecasting how these effects will propagate into the future
ability in Arctic primary production can be explained by two is however problematic given that we have a limited under-
key physical factors: (i) the maximum penetration of winter standing of the mechanisms controlling present day Arctic
mixing, which determines the amount of nutrients availableOcean primary production and associated biogeochemistry.
for summer primary production, and (ii) short-wave radia- Predicting future Arctic productivity changes under condi-
tion at the ocean surface, which controls the magnitude otions of diminishing sea-ice and changes in the water col-
phytoplankton blooms. A strong empirical correlation was umn stratification that ice retreat brings thereby presents a
substantial challenge for the modelling community.

The impact of sea-ice on productivity is perhaps most ev-

Correspondence tcE. E. Popova ident through its control of solar irradiance incident on the
m (ekp@noc.soton.ac.uk) sea surface. Ice edge blooms are a conspicuous feature in the
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seasonal cycle of Arctic ecosystenefette et al.2010, nisms that can influence nutrient supply and primary produc-
and potentially the main mode of productivity in this region. tion. For instance, nutrients may be supplied episodically
These occur when water, rich in nutrients, is first exposedvia severe storms and internal waves that erode the halo-
to sunlight during springtime sea-ice melt. At the same time,cline (seeYang et al, 2004 Tremblay and Gagnqr2009
sea-ice affects vertical stratification by presenting a barrier taRainville and Woodgate2009 and references therein). In
cooling and wind-driven mixing of the water column, as well some areas, hydrodynamics in combination with topography
as contributing fresh water during spring and summer timecan create localised sources of nutrients via processes such as
that, reinforced by the riverine fresh water input, inhibits nu- enhanced tidal mixing (e.gNiebauer and Alexandet985,
trient resupply from below and provides an additional con-wind-driven shelf-break upwelling (e.ylundy et al, 2009,
straint on primary productionrJarmack et a).2009. Stud-  and the turbulent wake behind banks and isla&ikéhaug
ies of production and biogeochemistry in the Arctic need t02004). Ice edge upwelling enhances primary production lo-
consider the interacting effects of light regime and nutrientcally and episodicallyNlundy et al, 2009, although it may
supply, both being affected not only by ice cover but also bystill be of relatively minor importance in the overall supply
water mass structure and the circulation of the regioar- of nutrients Niebauer and Smitl1989 Smith and Niebauer
mack et al(2006 concluded, for example, that whereas ice 1993. Cyclonic eddies have also been shown to impact
cover may control the timing of primary production, it is the on primary production in polar areaSrqith and Niebauer
availability of nutrients that imposes a limit to new produc- 1993. Their effect can be direct (vertical advection of nutri-
tion on the interior shelves that are subject to seasonality irents) or indirect (adding heat to and altering the circulation
ice extent. of surface waters), both of which decrease sea-ice concentra-
The Arctic Ocean experiences extreme seasonality in lightion and enhance available short-wave radiation.
regime from permanent darkness during winter to continu- Modelling provides an ideal tool for unifying and quan-
ous sunlight in summer. Solar elevation remains low evertitatively studying the relative roles of different factors in
during the summer solstice (only 23°4&t the North Pole;  controlling primary productivity and associated biogeochem-
Sakshaug2004). Light availability is also strongly influ- istry in the AO. Although a number of regional studies have
enced by the presence of ice, with irradiance immediatelybeen conducted focusing on the Chukadhi(sh et al. 2004
below the ice (especially that covered by snow) being re-2005 and Barents lagstad and McCliman2005 Wass-
duced to 0.2-5% of surface PARBgkshaug2004. How- mann et al. 2006 Ellingsen et al. 2008 seas, pan-Arctic
ever, ice concentration is often less than 100% during thebiogeochemical modelling studies are only just starting to
summer months, with a coverage of 80—-90% of winter val-come to the forel(engaigne et a]2009 Zhang et al.2010.
ues even in areas of multi-annual icakshaug2004). Ice Despite the use of a range of different ecosystem models for
cover is interrupted by leads, narrow linear cracks that formstudying the Arctic, there appears to be a general consensus
when ice floes diverge or shear as they move parallel to eacthat physical factors impose a strong controlling role on Arc-
other. Leads typically have a width that varies from a cou-tic Ocean productivity. For instance, in a modelling study
ple of meters to over a kilometer and a life span of hoursof biophysical interactions in the Arcti§mith and Niebauer
to days (e.gOverland et a].1995 Hutchings 2008. Thus, (1993 suggested that water column stratification is the pri-
two characteristics are of prime importance for the light limi- mary factor in regulating the initiation, development, and dis-
tation of phytoplankton: the number of days of open water insipation of ice edge phytoplankton blooms.
the areas of seasonal ice cover, and ice concentration (rather Here, we investigate the effect of sea-ice and ocean
than ice thickness) in the areas covered by the multi-annuaphysics as controls on primary production in the Arctic using
ice. a global 3-D high resolution coupled physical, biological and
Nitrogen appears to be the primary limiting nutrient in the ice model. The model is validated for different regions and
Arctic as it becomes exhausted first during bloom events (seés suitability assessed in terms of making realistic predic-
Tremblay and Gagnqor2009 and references therein). Phos- tions for the Arctic Ocean. The paper is structured as follows:
phorous limitation is however likely in the waters with salin- Sect. 2 presents the model description, forcing specifications
ity <25-26 PSU because Arctic rivers are relatively rich in and initialisation; Sect. 3 describes model validation for the
nitrogen and silicic acid but poor in phosphate (see Sakshaugnain ecological provinces and geographical areas; Sect. 4
2004, and references therein). However, the significance ofhen gives the main summary of the physical factors control-
riverine input of nutrients appears to be limited, at least in theling Arctic productivity in the model; finally, Sect. 5 provides
present day, because any residual inorganic nutrients are exliscussion and conclusions.
hausted before the freshwater plume advances into the Arctic
Ocean Tremblay and Gagnqr2009.
Surface nutrients available for plankton utilisation are sup-
plied by two main mechanisms in the Arctic Ocean: winter
mixing and horizontal exchange with the Pacific and Atlantic
basins. In addition, there are a number of secondary mecha-
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2 Model description and simulations Table 1. Mean simulated and observed oceanic transports through

. the Arctic straits (Sv). Where possible, the standard deviation of
2.1 Hydrodynamical model the annual time series is given. Transports into the Arctic Ocean are
Itve.
We make use of the ORCA025-N201 eddy-permitting 1978—'0OSt
2006 global ocean/sea-ice simulation implemented and per-
formed as part of the European DRAKKAR collaboration
(DRAKKAR Group, 2007. The model configuration is Bering Strait 1402  0.802[1]

Strait Model  Observations

based on the NEMO (Nucleus for European Models of the gar?”t;'ts?ta Opening , ngé , Gilzlg[[s?]]
H H H avis stral —Z. . —2. .
Ocean) codeNadec 2008, which includes the ocean cir Eram Strait 10:06 20827 [4]

culation model OPA9Nladec et al.1998 coupled with the
Louvain-la-Neuve Ice Model version 2 (LIM2) sea-ice model
(Timmermann et al2005. The configuration has a T/or-
izontal resolution (14421021 grid points) at global scale
decreasing poleward (isotropic Mercator grid in the South-
ern hemisphere, quasi-isotropic bipolar grid in the North-noted that the total observed transport through the straits is
ern Hemisphere). The effective resolution is approximatelynot zero (Table 1). The residual is attributed to the interan-
27.75km at the equator, but increases with latitude to benual variability of the flow and to the large uncertainty of
for example,~13.8km at 60 S or 60 N. The model has 64 the measurement€(rry et al, 201Q Melling et al, 2008
vertical levels with a grid spacing increasing from approx- Schauer et a/2008. Bearing in mind the large uncertainty
imately 6 m near the surface to 250 m at 6000 m. Bottomof the observations, we concluded that the simulations are
topography is represented as partial steps. in reasonable agreement with the observations. The main
The ORCA025-N201 model is driven by the DFS4.1 sur- difference occurs in Fram Strait where the model underesti-
face forcing function developed by the DRAKKAR collab- mates the net oceanic outflow from the AO. This is due to an
oration. As detailed irBrodeau et al(2010, DFS com-  excessive divergence of the Arctic outflow into the Canadian
bines elements from two sources: the CORE forcing data seSBtraits caused by biases in the ECMWF wind forcing fields.
(Large and Yeage004), from which precipitation, down- The other model bias is in Bering Strait, where the model
ward shortwave and longwave radiation are extracted; andnflow is about 42% higher. These model biases are not how-
the ERA40 reanalysis (for the period 1958—2001) which pro-ever detrimental for the purpose of the present study and are
vides 10 m wind, 2 m air humidity and 2 m air temperature to not discussed in this paper.
compute turbulent air/sea and air/sea-ice fluxes during model
integration using the bulk formulas proposedlyrge and 2.2 Ice model
Yeager(2004. The frequency of DFS4 is monthly for pre-
cipitation, daily for radiation and 6-hourly for turbulent vari-

Key: [1] Melling et al.(2008; [2] Smedsrud et a(2010; [3] Cuny et al.(2005; [4]
Schauer et al2008.

The sea ice component is the Louvain-la-Neuve sea-ice
ables. Climatological monthly runoff®@i and Trenberth model _LIM2_. A comprehensive description o_f the model and
2002 are applied along the coastline of the land mask. analysis of _|ts performance are presentedrichefet et f_;ll.
Initial conditions for temperature and salinity are derived (1997 andTimmermann et a2009; here we only describe
from a monthly climatology that combines thevitus et the basic features of the model, relevant to the present study.

al. (1998 World Ocean Atlas climatology with the PHC2.1 1€ LIM2 sea ice model is based on the Viscous-Plastic
databaseSteele et a)2001) in high latitudes and the Medat- (VP),'Ce rheology Kiibler, 1979 and 3-layer (two layers of
las climatology Jourdan et al.1998 in the Mediterranean S€@ ice and one layer of snow) thermodynamisnitnes
Sea. To avoid unacceptable drifts in salinity, the sea sur+979 With updated model physics. In particular, in addition
face salinity (SSS) is restored toward the monthly mean cli-10 Sémtner's thermodynamics, the model includes sub-grid
matological values. This relaxation timescale is 180 daysscalt_a sea ice thickness distribution, albedo as a function of
for the open ocean and 12 days under sea-ice. The mod&€2 ice thicknessPayne 1972, and accounts for the pres-

outputs are archived as successive 5-day means througﬁ-nce _Of open water Ie_ads. These featurgs ?"OW more accu-
out the whole integration. More details about the modelat€ Simulation of sea ice growth and meltifigohefet et al.

configuration may be found iBarnier et al.(2009 and 1997. To compute advective redistribution of sea ice, the
Penduff et al(2007, 2010). model employs the second order, positive-definite, second

To assess ocean model performance, the simulated ocearfiioments conserving advection schemerather(19.8©.
transports through the straits connecting the Arctic Ocean Q" comparison to th_e other mthods, the scheme IMproves
the Pacific Ocean and to the North Atlantic were comparedthe sea ice S|mulat|qns by havmg_ much Sma"er numerical
to the best to date observational transport estimates from thg|ffu5|on and producing more d'SF'nCt sea ice gdges and a
current meter moorings. Table 1 lists transports through theMall-scale structure of sea ice fields (egerryfield and

four straits, fully enclosing the Arctic Ocean. It should be Holloway, 2003.

www.biogeosciences.net/7/3569/2010/ Biogeosciences, 7, 35632010
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The sea ice model is coupled to the ocean model eVery.pie 2. Model state variables

five oceanic time steps through the non-linear quadratic drag
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law of the shear between the sea ice velocity and the upper-

SR Symbol Name Units
level ocean velocity Timmermann et a).2005. Follow-
ing Fichefet et al.(1997), fresh water exchange between Fn Non-diatom phytoplankton mmol N 1P
the sea ice and ocean is calculated from the sea ice forma-~4 Diatom phytoplankton mmol N
tion/melting, precipitation on the open ocean and snowmelt. Chlpn  Chlorophyllin non-diatoms mg chi i?
In these calculations, sea ice salinity is taken equal to 4 psu, Chlpa  Chlorophyllin diatoms mg chl m?
which is the average value of sea ice salinity in the central Fdsi  Diatom phytoplankton (silicon) mmol Si?
AO, whereas snowmelt and rainfall are fresh. The sea ice- £/ Microzooplankton mmol N m®
ocean heat flux is proportional to the departure of surface £ Mesozooplankton mmol N 'Tg
temperature from the salinity-dependent freezing point and ? Slow-sinking detritus mmol N m
the friction velocity at the ice-ocean interface. Solar radia- Dissolved Inorganic Nitrogen (DIN) - mmol Nmo;
tion penetrates snowless ice and is trapped by brine pockets® Silicic acid mmol Si nv 2
Iron nutrient mmol Fe m

inside the sea ice, increasing the latent heat storage of seaic
(Fichefet et al.1997).

The LIM2 model is used extensively in coarse-resolution
global simulations (e.d=ichefet et al.1997 Timmermann et
al., 2005 as well as in eddy-permitting configuratiorisque /
et al, 2009. The model demonstrates good skills in sim-
ulating the annual cycle, inter-annual variability and multi-
decadal trends of the Arctic sea ice. The only known bias in [

MesoZoo

~

MicroZoo

Diatoms NanoPhyto
Chl Chl

high-resolution simulations is slight underestimation of the
Arctic summer sea ice extent in comparison to satellite ob-
servationsl(ique et al, 2009.

si Fe N
2.3 Ecosystem model
Slow
detritus
MEDUSA (Model of Ecosystem Dynamics, carbon Utili-
sation, Sequestration and Acidification) is an intermediate
Fast particle

complexity plankton ecosystem model developed for the
global domain. A schematic diagram of the model is pre-
sented in Figl. The model includes 11 state variables (Ta-
ble 2). A detailed model description can be foundraol et

al. (2010.

The model divides the plankton ecosystem into small
and large portions, into which different planktonic com- a dynamic Si:N ratiolongin et al, 2009. Iron is coupled
ponents are organised. The small portion primarily in-in a strict Redfield ratio with nitrogen for plankton variables
cludes (prokaryotic) nanophytoplankton and microzooplank-(phytoplankton, zooplankton and detritus), and so requires
ton (protists and larval metazoans), together with small de-no separate specification of state variables.
trital particles that sink relatively slowly and are explic-  Sinking detrital material occurs in the model in two forms
itly represented. The large portion primarily includes (eu- that represent particles of different size, and which are pro-
karyotic) diatom phytoplankton and mesozooplankton (adultduced and modelled in distinct ways. Small particles are as-
metazoans), together with large detrital particles that are assumed to sink slowly relative to the model timestep, and so
sumed to sink sufficiently quickly that an implicit represen- their concentration is modelled explicitly as a detritus state
tation is required. The phytoplankton state variables are augvariable. Small particles sink under gravity down the wa-
mented with explicit representations of internal chlorophyll ter column at a prescribed rate, and are remineralised back
quotas. to utilisable nutrients at a constant rate. Small particles may

MEDUSA is founded on the ocean’s nitrogen cycle, and additionally be consumed by both micro- and mesozooplank-
the model resolves 11 state variables distributed between thon, which accelerates the return of nitrogen and iron to util-
nitrogen (6 variables), silicon (2 variables) and iron (1 vari- isable forms.
able) cycles, with the remaining 2 state variables denoting In contrast, large particles of detritus can have sink-
chlorophyll for both of the phytoplankton classes. The sil- ing velocities that cannot be resolved given the time and
icon cycle is split between dissolved silicic acid and an ex-space scales of the physical models in which models
plicit biogenic opal variable that allows diatom cells to have like MEDUSA are embedded. To resolve this here, the

flux

N

Fig. 1. Schematic diagram of the MEDUSA ecosystem model.
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concentration of large particles is modelled implicitly, and through biological action), we consider this integration time
they are remineralised instantaneously down the water coladequate for the purposes of this study.

umn. At each simulation timestep, the total quantity of large

detritus produced by ecosystem processes is integrated dowh5 Defining geographical regions and ecological

the water column and simultaneously redistributed between provinces

the model’s vertical levels. This redistribution is based upon

the ballast model oArmstrong et al(2002, and the imple-  Following (Pabi et al. 200§ we define the AO as waters
mentation of this model bpunne et al(2007). This model  north of the Arctic Circle (6633) and divide it into eight
uses the fluxes biogenic opal and calcium carbonate (calcugeographic sectors and four open water ecological regimes.
lated here as a latitudinal function of primary production) asThe geographical sectors are defined by their longitude
“ballast” that permits a greater fraction of organic material (Fig. 2) and include the Chukchi (180-16%/), Beaufort

to reach the deep ocean than the conventional Martin curv€160-100 W), Baffin (100-148W), Greenland (45W-

(Martin et al, 1987). 150° E), Barents (15-5%E), Kara (55-10%E), Laptev
(105-150 E), and Siberian (150-18&) sectors. The four
2.4 Model run ecological provinces are defined and demarcated following

Pabi et al. (2008) and references therein as the pelagic, the

Beginning from rest, the NEMO model was simulated in shelf, the deepwater marginal ice zone (DMIZ), and the
physics-only mode from 1 January 1978 to 31 Decembermarginal ice zone over the continental shelf (SMIZ). The
1987. At this point, MEDUSA's biogeochemistry was cou- pelagic and shelf zones are defined as those waters with depth
pled to the physics, and the model was then integrated in &f >~220 m and<220m and that have remained ice-free for
fully coupled mode with the evolving physical fields for the 15 consecutive days. The model grid point is considered part
period 1 January 1988 to 31 December 2006 inclusive. of the MIZ if it remained ice free for less than 15 days. Note

For this latter phase, MEDUSA was initialised using the that the difference with the 14 day period usedPsbi et
World Ocean Atlas climatology for dissolved inorganic nitro- al. (2008 results from the fact that all model analysis in this
gen and silicic acid concentration€gnkright et al. 2006). study is based on output fields averaged over five days. To
Since it is difficult to quantify and not routinely measured, enable direct comparison with the satellite-derived estimates,
no such equivalent field exists for the micronutrient iron, andopen water is defined as the model grid with concentration of
this was instead initialised using an iron field derived from aice less than 10%. Because of the continuous change in the
long-duration simulation of a lower resolution GCHgrekh  seaice extent and concentration, the area of all four ecologi-
et al, 2005 2006. All other model tracers (phytoplank- cal provinces varies in time.
ton, zooplankton, detritus) were initialised to arbitrary small
values. 2.6 Conceptual models of Arctic ecosystems

Since they are relatively poorly known, MEDUSA omits
riverine and seafloor fluxes of nutrients. To decrease the reln this section we describe a conceptual model of the Arctic
sulting errors in near-shore nutrient concentrations, the 3-Decosystem suggested Bakshaug2004 and the concept of
fields of DIN and silicic acid were relaxed towards World « and 8 ecosystems proposed I3armack and Wassmann
Ocean Atlas climatology values in the coastal zone, defined2006. Both ideas form a base for initial model validation
here as grid cells within 100 km of the shoreline. This relax- for the Arctic region and are widely used in the interpretation
ation was full water column, and occurred with a time-scaleof our results in later sections.
of 30 days. Because of uncertainties in parameterising the A conceptual model of the annual cycle of Arctic produc-
ocean’s iron cycle, successfully balancing the addition (aeotion is as follows Sakshaug2004). Nutrients available for
lian and sedimentary) and removal (scavenging) processes @rimary productions in the mixed-layer depth at the end of
iron proved difficult in MEDUSA. To this end, iron nutrient winter are set by wintertime convection and circulation in-
was restored towards its initial field for all ocean grid cells cluding upwelling at the shelf break. Melting of the sea
more than 100 km from land, with the same time-scale of 30ice and input of fresh water by rivers establish stable shal-
days. This ensured that iron was not excessively abundant dow stratification which sets conditions for the spring bloom.
limiting during the simulation. Limited availability of nutrients and a stable shallow upper

The first 3 years of the simulation (1988 to 1990 inclu- mixed layer (UML) confines the extremely intense (up to
sive) were considered as a settling period during which the20 mg Chla m—3) but short-lasting Ché: bloom to the re-
model’s state variables diverged from their arbitrary initial treating ice edge forming a 30—-100 km wide band of high
values to reach a quasi-repeating annual cycle. The subsé&hl-a (e.g.Sakshaug2004). The retreat of the ice cover con-
guent 15 years of the simulation (1991 to 2006 inclusive)trols the timing of the spring bloom while zooplankton graz-
were then used for full analysis. Since no significant consising and UML depth determine its magnitude and the avail-
tent trends in the DIN field were detected in the upper ocearability of nutrients its duration. In autumn, an increase in
over the period of this run (e.g. accumulation or depletionnutrient supply due to enhanced vertical mixing may trigger

www.biogeosciences.net/7/3569/2010/ Biogeosciences, 7, 35632010
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5 vs. 20 mg Chls m~3, with annual primary production of
4000 200 vs. 30—-60 g C mP yr—1 (Wassmann et g2008.

3 Results
2000 3.1 Light regime of the AO

In the simulations, the total Arctic sea-ice extent (defined as
11000 the total area covered by sea-ice) and the sea-ice area (de-
fined as the integral of the fraction of the area covered by
sea-ice) are in good agreement with satellite-derived fields
(Rayner et al., 2003). Overall, the average (1980-2001)
total simulated Arctic sea-ice extent differs from observa-
tions by no more than 5% in the winter and no more than
10% in the summer, although some regional departures are
larger, of the order of 20%. The modelled summer sea-ice
Barents agrees better with the observed field than in the correspond-
ing DRAKKAR run G70 (Lique et al., 2009). The improve-
Fig. 2. Bottom topography (m) and boundaries of geographical MeNtis mostly because of the use of new atmospheric forcing
sectors. fields from DFS 4.1 (Brodeau et al., 2010).
The observedRayner et al.2003 and modelled humbers
of days of open water for year 1997, as well as average sum-
a weaker phytoplankton bloom although observational evi-mer (June, July, August) ice concentrations, are compared in
dence of ecosystem dynamics for this time of year do not ex+ig. 3. In general, the patterns seen in the spatial distribu-
ist. It has also been observed that an accumulation of planktion of the number of open water days in the model and data
ton biomass can occur in the bottom 3—4 cm of the Mel{ show good agreement. The largest (in units of area) discrep-
nikov et al, 2002. ancy between the observed and modelled distributions occurs
Primary production is determined by a complex interplay in the Greenland sector where the modelled sea-ice zone ex-
between availability of light and nutrients both regulated by tends too far east from the East Greenland Shelf. The cause
the stratification. In this respe@armack and Wassmann for the bias is the excessive ammount of cold, buoyant Arc-
(2006 suggested the concept@fandg oceans (aftewr, the  tic surface waters present in the western Greenland Sea in
thermal expansion coefficient, argd the haline contraction the simulations, resulting in strong stratification of the water
coefficient). Temperature stratification is of primary signifi- column. This reduces oceanic heat towards the sea-ice base
cance inx type waters and typical of the tropical and subpo- and decreases sea-ice ablation. Another model bias occurs
lar ocean f-type waters with a predominant salinity stratifi- in the south-eastern Barents Sea, where there is more sea-
cation are typical of the polar areas affected by ice formationice in the summer than that observed. This is because the
and melting. At present the Arctic Ocean consists mostly ofsimulated Atlantic water inflow in the western Barents Sea is
B-type waters, except for the Atlantic inflow (Barents sea). colder than the observed, consequently about 20% less heat
The different mixing regimes ia andg oceans support con- is available to melt sea ice. However the sea ice bias is not of
trasting ecosystem regimes and, as far as biophysical feedsignificance for this study, as its concentration and thickness
back is concerned, present a different intensity of feedbaclare low, less than 0.20 and less than 10 cm respectively.
between physics and biology. Substantially deeper mixing As already noted, the annual input of short-wave radiation
of thea oceans supports phytoplankton concentrations mucho the ocean depends on ice fraction rather than on ice thick-
lower than the shallow stable surface layers ofgheceans.  ness, even in areas covered by multi-annual ice. Summer
However increased vertical mixing ta type waters results averaged ice concentration in the central Arctic Ocean varies
in much higher integrated primary production than the in- between 80 and 95% in the model, with localised minima of
tense but shallow blooms of the oceans. On an annual about 75% (Fig3c). These concentrations are lower than
basis, the situation i@ and 8 oceans becomes even more observed values of95% (Fig.3d), and this underestima-
contrasting:8 blooms are transient and quickly become nu- tion of ice concentration leads to an equivalent overestima-
trient limited, while high productive regimes are sustained tion of short-wave radiation and therefore also the photosyn-
for long periods of time due to continuous re-supply of nu- thetically active radiation (PAR) available to phytoplankton.
trients. The contrasting nature @fandg ecosystems can be The reduced sea-ice cover simulated in the Central Arctic
illustrated by the comparison of south-eastern and northeris likely to be caused by positive biases in the downwelling
areas of the Barents Sea where respectiveaGhbxima are  short-wave radiation and surface air temperature fields in the

Baffin
i A9ide]
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Fig. 3. Modelled(a) and observe¢b) days of open water; modell€d) and observe@d) summer (June, July, August) average ice concen-
tration for year 1997.

DFS4.1 data set used to force the mod&fodeau et aJ.  our analysis is focused on the two large-scale mechanisms of
2010. This bias is not significantly detrimental for the sim- nutrient supply: winter mixing and horizontal exchange.
ulation of physics in the upper and intermediate ocean, but The strong salinity stratification found over most of the
may cause light regime to be unduly favourable for primary Arctic domain restricts vertical mixing (e.dRudels et al.
production. 1996 and thus vertical supply of nutrients. In addition, ice

The observed annual mean open water (ice-free) area fogover isolates the underlying water column from the influ-
1998-2005 comprises about 30% of the total area of theence of wind forcing and provides strong negative buoyancy
AO. The model tends to overestimate the extent of sea-iceforcing that prevents the development of winter convection.
with the area of open water varying between only 19 andThe modelled maximum depth of the UML shows these fea-
23%. Similarly, the model underestimates the annual mearures (Fig.4c). Deep winter mixing (in excess of 300 m) in

marginal ice zone with a coverage of just 1.9% of the totalthe model occurs only in the Atlantic inflow waters in the
AO area as compared to 8.5% in the observations. south-east Greenland and south-west Barents sectors. Win-
Jer mixing rarely exceeds 80 m outside of these areas, and on
average is only 40 m. Mixing does not penetrate deeper than
cline poleward as a result of increasing ice thickness and con20 m throughqu _the year on the Siberian shelvgs which are
centration and reduction in solar elevation. The maximumaﬁectecj _by significant input of fre_sh water from rlv_ers._Varl-
short-wave radiation occurs along the shelf where ice-free>"'> studies have s_hown that sea-ice melting and river input of
conditions occur in summer and in the permanentlt ice-freg'€Sh water establish a shallow Spring-summer UML of 15~
areas affected by the Atlantic inflow. 35m depth, separated from underlying waters by a strong

seasonal halocline&sSgkshaug2004 Rudels et al.1996 that
severely limits episodic resupply of nutrients during inten-
3.2 Nutrient regime of the AO sive storm events (cf. Figib).

Cascading of shelf waters to intermediate depths, down

Since the horizontal resolution employed in this study is in-to 1000 m, has been recorded in several locations off the
sufficient to permit localised nutrient supply mechanisms de-Barents Sea and Siberian shelves (&gnov and Shapiro
scribed in the introduction, the model is unable to describe2005 Ivanov and Golovin2007). This process may change
small-scale or episodic “hot-spots” of productivity (such as ocean stratification and erode the pycnocline, although only

that seen near Svalbard; e®pkshaug2004. As a result, a few cascading regions around the Arctic shelf have been

Surface short-wave radiation averaged over the productiv
period (May—September) is shown in F&a. It shows a de-
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Fig. 4. Model results for year 1997a) Summer (May—September) average short-wave radiation at the ocean surfat%),\/(fajlsummer
(May—September) average UML depth (rfg) maximum modelled depth of UML during the year (note non-linear colour scale) on the basis
of 5 day average values (m).

discovered so far and basin-wide implications of the cascadface waters of the northern Bering sea is nevertheless sig-
ing are not yet fully understood. Despite the model realisti- nificant, with concentrations of 10-15 mmot#hfor nitrate
cally simulating cascading of the Barents Sea bottom waterand 20—-25 mmol m? for silicic acid, in part because con-
in to the Eurasian Arctic Ocean, it is likely to under repre- centrations of the micronutrient iron prevents the drawdown
sent shelf cascading, as the higher model resolution, ca. 2 kmaf macronutrients to corresponding North Atlantic concen-
is required to properly resolve this process (dvgnov and  trations (e.gTsuda et al.2003. Given these differences in
Golovin, 2007). However, since this is a relatively localised winter maximum silicic acid and nitrate values in Pacific and
phenomenon, its absence in the model is not detrimental foAtlantic inflow waters, the model Si:N ratio varies signifi-
the present study. cantly across the Arctic basin and creates strong gradients in
The modelled maximum surface concentrations of DIN phytoplankton community composition exemplified by dom-
and silicate are shown in Figa, b. DIN and silicate were inance in the model of diatoms in the Chukchi sector.
initialised from the WOA. The model does not drift sub- The modelled annual minima of surface silicate and DIN
stantially from the initial state and reproduces well the ob-are shown in Fig5c, d, indicating where primary production
served contrasting features of the Pacific and Atlantic inflowin the UML is limited by nutrients rather than availability of
(Conkright et al.2008. The subarctic Pacific Ocean and the light. Productivity in the UML in these areas is likely to be
deep Bering Sea are characterised by some of the highest levelatively unchanged if ice retreat continues without an ac-
els of nutrients seen in the world ocean with deep (below thecompanying weakening of the stratification. It would appear
pycnocline) concentrations of 30—-40 mmotnfor nitrate that the majority of the shelf areas, as well as central Arc-
and 100-300 mmol e for silicic acid (see€Sakshaug2004 tic, are limited by DIN. Exceptions where light limitation is
and references therein), as compared with 10-15mmdélm important include the Pacific inflow (Chukchi sector), Green-
for nitrate and 6-8 mmol i in the North Atlantic sector. land sector, and areas adjacent to the Canadian Archipelago
However, restricted vertical mixing in the North Pacific, in Where ice thickness and concentration are maximal.
combination with the shallow depth of the Bering strait (40—
50 m), prevents penetration of these nutrient-rich waters into
the Arctic basin. The winter maximum of nutrients in sur-
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Fig. 5. Model results for year 1997: maximum DI(s) and silicate(b) concentrations (mmol imf); minimum concentration (mmol i?)
of DIN (c) and silicate(d); number of days that DINe) and silicate(f) concentrations are below their half-saturation level (0.5 mnot m
for nitrate and 1 mmol m?3 for silicate). Note non-linear scale.

3.3 Primary production of the main ecological problems include signal contamination by sea-ice itself, by
provinces CDOM (coloured dissolved organic matter) in areas affected
by riverine input, and by the frequent occurrence of Arctic

. . L ) .. fog in areas coincident with maximum Chleoncentrations
The aim of this section is to assess, and where possible Ve”fy('Perette et al2010), these being most pronounced at the on-

total modelled productivity of the main ecological provinces: set of the ice-free period. In addition, the vertical distribution

open water (dgep and shelf)_, the marginal ice_ zone (deepy Chl-a in the AO is characterised by a strong sub-surface
and _shelf) and ice. The area-integrated p_roductlvr[y of thesefnaximum (e.gHill and Cota 2005. Exponential decline of
provinces for years 1990-2005, as predicted by the mOdeIChl—a below the UML utilised by Pabi et al, 2008 would

IS presenFed in Figs, as well as the spatial distribution of have introduced substantial errors in the depth integrated es-
annual primary production averaged over the water COIumr}imates

for year 1997 in Fig7a. Results are compared with analysis

of satellite-derived primary production Babi et al(2008. 3.3.1 Ice ecological province

Care must be exercised when undertaking this comparison

for two reasons. First, satellite-derived primary production Based upon historical in situ measurements and model re-
is itself an estimate based on various assumptions within &ults, an early estimate byakshaug2004 calculated to-
model that has been subject to limited verification for thetal Arctic Ocean primary production to be 329 Tg Cyr
Arctic. Second, problems associated with quantifying &hl- Annual pan-Arctic satellite-derived primary production av-
from remotely sensed ocean colour may be particularly acuteraged over the period 1998-2006 was estimated to be
in the Arctic relative to other parts of the World Ocean. These419 TgCyrl (Pabi et al. 2009, with a minimum of
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Fig. 6. Modelled annual primary production in the Arctic Ocean for each ecological province as defined i2.Sdating 1990—2006 (cf.
Fig. 9 inPabi et al(2008), TgCyr 1.

375TgCyr?! in 1998. However, as noted byabi et al. The ice ecological province is characterised by sea surface
(2008, this is likely to be an underestimate because it doesgemperatures below @ and generally thick 3-5m multi-
not take into account the contribution of the ice province. Itisannual ice during the productive seas@@afmack et a.
impossible to quantify primary production in the open leads2006. However, numerous open water leads are present dur-
and melt ponds from satellite data because of insufficienting the summer. These open and close under the influence of
spatial resolution. Our model estimate of 828 TgCyr ! wind and currents such that ice cover is 10-20% lower than
is substantially higher than both these values. Howevetthat during winter akshaug2004. Enhanced productivity
211440 TgCyr ! is produced in the ice province (Fif). occurs when leads stay open for a week or more, both within
Is this relatively large contribution to total primary produc- the leads themselves and in the surrounding w&akghaug

tion by the ice province realistic? First of all, the 83% con- 2004). The model resolution is insufficient to explicitly rep-
tribution of the ice province to the total AO area in the model resent leads, and enhanced primary production occurs in the
is somewhat higher than a fraction of 71% based on obsermodel through the decrease in ice concentration and thus in-
vations. In addition, the modelled ice concentration duringcrease of PAR within grid cells.

the productive period is probably about 10-15% lower than The modelled annual primary production in the ice
that observed (see Se8tl). If it is assumed that light rather province varies between 5 and 20g C#hyr—! (Fig. 7a).

than nutrients sets an upper limit to annual primary produc-Both in the model and observations, the western domain
tion, the estimated production in the ice province may be aof the ice province (northern parts of the Baffin, Beaufort
much as 20-30% too high. If an improved ice model is usedand Chukchi sectors) is characterised by older and thicker
production in the ice province might decrease from 211 toice with lower summer concentrations (Figc, d) than
about 150 Tg Cyrl. the eastern domain (northern parts of Greenland, Barents,
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Fig. 7. Model results for year 1997a) annual water column primary production in the Arctic Ocean (g@ w11, note non-linear scale);
(b) surface Chk concentration (mg Chl m3); (c) water column integrated Cli-concentration (mg Chl m2); (d) surface salinity (PSU).

Laptev, Kara and East Siberian sectors). The anticipatedations, and that the ice province is an important contributor
consequences of these differences are a less favourable lighd total Arctic primary production.
regime and decreased vertical mixing in the western domain.
Although the model shows differences in light level (Fg) 3.3.2 Pelagic ecological province
the UML dynamics are similar throughout the whole ice
province (Fig.4b, c). However, the western domain is sig- The pelagic ecological province is the second largest in the
nificantly influenced by the inflow of nutrient-rich Pacific Arctic, comprising 11% of the total area of the AO in the
seawater and is characterised by higher nutrient concentranodel, as compared to 16%R4yner et al.2003 accord-
tions than the eastern domain where Atlantic inflow occursing to observations. This province is dominant in the Green-
(Fig. 5a, b). Thus, relative to the eastern domain, the mod-and sector, comprising about 80% of the area in both the
elled primary production in the western domain is limited by model and observations. It also occupies about half of the
light to a higher degree and by nutrients to a lesser degreeBarents and Baffin sectors but is virtually non-existent in the
Although these two factors provide opposite influences onKara, Laptev and Siberian sectors where ice rarely retreats
the productivity that nearly cancel each other out, the impacteyond the wide shelf break. In the model, it contributes
of nutrients prevails and primary production in the western40% of the total Arctic primary production (255 Tg CVf,
ice province is about a factor of 2 to 3 higher than in theas compared to 150 TgCWt estimated byPabi et al,
eastern province. 2008. Area-normalised annual production in the model is
Although early estimates of primary production in the 132£10gCn12yr—1, similar to the satellite-derived esti-
deep Arctic Ocean suggested extremely low values of lesgnate of 1228 g C n2yr—! by Pabi et al(2009.
than 1gCm2yr—1 (Apollonio, 1959 English 1961), more It is natural to separate the pelagic province into two
recent studies have found that primary production in the ice-distinctively different regimes, alpha and beta-type ecosys-
covered Arctic Ocean is much higher (e@osselin et aJ. tems. The majority of the pelagic province (e.g. Norwe-
1997 Sakshaug2004 Cota et al. 1996 Sherr and Sheyr  gian and South-western Barents Sea) is situated at the At-
2003 Kirchman et al. 2009, and similar to our model es- lantic inflow and manifests features of alpha-type ecosys-
timates. Thus, we conclude that the model estimates of théems Carmack and Wassma2006. These areas are char-
primary production in these areas are consistent with obseracterised by deep winter mixing that provides high nutrient
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supply to the photic zone and relatively weak stratification factors require careful consideration given that, both quali-
in summer. The combination of these two factors inducestatively and quantitatively, there is a substantial discrepancy
limitation of primary production by light rather than nutri- in satellite and model-based estimates of productivity of the
ents with the annual primary production in the model reach-MIZ.

ing 200£10gCn2yr~1. In the reminder of the pelagic The breaking of sea-ice floes and decreasing ice fraction
province that is affected by the melting of sea ice the ecosysthrough enhanced lateral melting of ice floes is known to be
tem regime is governed by a strong halocline, and thereforea principal mechanism affecting the sea ice evolution in the
limited supply of nutrients. Modelled primary production in immediate vicinity O(1-10km)) of the sea ice edge (e.qg.

these areas is generally low (40-70 g Cagyr—1, Fig. 7a). Squire 1999. In contrast, the width of the MIZQ(10-
100 km)) is defined by a variety of processes. Some of these
3.3.3 Shelf ecological province processes are not represented in global models due to the rel-

atively coarse model resolution (e.g. inertial-internal waves),

The shelf province comprises about 5% of the total AO whereas the others are omitted by simplified model physics
area in the model and 7% in the observations. Neverthe{e.g. tides, wave radiation stress and ice flow collisions). The
less, much as with shelf regions elsewhere, it is responsidetails of the MIZ dynamics are outside the scope of this pa-
ble for a disproportionately high fraction of primary pro- per (the reader is directed to the comprehensive overviews
duction. In the model it contributes 17% of total produc- in Wadhams1986and Squire 2007). These processes (un-
tion in the Arctic (110 TgCyr?'), as compared to 16-24% modelled here) have a significant effect on sea ice and ocean
(864 14 Tg Cyr1; Pabi et al(2008). Shelf areas are onav- dynamics in the MIZ. For example, by including wave ra-
erage more productive (120 g Cyr—1) in the model than  diation stress in a sea ice-ocean coupled mokel et al.
in the estimate oPabi et al(2008 (95g C nT2yr—1). (1993 simulated an enhanced Ekman pumping, upwelling

Inflow shelves of the Chukchi and Barents Seas are maand eddy formation in the near-ice edge zone. The unrepre-
jor contributors to total primary production in the AO with sentative MIZ dynamics in our simulation may be a result of
model values exceeding 200gC#Ayr—1. The interior  the model's omission of these (and other) MIZ processes.
shelves (Kara, Laptev, Siberian and Beaufort) receive the ma- In part, the high MIZ productivity estimated Babi et al.
jor fraction of discharges from Arctic rivers, and are char- (2008 is probably due to the contribution of so-called ice-
acterised by a very stable stratification that imposes strongedge blooms (e.d@Rerette et al2010. These are large bands
nutrient limitation. As a result, both in the model and in ob- of high Chlu that “follow” the retreating sea-ice in response
servationsCarmack et a) 2006), the interior shelves support to the opening up of the underlying ocean. It has been sug-
primary production that is a factor of two to five lower than gested that these ice-edge blooms may be responsible for up
the inflow shelves of Chuckchi and Barents Seas, with valuego half of the annual production on the Arctic shelv€a(-
ranging from 20 to 70gCmPyr—1. The outflow shelves mack et al.2006), though the recent estimates of ePgrette
(Greenland and Canadian Arctic archipelago) support pri-et al.(2010 suggest that, in spite of a high Chlsignal, ice-
mary production rates in the model that are similar to those ofedge blooms may not be the most important mode of seasonal
the interior shelves, which is in agreement with the synthesigproductivity.

of Carmack et al(2006. The classical view of the dynamics of ice-edge blooms is
as follows Sakshaug and Skjolddl989. As sea-ice retreats
3.3.4 Shelf and deep marginal ice zones and melts, it introduces freshwater at the ocean surface that

induces strong stratification. Solar irradiance also increases
Satellite-derived primary production in the shelf marginal ice as ice cover shrinks and, with spring having arrived, pro-
zone was estimated byabi et al.(2008 to be the second vides conditions suitable for phytoplankton growth. From
most important of all the ecological provinces, accountinga lagrangian point of view, ice-edge blooms are generally
for 28-33% of AO primary production (1356 TgCyr 1) understood to be short-lived phenomena that quickly strip
despite its relatively small spatial extent (16% of the AO). out the nutrients from the shallow (15-35 m) surface mixed
On the basis of satellite-derived Céj-Pabi et al.(2008 layer that is characteristic of seasonally ice-covered waters
estimated an areal productivity higher than in any other(Niebauer et a).1981). If ice-edge blooms are to be consid-
province, averaging 2#15gCnt2yr-1 and reaching as ered from an eulerian point of view, however, each represents
high as 358-428 g Cnfyr—1 during the peak of the spring along-lasting band of elevated chlorophyll concentration that
bloom. However, in the model the shelf marginal ice zonefollows the retreat of the sea-ice, leaving oligotrohic condi-
contributes only about 3% (21T CW) of total AO pri- tions in its wake. A recent satellite-based studyHeyette et
mary production (Fig6). This low value is due in part to al. (2010 showed that ice edge blooms are a pan-Arctic phe-
the area of this province being underestimated in the modehomenon, occurring in all seasonally ice-covered areas of the
(only about 6% of the total AO area), as well as to the area-AO. To what extent, then are ice edge Ghblooms present
normalised production being nearly factor of two lower than in the model?
the Pabi et al.(2008 estimates (125gCnfyr—1). These
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Spatial distributions of 5-day averaged model ice con-
centrations, as well as surface concentrations of {Clare
shown in Fig.8 for 10-16 April. Ice-edge blooms are clearly
visible in the model in the Norwegian and Barents Seas.
However, they penetrate far into the ice covered zone, as
well as occurring in areas with ice concentration well above
10%, thus their production is accounted in the ice rather than
MIZ province. Further, ice edge blooms become less pro-
nounced in July and August in the model despite the con- g
tinuous ice retreat and enhanced values of £ahkd primary
production that are observed in the model almost everywhere {
in ice covered areas. As was discussed in Sdf.model
ice concentration in summer is underestimated thus promot-
ing enhanced productivity in the ice province relative to that
occurring in reality. Thus, instead of intense and fast mov-
ing ice-edge blooms, the main mode of productivity in the
model is a slower and more prolonged period of elevated (al-
beit much less so) productivity that penetrates further into the
areas of multi-annual ice. It seems that the area-integratec Chi-a for 12-16th April
annual productivity is similar in both cases because it is the
available nutrients, rather than light, that control the upperFig. 8. Spatial distribution of the 5 day average surface concentra-
limit of algal growth. The two scenarios might neverthelesstion of Chl (mg Chl ni-3) for 13-16 April. Ice concentration of
be substantially different in terms of resultant export produc-50% is shown as a black line.
tion. One might expect rapid export from the euphotic zone
to be associated with '”tef‘se spring blooms V\{here phyto-of Pabi et al.(2008 should be treated with caution for this
plankton growth rate outstrips zooplankton grazing. In con- : . o
trast, a more slow and prolonged light-limited growth in the area because they are pot.entlally contamlna.\ted. by riverine
presence of ice would allow a tighter coupling between Iohy_!nput of CDOM_ (see also discussion of the Siberian sectors

. ) in the next section).
toplankton and zooplankton, higher recycling and lower ex-
port. Ogr resu!ts therefore suggest that if further retreat '0f3_ 4 Regional patterns of primary production and
the Arctic sea-ice is to be accompanied by the reduced ice
concentration in summer, ice edge blooms may disappear,

or become less widely spread, than is seen today. Howevetthe aim of this section is to asses the spatial variability of
further studies that address process-modelling of ice-edg@rimary production and ecosystem characteristics in the AO
blooms, and the physical factors controlling them, are essensector by sector (Se@.5), and to compare with in-situ data
tial for the future development of models of the AO ecosys-where possible. Analysis is also undertaken of the correla-
tem and its transition to a seasonally ice-fee ocean. tion between primary production (Figa) and physical fac-
The annual primary production ofthe deep MIZ is the low- tors such as the number of days of open water (BQ,
est of all Arctic provinces in both the estimatesRabi et al. annual mean short-wave radiation (F@), surface Sa”nity
(2008 and in the model, 10-13% and 2.5% respectively. As(Fig. 7d) and the maximum depth of mixing (Fidc).
for the shelf marginal ice zone, the area of this province isun-  Many in-situ studies have observed a subsurfaceChl-
derestimated in the model thereby leading to a correspondingnaximum as a perennial feature of AO ecosystems lh.
underestimate for primary production (21 Tg C¥ragainst  and Cota2005. The characteristics of the modelled subsur-
47TgCyrtin Pabi et al. 2008. The satelliet-derived es- face Chla, calculated for period of May—September 2007,
timates of area-normalised production in the deep M&bi  are depicted in Fig9, showing the duration of the subsur-
et aI(2008 are similar to those of the pelagic province, but face maximum in days (F|@a), the averaged value of the
much lower than those in the shelf marginal ice zone. Thesubsurface maximum for May_September (m)’ average
shelf and deep MIZ do not exhibit substantially different pro- strength (Fig.9c; calculated as the ratio of the subsurface
ductivity in the model. In general, the modelled shelves ShOWmaximum relative to the surface Va|ue), and average depth
low productivity compared to estimates@ébi et al(2008  (Fig. 9d). The contribution of the subsurface Ghlmax-
(cf. Fig. 7 and 12 ofPabi et al. 2008, but are nevertheless jmum to total water column integrated Chland primary
in agreement with the synthesis @armack et al(2006. It production is shown in Fige, f. Here the “subsurface max-

is not clear as to the extent to which unresolved shelf pro-imum” contribution is that, in Chi and productivity terms,
cesses in the model, important for promoting high productiv-occurring below the UML depth.

ity, are responsible for this underestimate, or whether the data
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Fig. 9. Duration of the subsurface Chlmaximum in day4a), average value of the Cllmaximum in mg Chl m3 (b), averaged strength
(calculated as a ratio of subsurface maximum to the surface vét)eand averaged depth in (d); contribution of the subsurface Chl-
maximum to water column integrated primary productfehand Chle (f). The contribution of the subsurface maximum to water column
characteristics is calculated as a ratio of the integral value below the UML depth to the total water column integral value.

3.4.1 Chukchi sector Annual primary production is observed to be highest in the
Arctic on the nutrient-rich shelf of the Chukchi Searéb-
The physical and biological regimes of the seasonally ice-meir et al, 2006 and references therein), with values of 70—
covered Chikchi sector are strongly influenced by the north-8o g C nt2yr—1 (excluding the intense localised plumes that
ward flow of water, driven by sea-level difference, from the occur in the southern part of the Chukchi Sea where produc-
Bering Strait (Woodgate et al2003. Advection of nutrient-  tjon can reach values of 400 g Cyr—1). Lower values of
rich waters supports a highly productive regime on the edgeprimary production of 20-70gCnfyr—! are observed in
of the otherwise largely oligotrohic Arctic OceaHill and  the northern Chukchi Sea and along the Alaskan and Siberian
Cotg 2003. Spatial distribution of primary production in coast. Modelled primary production shows a similar pattern
the Chukchi sector is controlled by ice extent in summer, agFig. 7a), with maximum values of up to 200 g Cthyr—1in
well as key hydrographic features (primarily defined by vary- the southern part of the Chukchi sea and 20-80 g€yn !
ing salinity; Grebmeir et al.2006. Of particular importance  outside of the southern areas affected by the Bering inflow.
for primary production are nutrient-rich Anadyr Water and Maximum diatom productivity occurs in the silicic acid-rich
Alaska Coastal Water flowing northward on the eastern sidechukchi Sea, where this group contributes about half of the
of the Chuckchi Sea, and the fresh, nutrient-depleted southtotal production. The subsurface Ghlmaximum is not
eastward flow through the Siberian coastal curr@mepmeir  strong in this area (Figb) because of the high surface con-
etal, 2006. centrations of nutrients in the southern part of the Chukchi
sector, and does not contribute a significant fraction of pri-
mary production or depth-integrated Ghl¥Fig. e, f).
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The western part of the Chukchi Sea, adjacent to thedeeper mixed layers (Figb), prevents the development of
Siberian coast, is a poorly sampled region. Modelled primarya strong subsurface chlorophyll maximum toward the Cana-
production in this area is heavily controlled by ice extent, anddian Archipelago. 70-90% of primary production in this area
by the low nutrient concentrations in the Siberian coastal cur-occurs within the UML, which typically extends to depths of
rent driven by freshwater arriving from the Kolyma river. The 20-30 m (Fig9e).
modelled nutrient distributions along this coastline are sub- Primary production in the Beaufort sector (Fig) gener-
ject to relaxation towards a nutrient climatology, and there-ally follows the spatial distribution of two physical factors,
fore should be treated with caution because of potential ersurface salinity (Fig7d) in the shelf and southern most part
rors in this climatology. of the deep basin (reflecting levels of nutrient limitation) and

Primary production over the shelf part of the Chukchi sec-summer short-wave radiation (Figp) in the northern part of
tor is variable but closely follows the spatial distribution of the deep basin (reflecting levels of light limitation).
surface salinity (Fig7d). This is unsurprising because the
factors that control both nutrient supply and salinity distri- 3.4.3 Baffin sector
butions in this region are the same, e.g. the inflow of high
salinity and nutrient-rich water through the Bering strait, and The Baffin sector includes three distinct areas: Baffin Bay, a
the influence of the fresher, low-nutrient Siberian coastal cur-substantial part of the Canadian Archipelago, and the deep
rent. Arctic basin covered by multi-annual ice. The Canadian

A strong subsurface maximum is a dominant feature ofArchipelago is a large and complex AO shelf with nar-
the productivity regime beyond the shelf break where nutri-row channels and interconnecting basins. Its complex to-
ents, rather than light (Figsc), limit primary production.  pography, shelf-exchange processes and highly variable ice
Although the value of the subsurface maximum decreasegover determine the physical regime of this regitdfichel
northwards, its strength increases (reaching a maximum agt al, 2009. Modelled primary production in the Canadian
about 82 N), driven by an increase in nutrient limitation. Archipelago (Fig.7a) is low, 20-70gCm?yr~1, in good
The maximum deepens progressively northwards, reachinggreement with observationS¢rmack et a).2009 in spite
values typically more than a factor of 5 higher than that of of the resolution of the underlying physical model being in-
surface Chle. As much as 80-90% of primary production Sufficentto describe intricacies of the shelf dynamics and wa-
in this area is sustained in the subsurface chlorophyll maxter mass exchanges through the multiple narrow channels.

imum (Fig. 9e). Similar findings were made hifill and Baffin Bay, which is seasonally covered by ice, is sub-
Cota(2009 in the summer of 2002 on the shelf break of the stantially more productive, with production rates showing a
Chukchi and Eastern Beaufort seas. marked correlation with the depth of winter mixing (F4g).
Deep mixing in the southern and western areas supplies high
3.4.2 Beaufort sector nutrients that sustain production of 100-140gCiyr—1

(Fig. 7a). In contrast, the northern part of the Bay, which
The margins of the Beaufort Sea are relatively narrow com-is influenced to a greater extent by ice, is mixed only down
pared to the Siberian shelves. Observed primary productiono 40-60 m in winter (Fig4c) leading to primary produc-
is 30-70g C m?yr~* (Carmack et a).2006 Hill and Cota  tion of only 3060 g C m?yr—1 which is limited by nutrients
2009, similar to that obtained in the model (Fitp). Aswas  (Fig. 7a).
the case for the shelves of the Siberian sectors, the model
indicates that it is nutrient limitation (Figc) rather than  3.4.4 Greenland sector
light that sets an upper limit to annual primary production
in the UML. Similar to observations, model results show an- The Greenland sector of the AO has three distinct geographi-
nual production of 70-90 g Cnfyr—1 on the shelf and 20— cal areas, north, north-west and south-east, each of which has
30gCn2yr-1 on the edge of the basin (Figa). A sur- a different relationship with sea-ice. The northern part of the
face nitrate minimum occurs between July and August in thesector is covered by multi-annual ice (F&n), with no days
model, with values below the phytoplankton half-saturation of open water and negligible primary production. This lack
levels (Fig.5c). A strong sub-surface maximum of Chl-  of biological activity is paralleled in the model, so this area
(Fig. 9a, b) is formed from July until September, at a depth is excluded from further analysis. In contrast, the north-west
of about 20 to 40 m (Figed). In the model, nutrient limita- area is affected by seasonal ice cover, while the south-east
tion on the shelves of the Beaufort sector increases from wesdrea is permanently ice-free.

to east with the distance from the Bering inflow (F&g), Primary production in the north-west area is typically low
accompanied by decreasing annual production (Fiyand  (40-70 g C nm2yr—1) in both observationsakshaug2004)
strength of the subsurface Chlmaximum (Fig.9c). and the model (Fig7a). Sakshaug2004 suggested that

The subsurface Chl maximum in the Beaufort sectorphytoplankton dynamics in areas affected by melting of the
is strongest in the eastern part. Light limitation, causedice resemble those of the shelf seas. Model results suggest
by the presence of dense multi-annual ice (Rg) and that, due to a substantially weaker stratification in summer,
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the ecosystem regime is qualitatively different to that of thetem dynamics and primary production in this area are sim-
shelf regime and that primary production is limited by light ilar to those of the Norwegian se&drmack et a).2006.
rather than nutrients (Fi¢c) during most of the productive Deep winter mixing in the Atlantic part of the Barents sector
period. both in the model (Fig4c) and observations (e.@lsen et
The south-east part of the Greenland sea is permanentlgl., 2003 reaches the bottom over the shelf are2%0 m)
ice-free and is a typical-type ocean. Atlantic inflow permits and provides a significant source of nutrients. Nitrate is not
deep convection to penetrate down to 400-500m (#y.  decreased below half-saturation levels during the summer in
supplying large amounts of nutrients. Primary productionthese areas (Figc), which facilitates a long-lasting bloom
in this area reaches 100-150 g Chyr—! both in the model ~ with annually averaged values of primary production reach-
(Fig. 7a) and observation<Carmack et a).200§. A sub-  ing 130-170gCm?yr—1.
surface Chls maximum does not occur in this area (Fg) The seasonally ice-covered Arctic part of the Barents sec-
because of the deep (50-70m) UML in summer (Hig). tor has much shallower winter mixing (Fidc) due to a more
Model depth-integrated Chi-is the highest found across stable stratification influenced by the sea-ice cover. This
the entire Arctic ocean (Fidc). The south-east part of the lack of winter mixing prevents entrainment of nutrients into
Greenland sector is also one of the two most productive areathe surface layer thereby causing substantially lower lev-
of the AO, the second being the Chukchi Sea at the Pacifiels of productivity of 40-80gC mfyr—1 (Fig. 7a). Nutri-
inflow. Unlike the Chukchi sea, however, silicate concentra-ent limitation in this area is not, however, as severe as on
tion is substantially lower in this area, exhausted to belowthe Siberian shelves and the shelves of the Beaufort sector
the half-saturation level after the spring bloom. As a result,(Fig. 5c). A similar distribution of primary production in the
primary production in the model mostly consists of small, Barents sea was obtained in the modelling study\ass-
non-diatom phytoplankton which are considerably more susimann et al(2006 Fig. 5a), with values varying between 40
ceptible to grazing by zooplankton than the Pacific, mostlyand 170 g C m?yr—1. A subsurface Chi- maximum is usu-
diatom, phytoplankton community. ally formed in the north-east (Arctic) part of the Barents sec-
Regarding the Greenland sector in general, the spatial distor, although it is not as strong as in the Chukchi sector or on
tribution of primary production closely follows both the max- the shelf break of the Siberian sectors (Fg). The subsur-
imum depth of winter mixing (Fig4c) and number of days face maximum fuels about 50% of annual primary produc-
of open water (Fig3c). This latter correlation with open wa- tion in this area (Fig9d).
ter does not, however, imply that light is necessarily the main
limiting factor in this sector. Rather, it can be explained by 3.4.6 Kara, Laptev and Siberian sectors
the fact that ice is not formed in areas affected by the North
Atlantic inflow which have typical deep winter mixing that The Kara, Laptev and Siberian shelves are broad and re-

supplies high nutrients. ceive the majority of the river discharge entering the Arc-
tic Ocean. They support primary production which is 5-10
3.4.5 Barents sector times lower than that of the inflow shelves of the Bering and

Barents SeasQarmack et a).2006. Production is about

Approximately 14% of the total area of the AO is accounted 20-30g C nt2yr—1 in both observations and model, reach-
for by the Barents sector, with primary production in the ing 50-60 g C m?yr—1 at the shelf break of the Kara Sea and
model for this area contributing about 20% to the total for the Laptev Seas in the model (Figa), a sector least affected by
AQ. In terms of the area-normalized production rate, it is onethe riverine input. Substantially higher primary production
of the two most productive sectors of the AO. Continental on the Siberian shelf was estimated Rgbi et al (2008 on
shelves constitute approximately 44% of its area. The modethe basis of satellite-derived Chl-However,Vetrov (2008
annual primary production of 118 Tg Cyr (92 Tg Cyr ! of presented a comparison of satellite (MODIS) and in-situ Chl-
the contribution of the area covered by the multi-annual icea values in Kara and Laptev seas and showed that the former
is excluded) is in good agreement with the ice-free satellite-can be up to factor of two to ten higher due to contamination
derived estimate oPabi et al (2008 of about 80 Tg Cyr?! by coloured dissolved organic matter. Calculated annual pri-
(for year 1998). mary production based on Chlvalues corrected for this bias

The Polar Front separates the two main water masses afid not exceed 50 g C nf yr—1 for the majority of the Laptev
the Barents sea, namely the Arctic water in the north-eassea shelf, and 100 g CTAyr—1 on the shelf of the Kara sea
and Atlantic water in the south-west. These water massegVetrov, 2008. Thus, even factoring in these observational
exhibit distinctly different ecosystem dynamics and rates ofcorrections, the model tends to underestimate productivity of
primary production (Fig7a) such that they can be considered the Siberian shelves.
asa (Atlantic water mass) and (Arctic water mass) types Model results indicate that some of the southern most
of ecosystems (see Sezt6). parts of these areas stay ice-free for up to 150 days and it

The Atlantic surface flow causes the south-west part of thds nutrients (in particular nitrate), rather than light, that limit
Barents sea to be permanently ice-free (B@). Ecosys- primary production (Figsc) during most of the productive
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season. This nutrient limitation is driven by the stable strati-ents, such as in the vicinity of the Bering strait, where hori-
fication that results from a significant discharge of fresh wa-zontal advection is an important controlling mechanism; (iv)
ter from rivers Carmack and Wassman@006§. The up- ice concentration, as a major factor controlling light pene-
per mixed layer in the model does not penetrate below 20 mration and UML dynamics; (v) SST, as a field reflecting the
(Fig. 4b, c) over most of the Siberian shelves. Nutrient lim- presence of ice, as well as the main features of the physical
itation increases from the Kara, through the Laptev, and intocirculation such as, for instance, Atlantic inflow.

the East Siberian Sea with the increasing stratification. An- In order to evaluate the quantitative significance of these
nual short-wave radiation decreases further north towards théctors, we fitted a multiple linear regression model for mean
shelf break, mostly due to increased ice cover, and light lim-annual primary production (PP) as a function of all model
itation plays a more significant role. Nutrients neverthelessoutput fields ;) listed above:

become depleted throughout the Siberian shelves during the n
summer both in observationbli(ishinsky et al, 2007) and PP=a+ ) b;X; Q)
the model. i=1

Depth integrated Chd- (Fig. 7c) has a pronounced maxi- The resulting correlation coefficient between primary pro-

mum along the shelf-break, corresponding to the maximumduction from the regression model and that of the full model
in primary production (Fig7a) which is not visible in surface  was very high (0.91). Furthermore, the mean summer time
Chl-a (Fig. 9b). The sub-surface Cld-maximum (Fig.9c) (April-September) short wave radiation (SW; Fiia) and
persisted throughout the ice-free period and sustained 50the maximum depth of winter mixingHmayx; Fig. 4c) to-
80% of water column primary production (Figd). gether described more than 80% of the spatial variability in
For all three sectors in general, the spatial distributionprimary production (correlation coefficient of 0.88). Consid-
of primary production correlates both with surface salinity ering the high contribution of these two factors, we limited
(Fig. 7d) on the shelf and with summer ice concentration our regression model to the form
(Fig.3c) in the_deep basin. Neither feature is s_urprising sinceF,P= 4+ bSW- ¢ Hrmax @)
shelves exhibit pronounced shortages of nutrients for plank-
ton growth caused by the stable stratification resulting fromwherea =—-1.36gCnr2yr-t , b =135g Cnr3yr-t w,
riverine input of the fresh water. The eastern most part ofc =0.18g Cnr3yr-1.
the area adjacent to the Chukchi sector has higher nutrient The spatial distribution of primary production from the re-
concentrations due to the Bering inflow, also reflected in thegression model (FiglOb) shows good agreement with that
surface salinity field. The northern part of the sector coveredpredicted by the full ecosystem model (Figi). The max-
by multi-annual ice is limited by light to a greater degree, imum penetration of winter mixing largely determines the
with primary production showing a good correlation with the amount of nutrients available for primary production at the

spatial distribution of ice concentration. beginning of spring (e.g?opova et a).20063gb). The main
feature that this field captures in the AO is the basin-scale
3.5 Physical factors defining AO primary production separation between alpha and beta waters. Additionally,

since areas affected by melting of ice do not show deep con-
Results presented in the previous section indicate that theective mixing, the depth of winter mixing also acts as a
Arctic Ocean is an area where physical factors impose groxy for the ice regime. Meanwhile, the light regime is best
strong control on plankton productivity. The presence of seadescribed by the summertime (April-September) short-wave
ice controls both vertical stratification and light penetration radiation at the ocean surface (i.e. that which reaches a model
into the ocean. Given that the ecosystem is co-limed by lightgrid cell through ice cover) since this takes into account not
and nutrients, this makes it difficult to pinpoint which partic- only the atmospheric state but also attenuation by sea-ice. As
ular physical factor(s) have the greatest impact on the basinmight be expected, the main errors in the regression model
wide distribution of productivity. In order to overcome the occur in regions that are affected by horizontal advection:
complexity of the interplay between the mechanisms con-the southern part of the Chukchi sector and Atlantic inflow
trolling AO productivity described above in Sec&1-3.4 in the Greenland sector. These regions have an additional
we employ a multiple regression analysis using the followingadvective source of nutrients for primary production that is
physical parameters that we have identified as potential prenot accounted for in the regression parameters. In the south-
dictors for annual mean primary production: (i) maximum ern part of the Chukchi sector, the primary production from
depth of vertical mixing, as the main mechanism of nutri- the regression model is underestimated by 30-40%. At the
ent supply; (ii) short-wave radiation at the ocean surface, orAtlantic inflow, the regression model somewhat distorts the
averaged over the UML depth, and summer-time averagegbattern of high productivity that features south-west of Sval-
UML depth as factors controlling light limitation; (iii) sur- bard. We can speculate that the correlation coefficient could
face salinity as an indicator of the riverine input that inducesbe improved if an advective pseudo-tracer constrained by the
strong vertical stratification and nutrient limitation; salinity salinity field was introduced as a tracer of the Pacific and At-
aiso acts as an indicator of the horizontal transport of nutri-lantic inflows.
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Fig. 11. Interannual variability of the total AO primary production
150 (Tg Cyr 1) obtained from the MEDUSA ecosystem model (solid
line) and multiple linear regression model with summer short wave
radiation and maximum winter mixing as predictors (dashed line).

100
along with possible changes in water column stratification

(e.g.ACIA, 2004. These changes will in turn impact on Arc-

tic Ocean ecosystems and associated biogeochemistry, alter-
ing primary production and, potentially, the uptake of £LO

by Arctic Ocean surface waterBgtes and Mathj2009.

The key to predicting future changes in Arctic productiv-
ity and related carbon biogeochemistry is therefore an under-
) standing of the link between sea-ice retreat and the factors

b) Production (regr model) that regulate phytoplankton growth. In spring, productivity
is likely to be limited by light due to the presence of ice ex-
Fig. 10. Primary production (gCm?2yr—1) obtained from(a)  acerbated by the low solar elevation, such that high rates oc-
the MEDUSA ecosystem modgb) the multiple linear regression  cur in areas associated with ice retreat and open water leads
_model with summer short wave radiation and maximum winter mix- (e.g. Hill and Cota 2005. Increases in productivity might
ing as predictors. therefore be expected if sea ice thickness and concentration
are diminished due to elevated solar energy penetrating the

Can our simple regression model describe the inter-annua®dcean. In reality, however, the link between ice retreat and
variability in primary production? And, to a first approxima- Pprimary production is not so straightforward.
tion, can primary production be estimated from the output of First, ice retreat affects not only irradiance levels, but also
the physics-only model or observations without recourse toother fundamental properties shaping ecosystem function-
a computationally-expensive ecosystem model such as thang such as vertical stratification, circulation and the water
used in this study? We applied regression coefficients mass structure. The factors controlling density structure are
¢ obtained for year 1997 for the SW arffjay fields from unique in the Arctic because of the formation of a perma-
year 1988-2006 to calculate total AO primary production nent halocline (e.gAagard et al.1981). This occurs when
(Fig. 11). Results indicate that the regression model showscold, saline water is formed during freezing of sea-ice and
the same interannual variations (correlation coefficient 74%) sinks to the bottom of the continental shelf from where it is

laterally advected into the deep Arctic basin. The density of

the halocline causes it to settle at a depth~d60 m, form-

ing a barrier that essentially “caps” the deeper water from
4 Discussion that at the surfaceSmith and Niebaued993. The strength

of this halocline limits the depth of the winter mixing and
In part due to the decline in Arctic sea-ice itsdlfgser et  thereby restricts one of the main mechanisms of nutrient
al., 2000, climate warming appears to be occurring at a dis-supply to surface waters in the AO. Second, spring melting
proportionately high rate in the Arctic, leading to ice retreat of sea-ice, supplemented by river discharge of snowmelt on
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land, induces a strong and shallow (15-30 m) seasonal haldic Ocean (Fig9). A number of observational (e.#lill and
cline where the subsurface Chlmaximum is formed (e.g. Cotg 2009, conceptual (e.gcarmack et a].2006 and mod-
Hill and Cota 2005 Carmack et a).20086. elling (Wassmann et gl2006 studies have indicated that
So, although limitation by light may control the timing much of the chlorophyll presentin AO ecosystems may occur
and magnitude of the spring phytoplankton bloom, it may in- in subsurface maxima that follow the fast, intense and short-
stead be the availability of nutrients that sets the limits to an-ived ice-edge blooms that strip nutrients out of the UML. In
nual primary production, at least the “new” fractidbu(gdale =~ our model, the DCM accounted for approximately 46% of to-
and Goering1967 Carmack et a).2006. Consequently, a tal Arctic primary production, a remarkable fraction. If areas
more ice-free Arctic may naively be anticipated to exhibit in- significantly affected by Pacific and Atlantic inflow (some-
creased productivity on grounds of elevated energy availabilwhat arbitrarily defined as areas with maximum DIN concen-
ity, but may actually respond quite differently on grounds of trations in excess of 10 mmol N, Fig. 5a, ~25% of the
material availability. Ice retreat not only alters the irradiancetotal AO area) are excluded, the contribution of the DCM to
field controlling the phytoplankton growth, but also poten- total production increases to 68%. Comparison of the mod-
tially causes changes to the water column stratification anclled with observational DCM in the Chukchi and Beaufort
shifts in AO circulation. It can be speculated that if the sea-sectors (e.gHill and Cotg 2005 shows robustness of the
sonal ice edge routinely retreats past the shelf break it wouldnodel results in these areas, although pan-Arctic evaluation
intensify shelf-break upwelling of warm and nutrient rich of model performance with respect to the distribution of the
water Carmack and ChapmaB003. Earlier break-up and DCM and its contribution to AO production is not currently
later freeze-up of the ice would provide a longer exposure ofpossible because of lack of data. Even in areas affected by
the water column to the negative buoyancy forcing and im-Pacific and Atlantic inflow, where nutrients are presentin rel-
pact of storm eventsy@ng et al, 2004 thus increasing the atively high concentrations, the DCM accounted for 30-40%
maximum depth of winter mixinggarmack et a.2006 and of water column integrated chlorophyll in the model (Mg,
supplying higher nutrientsRainville and Woodgat¢2009 f). Itis difficult to separate the limiting effects of light and
showed that retreat of the ice will lead to significantly in- nutrients in the DCM because by their very nature. DCMs
creased internal wave generation over the shelfs and posseccur at the juncture where light penetrating from above
bly deep ocean, dramatically increasing upper-layer mixing.meets the upward flux of nutrients from below (6Bgnse
However all the above factors can be counterbalanced by th&987. An increase in light intensity, for example associated
projected increase in riverine inpuv( et al, 2005 which, with reduced ice concentration, might therefore be expected
potentially, may lead to the future stabilisation of stratifica- to lead to an intensification and deepening of the DCM and
tion. thereby an increase in primary production, provided stratifi-
To explore the underlying factors controlling present-day cation remains unchanged. These changes would not, how-
Arctic primary production, our study has examined the rela-ever be detectable in remotely sensed &bkcause they oc-
tive roles of light and nutrients as controls of biological ac- cur well below the ocean surface. Furthermore, the dominant
tivity in the Arctic Ocean using an intermediate complex- role played by the DCM in total Arctic primary production
ity plankton ecosystem model embedded within a high resdimits the applicability of satellite-derived primary produc-
olution general circulation model. Our results show that, intion algorithms (e.gPabi et al. 2008, since they are based
spite of relatively low surface short wave radiation due to theon the near-surface Chlvalues. Overall, much of the pri-
low solar elevation and frequent occurrence of Arctic fog, mary productivity in the AO occurs in the DCM and it is not
a very shallow and stable summer time UML of 10-20 m clear how the balance between light and nutrient limitation
provides a light regime favorable for phytoplankton growth will be altered in response to changing sea-ice.
(Sect.3.1) even in the presence of the fractional ice cover. Itis therefore possible to speculate that a further retreat of
The ice province (defined as the area with ice concentratiorthe ice, for example in response to climate forcing, should
in excess of 10%) contributed 30-45% of total Arctic pri- not lead to increased UML productivity unless accompanied
mary production in the model. Nitrate concentration fell be- by physical changes leading to weakening of the stratifica-
low its half-saturation value in the UML during the produc- tion. An analysis of recent trends in satellite-derived primary
tive season over the majority of the AO, leading to limitation production in the Arctic byArrigo et al.(2008 indicated that
by nutrients (Sect3.2). The only exceptions, where nitrate the Siberian sector experienced the largest increase in 2007,
concentrations did not fall below the half-saturation level by with an annual rate that was more than three-fold higher than
the end of the productive season, were found in areas sulin 1998-2006. This finding poses an intriguing question as
stantially affected by the Pacific and Atlantic inflow (F&g., to the mechanisms that sustained such an increase. For ex-
e). These results show that it is lack of nutrients, rather tharample, as described byCarmack and Chapma2003, a
light, that sets an upper limit on annual primary production process of wind-driven shelf-break upwelling may have been
in the UML. triggered by the retreat of the ice beyond the shelf-break ob-
A notable feature in the model is the presence of a deeerved in 2007.
chlorophyll maximum (DCM) throughout much of the Arc-
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Overall, our modelling study highlights the significance of

the Arctic Ocean as an area where physical factors play a

dominant role in controlling plankton productivity. Given

this elevated role for physics, we investigated the possi-

bility of statistically relating production to environmental
variables including short-wave radiation (surface and UML-
integrated), UML depth, temperature, salinity and upwelling
rates. We found (Sec3.5) that the spatial distribution of pri-
mary production and its inter-annual variability could be suc-

cessfully predicted using a simple linear regression relating
primary production to annual short-wave radiation and the

maximum depth of winter mixing. The spatial distributions
of annual primary production in the AO obtained from the
full ecosystem model and from the simple regression mode
(Fig. 10) show the same features of variability, such as el-

evated levels of productivity in areas affected by the Pacific
and Atlantic inflows and a general decline towards the central

Arctic. The major discrepancy occurs in the areas where hor

izontal advection of nutrients plays a significant role. These
areas include the southern part of the Chukchi sea where pri-
mary production is underestimated in the regression model,
and the Norwegian Sea, where the area of high productivity 3.

is somewhat distorted.

The ability to correlate primary production with light and
depth of mixing presents interesting opportunities for esti-
mating future changes in Arctic productivity from the output
of physical climate models, without actually running fully

coupled ecosystem models (which represent a significant
cost for such simulations). The two independent variables

E. E. Popova et al.: Control of primary production in the Arctic by nutrients and light

out much of the study area, showed good agreement
with available in-situ and satellite data. Predicted ice
edge blooms were however not as intense as those seen
in observations, highlighting a need for future work
aimed at improving the modelled ice distribution.

. Model results indicate that productivity of the AO is
heavily influenced by physical factors controlling nu-
trient supply and light availability. Significant river-
ine input and ice melt during the productive season re-
sults in the majority of the AO being characterised by a
stable stratification that severely restricts vertical nutri-
ent supply leading to nutrient limitation of the primary

| production in surface waters. Scarcity of nutrients at

the ocean surface, in combination with light penetrat-
ing from above, also leads to the formation of a strong
subsurface Ché+r maximum that fuels a substantial part

(~46%) of the AO primary production. Thus, an accu-

rate description of both light field and nutrient supply is

required in order to realistically model productivity in
the AO.

Model results show that a substantial par86—40%)

of AO primary production is sustained in ice covered
areas. Thus ice concentration, as well as ice extent, is
one of he major factors controlling primary production.
Improvements in the representation of ice concentration
is therefore a high priority for modellers involved in pre-
dicted present day and future trends in AO primary pro-
duction.

in the regression analysis, short-wave radiation and the depth

of winter mixing, may both be expected to change signifi-
cantly as a result of climate change in the AO. Another inter-
esting potential application of the regression model is within
the context of model inter-comparison projects (e.g. AOMIP
Proshutinky and Kowalik2007), where different physical
models follow an identical simulation protocol. Adding the
two physical fields described above to the standard outpu
of inter-comparison protocol would give an indication of the

uncertainty of the primary production estimates due to the
hydrodynamical model configuration, physical parameterisa-

tions and forcing. In addition this approach might provide
interesting insights into the sensitivity of the AO ecosystem
to uncertainty in the description of the underlying physical
fields.

5 Conclusions

1. Multi-decadal predictions, for the period 1988—
2006, were undertaken using a global coupled ice-

4. Primary production in the AO was empirically corre-
lated with two factors — average short-wave radiation
at the ocean surface (under the ice if present) and the
maximum depth of winter mixing. These factors show
substantial spatial variability in the AO and explained
up to 85% of spatial variability in the modelled primary
production and about 72% of its interannual variability.
This opens the possibility in future of parameterising,
rather than explicitly modelling, primary production in
modelling studies of the Arctic, particularly those in-
volving longer runs and ensemble simulations.
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