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[1] The Arctic Ocean (AO) is an oligotrophic system with a pronounced subsurface Chl-a
maximum dominating productivity over the majority of the basin. Strong haline
stratification of the AO and substantial ice cover suppress vertical mixing and restrict the
vertical supply of nutrients to the photic zone. In such a vertically stratified oligotrophic
system, the horizontal supply of nutrients by advection plays an important role in
sustaining primary production. In this paper, we attempt to characterize the role of nutrient
advection in the maintenance of the subsurface Chl-a maximum, using timescales to
determine the connectivity between the photic zone of the deep AO, nutrient-rich Pacific
and Atlantic inflow waters, and bottom waters of the wide continental shelves of the AO.
Our study uses output from a general circulation model, Nucleus for European Modeling of
the Ocean, coupled to a model of ocean biogeochemistry, Model of Ecosystem Dynamics,
carbon Utilization, Sequestration, and Acidification. A Lagrangian particle tracking
approach is used to back-track water from where it forms subsurface Chl-a maxima to the
points of entry into the AO and to analyze nutrient transformation along the route. Our
experiments show that advective timescales linking subsurface layers of the central AO
with the nutrient-rich Pacific and Atlantic waters do not exceed 15-20 years and that the
advective supply of shelf nutrients to the deep AO occurs on the timescale of about 5 years.
We show substantial role of the continental shelf pump in sustaining up to 20% of total AO

primary production.

Citation: Popova, E. E., A. Yool, Y. Aksenov, and A. C. Coward (2013), Role of advection in Arctic Ocean lower trophic
dynamics: A modeling perspective, J. Geophys. Res. Oceans, 118, 1571-1586, doi:10.1002/jgrc.20126.

1. Introduction

[2] The upper Arctic Ocean (AO) is strongly stratified
[e.g., Aagaard et al., 1981 with a low salinity upper mixed
layer (UML) overlying a strong halocline commonly found
between 50 and 250 m [Rudels et al., 1996]. In summer,
melting of sea ice creates a surface layer of still lower salin-
ity on top of the existing UML.

[3] Another prominent feature of the AO is its continental
shelf regions which have significant differences with other
shelf regions of the World Ocean. They are very wide
(Figure 1), they are influenced by the process of seasonal
sea-ice formation and melting, and they experience significant
riverine input that enforces strong water column stratification
[e.g., Anderson et al., 2010]. In such a strongly stratified
water column, primary production in the UML of the AO
is limited by nutrients [Tremblay and Gagnon, 2009;
Martin et al., 2010; Wassmann, 2011; Popova et al., 2010].
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Exceptions occur in areas such as the Atlantic inflow with
its characteristic deep winter mixing (Norwegian Sea), the
Southern Chukchi Sea with its strong advective supply of
nutrients from the Pacific, polynyas [e.g., Tremblay et al.,
2011], and areas of strong shelf break upwelling [Williams
& Carmack, 2008; Tremblay et al., 2011].

[4] Strong vertical stratification and low nutrient concen-
trations in the UML allow for the development of subsurface
Chl-a maxima (SCM), which are formed when phytoplank-
ton grow below the UML as a compromise between light
availability from above and nutrient availability from below
[e.g., Martin et al., 2010]. Indeed, recent observational and
modeling studies find that SCM is a ubiquitous feature
of the AO [e.g., Hill & Cota, 2005; Martin et al., 2010;
McLaughlin & Carmack, 2010; Popova et al., 2010].
Furthermore, Martin et al. [2010] have suggested that the
SCM fraction of total primary production may be an order
of magnitude higher than that typically observed in the oli-
gotrophic low latitudes. This increased importance of the
SCM in the AO stems from the very thin and stable AO
UML and the sharp AO nutricline, which allow formation
of the SCM at shallower depths and earlier in the season than
in other oligotrophic areas [Martin et al., 2010]. In addition,
Martin et al. [2010] found that the SCM in the northern
Baffin Bay was dominated by large diatom phytoplankton
leading to the co-occurrence of a subsurface biomass maxima
with the SCM. Analysis of the recently published AO Chl-a
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Figure 1. AO bottom topography (m). Thick black lines
indicate three geographical interception sections used in
Lagrangian analysis. Location of the cross section from
Figure 4 is shown as a thin black line.

and productivity database [Arrigo et al., 2011] finds that,
on average, 43% of total water column Chl-a in observed
locations occurs below the depth of 20 m (see Methods
for details of this estimate). Meanwhile, a modeling study
by Popova et al. [2010] has suggested that 46% of AO
primary production occurs below the UML. Melting of
AO sea ice and expansion of the seasonally ice-free region
under future climate change may further increase the sig-
nificance of the SCM [Martin et al., 2010; McLaughlin &
Carmack, 2010]. Thus, it is crucial to understand which
physical processes control the nutrient content of the upper
part of the halocline in the AO from the base of the summer
UML to the bottom of the photic zone (O(100 m)) where
short-wave radiation is still sufficient for nutrient utiliza-
tion by phytoplankton. In a strongly stratified system where
vertical turbulent fluxes of nutrients are restricted, advective
regulation of ecosystems dynamics comes to the forefront.
Advective processes connect the AO with nutrient-rich waters
from the northern North Pacific and Atlantic Oceans and the
deep AO with the adjacent shelf areas where substantial trans-
formation of the biogeochemical characteristics occurs [e.g.,
Jones & Anderson, 1986]. In addition, shelf regions in the
Chukchi Sea have a strong and continuous supply of nutrients
from the Pacific Ocean through the shallow Bering Strait.
However, in common with other shelf regions, those in the
AO are comparatively productive relative to deep ocean
regions, although levels of shelf productivity vary substan-
tially around the AO dependent on their proximity to the
inflow of high nutrient Pacific or Atlantic waters [e.g.,
Carmack & Wassmann, 2006].

[s] Jones & Anderson [1986] proposed a mechanism for
the shelf origin of the biogeochemical properties of the
upper halocline. During sea-ice formation on the outer
shelves, brine production creates saline bottom water. Over-
lying fresh riverine water prevents vertical mixing with
this denser bottom water and prevents re-entrainment of

remineralized nutrients into the photic layer. Thus, all partic-
ulate organic matter reaching the seafloor on the shelves
is remineralized there, but the constituent nutrients are
prevented from returning to the photic zone locally and
instead are advected horizontally into the deep AO under
the UML. Jones & Anderson [1986] argued that while
Bering Sea and northern North Atlantic can be recognized as
sources of halocline waters, the biogeochemical composition
of the water masses from these areas undergoes substantial
changes under the influence of the Arctic shelves. Subse-
quently, Anderson et al. [2010] showed that the continental
shelf pump in the East Siberian and Chukchi seas results in
an excess of carbon and nutrients in subsurface waters of
Canadian Basin; Nitishinsky et al. [2007] and Dmitrenko
et al. [2011] showed enhanced near-bottom nutrient concen-
trations in the Laptev Sea over midshelf to the shelf break
region (depth range of 30—100 m); and Alkire et al. [2010],
on the basis of NO (NO =9 x [NOj3 ] + [O,]) measurements,
deduced a direct influence from the Siberian shelves in the
halocline layer of the Makarov basin.

[6] In this study, we attempt to analyze AO ecosystems
from an advective perspective. Combining output from a
high-resolution, global-scale model that includes ecosystem
dynamics with Lagrangian particle tracking, we investigate
the connectivity between various AO regions and calculate
timescales associated with the impact of advection on AO
ecosystems. We follow the pathways of water masses that
track the origins of the upper nutricline waters, which in turn
provide nutrients for phytoplankton to utilize during the pro-
ductive summer season. Our analysis presents a quantitative
description of the role of advection in AO ecosystem
dynamics. A more traditional, Eulerian analysis of the physical
factors controlling AO primary production within the frame-
work of the same model is described in Popova et al. [2010].

2. Methods

2.1.

[7] The global Nucleus for European Modeling of the
Ocean (NEMO) configurations of 1/4° resolution have been
successfully used in various studies of the North Atlantic
and of the AO [e.g., Lique et al., 2010; Grist et al., 2010;
Marsh et al., 2010; Popova et al., 2010; Tsubouchi et al.,
2012]. The model’s performance has been assessed in the
Arctic Ocean Model Intercomparison Project [AOMIP;
Proshutinsky et al., 2011], and a comparison of model
results with observations is given in section 3. NEMO
model is comprised of an ocean general circulation model
(OGCM), OPA [Madec, 2008], coupled with the Louvain-
la-Neuve Ice Model v2, LIM2 [Timmermann et al., 2005].
The version of NEMO used here is v3.2 and has a horizontal
resolution of 1/4° and a vertical resolution of 64 levels with
14 levels in the top 100 m achieving resolution of 5 m near
the surface and ~10 m at 100 m. NEMO is forced at the
surface using DFS4.1 fields developed by the European
DRAKKAR collaboration [DRAKKAR Group, 2007]. This
combines the CORE dataset [Large & Yeager, 2004], from
which precipitation and downward short- and long-wave
radiation are extract, with the ERA40 reanalysis, from which
10 m wind and 2 m air temperature and humidity are
extracted. The frequency of DFS4.1 is monthly for precipita-
tion, daily for radiation and 6 hourly for turbulent variables.

Coupled Physical and Biological Model
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Further details of the run used in this study can be found in
Popova et al. [2010]. In addition, a 1° run is used for numer-
ical experiments because of the prohibitive computational
expense of the 1/4° resolution. This run is identical to that
of Yool et al. [2011], with the exception that nutrient relax-
ation is inactivated.

[8] Biogeochemistry in NEMO is represented by the plank-
ton ecosystem model Model of Ecosystem Dynamics, carbon
Utilization, Sequestration, and Acidification [MEDUSA;
Yool et al., 2011]. This is a size-based, intermediate com-
plexity model that divides the plankton community into
“small” and “large” portions and which resolves the ele-
mental cycles of nitrogen, silicon, and iron. The “small”
portion of the ecosystem is intended to represent the micro-
bial loop of picophytoplankton and microzooplankton,
while the “large” portion covers microphytoplankton
(specifically diatoms) and mesozooplankton. The intention
of MEDUSA is to separately represent small, fast-growing
phytoplankton that are kept in check by similarly fast-
growing protistan zooplankton, and large, slower-growing
phytoplankton that are able to temporarily escape the
control of slower-growing metazoan zooplankton. The
nonliving particulate detritus pool is similarly split be-
tween small, slow-sinking particles that are simulated
explicitly, and large, fast-sinking particles that are repre-
sented only implicitly. See Yool et al. [2011] for a full
description of MEDUSA.

[v] The simulation of NEMO used here was originally
performed to produce a high-resolution, global-scale
hindcast of marine biogeochemistry during the past two de-
cades. An initial physics-only spin-up simulated the period
1978 to 1987 (10 years). The biogeochemistry was then
coupled and MEDUSA was run for the period 1988 to
2007 (20 years). An analysis of the Arctic region in the
resulting simulation has previously been published by
Popova et al. [2010].

2.2. Lagrangian Analysis

[10] We use an off-line mass preserving Lagrangian
scheme, ARIANE (http://stockage.univ-brest.fr/~grima/
Ariane/). A description of the algorithm is given by Doos
[1995] and Blanke & Raynaud [1997]. Lagrangian diagno-
ses are derived from the monthly mean velocity field of the
high-resolution global model described in the previous sec-
tion. In this approach, the main ocean circulation patterns
(and associated timescales) are tracked by numerous point
particles that are “released” into the model’s flow field.
Along its trajectory, a given particle will record changing
properties (salinity, temperature, and biogeochemical char-
acteristics), as given by the local Eulerian fields of the ocean
model. The Lagrangian scheme does not consider turbulent
mixing in the trajectory calculations; however, as the ocean
model parameterizes such mixing, its signature is present
in the physical and biogeochemical properties along the
computed trajectories.

[11] Such a Lagrangian analysis has been carried out suc-
cessfully in a variety of global and regional ocean circulation
studies using OGCM [e.g., Blanke et al., 2001; Speich et al.,
2001, Koch-Larrouy et al., 2008; Lique et al., 2010]. The
method is presented in detail and discussed by Blanke &
Raynaud [1997] and Blanke et al. [1999].

[12] In our experiment, we deploy Lagrangian particles at
the depth of 65 m on a regular grid across the AO. We per-
form a backward tracking (i.e., reverse time) of the particles
until they reach three geographical interception sections that
define the three main inflow routes into the AO: Bering
Strait, Fram Strait, and Barents Sea opening at 20°E. The
65 m depth horizon was chosen as an estimate of the max-
imum depth of upper ocean mixing throughout the year.
Thus, we effectively assume that nutrient concentrations
at approximately this level determine the vertical entrain-
ment of nutrients and thus define the availability of nutri-
ents for phytoplankton to utilize at the beginning of the light
season. All the particles were released simultaneously on 1
January. A number of short sensitivity experiments with
release at different times of the year showed low sensitivity
of the averaged advective timescales to the date of the release.

2.3. Productivity Data Base

[13] We quantified the contribution of the SCM using in
situ Chl-a data from the Arctic System Science Primary
Production (ARCSS-PP) database [http://accession.nodc.
noaa.gov/0063065; Arrigo et al., 2011]. All profiles north
of 66°N were interpolated onto a regular vertical grid. We
assumed an average UML depth of 20 m and estimated
the contribution of the subsurface Chl-a maximum as a
fraction of the biomass below UML to the total biomass
in the water column. Note that although the data base con-
tains large number of observations, they do not provide a
good coverage neither for the deep AO nor for a typical
AO annual cycle (Figure 2). The data coverage is espe-
cially poor for the central Arctic, East Siberian Sea, and
Canadian Arctic Archipelago (CAA) and observations are
absent for the Laptev Sea.

Figure 2. Location of the Chl-a vertical profile observations
included into ARCSS data base.
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3. Results

3.1. Simulated Sea Ice, Ocean Circulation, and Water
Masses

[14] A detailed model assessment in respect to the AO
circulation, sea ice, distribution of key water masses, and
oceanic exchanges with the North Atlantic and North Pacific
has been done within the framework of the AOMIP
[Proshutinsky et al., 2011, Popova et al., 2010, 2012]. Here
we present a brief description of the simulation results that
are relevant to the present study.

[15] Simulated annual sea-ice extent for 1979-2007, inte-
grated over the whole AO (12.742.8 10° km?) is within 3%
of the passive microwave satellite data from the National
Snow and Ice Data Center [Boulder, CO, USA; Cavalieri
et al., 1996]. The simulated long-term downward trend in
sea-ice extent is lower than that observed (—238,990 km?
decade™' vs. —443,120 km® decade™'). Excess sea ice in
NEMO occurs during winter months, and summer sea-ice

a) UML maximum

— 200

trends in NEMO are similar (—428,090 km? decade ™' and
—376,890 km? decade™") to those in Pan-Arctic Ice Ocean
Modeling and Assimilation System [e.g., Zhang and
Rothrock, 2003; Schweiger et al., 2011]. The spatial distri-
bution of simulated September sea-ice concentrations is
similar to the sea-ice concentration retrievals from passive
microwave satellite data using NASA Team algorithm
[Cavalieri et al., 1996], although the HadISST dataset
[Rayner et al., 2003] shows more summer sea ice than both
NEMO and the passive microwave data [cf. Figures 2 and 3
in Popova et al., 2012]. For the 1979-2006 period, total
sea-ice volume simulated by NEMO is 24.3+6.2 10° km®
which is approximately 12% higher than that estimated by
PIOMAS (21.746.2 10° km®). However, the correspondence
with observations significantly improves if only the later
period 1995-2007 is considered. Therefore, NEMO is likely
to have a statistically significant positive bias in Arctic
sea-ice volume prior to the 1990s, but that this diminishes
post-1990. Since the LIM2 model does not have an explicit

b) UML summer

Figure 3. Model results for year 2006: a) Summer (June-August) averaged UMI depth, b) maximum
depth of UML during the year on the basis of monthly averaged values; ¢) maximum DIN concentrations
(mmol N m™>) on the basis of monthly averaged values; d) DIN concentration at depth of 65 m.
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formulation of the meltponds evolution but a parameteriza-
tion of the light penetration through the ice in the water
column [Fichefet and Morales Maqueda, 1997], it underes-
timates light penetration in the ice pack areas in summer
when snow is melted. However, the bias is small since the
presence of thin layer of snow effectively cuts off the light
penetration in the sea bulk [e.g., Taylor and Feltham, 2004].

[16] Tables 1 and 2 show comparisons of simulated and
observed oceanic exchanges between the AO, the North
Atlantic and the North Pacific. Overall, NEMO demonstrates
good skill in simulating Arctic exchanges—model transports
are within the range of observational uncertainties. The only
bias is an excessive simulated inflow through the Bering
Strait, resulting in increased buoyancy of water masses in
the Chukchi Sea (Table 2).

[17] Following the approach taken by Clement Kinney
et al. in press, 2012, we have compared the near-bottom
temperature and salinity of the inflow through Bering Strait
at the long-term moorings A2 and A3 with the correspond-
ing virtual model stations and find that modeled properties
are in good agreement with observations. The simulated
properties of Atlantic water inflow into the Barents Sea also
agree well with measurements (Table 2). The spatial struc-
ture of the Barents Sea outflow in NEMO is similar to that
simulated by other high-resolution models [e.g., Aksenov et
al., 2010a, 2011]. In NEMO, most of the outflow of water
from the Barents Sea into the Eurasian basin of the AO oc-
curs through the eastern St. Anna Trough as a bottom-inten-
sified boundary current. In this region, the simulation is con-
sistent with recently obtained mooring data and
Conductivity-Temperature-Depth measurements; these have
been discussed in detail elsewhere [Kirillov et al., 2012].

[18] The simulated ocean circulation in the top 100 m
(which includes both the UML and the upper halocline) is
cyclonic (counter-clockwise) in the Eurasian Basin (Nansen
and Amundsen Basins) and in the Makarov Basin of the
AO (here we refer to the mean model state, averaged for
1979-2006). The Transpolar Drift is along the Mendeleev-
Alpha Ridge, with an anticyclonic (clockwise) Beaufort
Gyre in the Canada Basin being reduced. This circulation
creates a “cyclonic” type regime in the AO and is associated
with reduced atmospheric pressure over the Beaufort Sea.
The period 1979-1988 corresponds to the negative Arctic
Oscillation indices, whereas the period 1989-2006 corre-
sponds to positive and neutral Arctic Oscillation indices
[e.g., Steele et al., 2004; Proshutinsky and Johnson, 1997].
During the former period, model circulation features a stron-
ger Beaufort Gyre and Transpolar Drift aligned with the
Lomonosov Ridge. During the latter period, the Beaufort
Gyre is weaker and Atlantic Water inflow spreads further
cast into the AO [McLaughlin et al., 1996]. At the depth

range of this Atlantic Water, 100-500 m, the main circulation
feature in the model is the Arctic Circumpolar Boundary Cur-
rent which follows the AO margins cyclonically. This is the
fastest oceanic jet in the model AO, with annual mean veloc-
ities up to 0.1 m s, consistent with other high-resolution
models and with observations [4ksenov et al., 2011]. The
boundary flow in NEMO is stable in the Eurasian and
Makarov Basins but slows down considerably downstream
towards Canada Basin, exhibiting variability in strength and
flow direction similar to both other simulations and observa-
tions [Karcher et al., 2012].

[19] Summarizing this section, we conclude that the model
has necessary skill to accurately simulate ocean and sea-ice
features of the AO.

3.2. AO UML Dynamics and Nutrients

[20] Modeled annual maximum UML depth (calculated
from monthly averaged values) is shown in Figure 3a. Deep
winter mixing (in excess of 300 m) in the model occurs only
in the Atlantic inflow waters in the southeast Greenland and
southwest Barents sectors. Winter mixing rarely exceeds 80
m outside of these areas and on average is only 40 m being
generally deeper in the Eurasian than in Canadian basins
[e.g., Alkire et al., 2007; Rudels et al., 2004; Timmermans
et al., 2011]. Modeled summer (averaged over the period
May-September) UML depth is shown in Figure 3b. With
the exception of the Atlantic inflow (Norwegian and southern
Barents Seas), its depth does not exceed 10—15 m in the central
AO. In the weakly stratified Norwegian and Barents seas,

Table 2. Mean 1979-2007 Simulated in NEMO 1/4° Characteris-
tics of the Atlantic Water (AW) Inflow in the Arctic Ocean Through
Fram Strait and the Barents Sea Opening and These of the Pacific
Water (PW) Flow Through Bering Strait*

Strait: AW in Barents PW in Bering”

Volume [Sv] 21405 (2.0+0.4) 13402 (0.8+0.2)

Heat [TW] 42 +12 (50 + 10) 16+0.2 (12+0.3)
FW [mSv] 1044 (-5.7) 94+ 11 (80 + 10)
Mean T [°C] 32+0.5 (2.8-3.9) 0.26 (0.27) 0.09 (—0.11)
Mean S 34.95+£0.05 (34.84) 32.30 (32.26) 32.47 (32.49)

“The corresponding observational estimates from a variety of biblio-
graphic sources are given in bold [Rudels et al., 2004; Fieg, et al., 2010;
Gammelsrod et al., 2009; Smedsrud et al., 2010; Tsubouchi et al., 2012,
Clement Kinney et al., in press, 2012]. Where possible standard deviations
of the transports are given. Note that observational uncertainties are
included in the standard deviations. Positive transports are into the Arctic
Ocean. The heat (temperature) transports are referenced to —0.1°C; fresh-
water transport is referenced to 34.8.

°In Bering Strait, temperature and salinity were recorded at the moorings
A2 and A3 at 10 m above seabed; the corresponding model virtual stations
were sued for comparison [for details, see Clement Kinney et al., 2012].

Table 1. Mean 1979-2007 Simulated in NEMO 1/4° Oceanic Transports Through the Key Arctic Straits and Observational Estimates (in

Bold) From a Variety of Bibliographic Sources®

Strait: Fram

Barents Davis Strait

Volume [Sv]
Heat [TW]
FW [mSv]

—1.240.6 (~1.8+5.0)
4011 (36+:6)
—414£8 (66-:18)

2.440.5 (2.840.6)
72411 (73)
1044 (—942)

~2.840.6 (~2.6+1.0)
27 (20+9)
122417 (~116+41)

?Aksenov et al. [2010b], Fieg, et al. [2010], Beszczynska-Moeller et al. [2011], Curry et al. [2011], and Tsubouch et al. [2012]. Where possible, standard
deviations of the transports are given. Note that observational uncertainties are included in the standard deviations. Positive transports are into the Arctic
Ocean. The heat (temperature) transports are referenced to —0.1°C; freshwater transport is referenced to 34.8.
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summer UML is substantially deeper (20-30 m). Both
summer-averaged and winter maximum UML values show
features similar to ones obtained from the WOA climatology
using variable density criterion [Popova et al., 2010].

[21] The modeled annual maximum of surface dissolved
inorganic nitrogen (DIN) concentration is shown in Figure 3c.
This characteristic is of importance as it is indicative of the
amount of nutrients available for phytoplankton to utilize
in the UML at the beginning of the spring bloom. The
majority of the central AO and Siberian shelves show low
concentrations of 1-2 mmol N m >. Areas close to the
Pacific and Atlantic inflows are clear exception from this
rule. Chukchi and Norwegian Seas show high DIN concen-
trations of about 8-12 mmol N m > while DIN in the
Barents Sea is about 6-10 mmol N m . Although the
AO is severely undersampled in respect to nutrients [e.g.,
Popova et al., 2012], the annual maximum of DIN obtained
from the World Ocean Atlas’ monthly nutrient climatology
[Garcia et al., 2006] shows similar patterns of spatial dis-
tribution [Popova et al., 2010; 2012].

[22] The modeled annual DIN concentrations at 65 m
depth are shown in Figure 3d. The distribution and origin
of DIN at this depth are the main focus of our analysis.
Similar to surface maximum DIN concentrations, elevated
values can be found in the vicinity of the Pacific and Atlantic
inflows. However, unlike the surface distribution, at this
depth, DIN concentrations in the Eurasian Basin are sub-
stantially lower (1-5 mmol N m™>) than in the Canada Basin
(6-11 mmol N m ). Extremely low values (<1 mmol N m ™)
occur in the northern part of the Greenland sector.

[23] Silicic acid concentrations at this depth (Figure 3e)
show spatial features that are very different from DIN and
reflect the fact that Pacific inflow is has much higher silicic
acid concentrations (2025 mmol Si m ) than the Atlantic

N.Atlantic

inflow [6-10 mmol Si m>, Garcia et al., 2006]. Modeled
silicic acid concentrations at the depth of 65 m vary between
9-10 mmol Si m* in the Canada Basin and 2—5 mmol
Si m ™ in the Euroasian Basin. This distribution follows
inverse distribution of salinity at the same depth
(cf. Figures 3e and 3f) which at this depth is a good tracer
for waters of Pacific origin [e.g., Jones et al., 2003]. Thus,
modeled silicic acid concentration is much higher in the
Pacific waters with general decline (due to biological
consumption) downstream of the Bering Strait reaching a
minimum (~5 mmol Si m ) in the northern part of the
reenland sector. Because, by contrast, Pacific and
Atlantic inflows have similar DIN concentrations [6—10 mmol
Sim > at50m depth; Garcia et al., 2006], understanding of
the DIN distribution shown in Figure 3d (in particular, the strik-
ing difference between the Canadian and Eurasian basins)
requires analysis of the advective pathways and timescales
involved. This analysis is described in the next section.

[24] The modeled and observed [WOAOS, Garcia et al.,
2006] cross sections of DIN are shown in Figures 4a and 4b.
As can be seen, the model reproduces well the strength and
depth of the nutricline, although it tends to underestimate surface
concentrations and is more oligotrophic than the climatology.
However, the number of actual observations used in the clima-
tology from the central Arctic is insufficient [cf. Figure 6 in
Popova et al., 2012] to confirm if the differences between the
Canadian and Eurasian basins are reproduced correctly by the
model. Further model evaluation with respect to observed
nutrients can be found in Popova et al. [2010].

3.3. Lagrangian Analysis of Nutrient Supply to the
Upper Halocline

[25] In order to estimate the advective timescales affecting
supply of nutrients to AO ecosystems and the geographical

MN.Atlantic

Figure 4. Vertical cross section of annual mean DIN concentration a) WOA;

Latitude

b) model results

(year 2000, mmol N m ). Location of the cross section is shown in Figure 1.
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sources of nutrients, we deployed Lagrangian particles at a
depth of 65 m across the AO and performed backward
tracking (see section 2.2) until they reached one of three inter-
ception sections shown on Figure 1: Bering Strait, Fram Strait
at 80°N and the opening of the Barents Sea at 20°E. The 65 m
depth horizon (bounded by the model vertical grid at 56 and
69 m) was chosen as a depth generally below the maximum
depth of upper ocean mixing through the year (cf. Figure 3a),
while still being within the photic zone. Hereafter, we will
refer to this experiment as Z65. Note that our experiment is
designed to establish the main routes of nutrient circulation
in the AO and the timescales involved. Our approach is not
designed to provide flux estimates for water and nutrients.
[26] Figures 4a—c show the origins of the particles arriving
to the depth of 65 m and a timescale required for particles to
be advected from one of the three entry sections. We discuss
the results separately for each of the entry sections. Note that
henceforth, we refer to ARIANE particles as “water parcels”.

3.3.1. Pacific Water

[27] Figures 6a and 6d show Lagrangian trajectories of parti-
cles of the Z65 experiment colored according to their depth and
DIN concentration. After entering via the shallow (50 m)
Bering Strait, and crossing the shelves of the Chukchi Sea and
East Siberian Sea in the top 50 m of the water column, Z65 water
parcels are subducted under the lighter AO surface water to
depths of 50-100 m at the shelf break. Lower part of the
50-100 m depth range is occupied by the water parcels that
become denser as a result of brine rejection during ice formation.

[28] Observations suggest that shelf-slope convective
plumes can penetrate deeper [e.g., Jones et al., 2003; Anderson
et al., 2010]; however, our analysis finds that only water
parcels subducted to depths shallower than 100 m will
eventually end up at the reference depth of 65 m, while
water parcels subducted deeper will stay below the photic
zone throughout their advection across the AO. At the depth
of 65 m (Figure 5a) Pacific water fills the Chukchi and
Beaufort Seas, Canada Basin, and sills of the CAA.

[20] Water parcels entering the AO through the Bering
Strait have hi%h nutrient concentrations ran%ing from
5-7 mmol N m™~ in summer to 12—-15 mmol N m™ " in winter,
with the exception of more nutrient-depleted Alaskan coastal
current water parcels that have concentrations of 4-6 mmol
N m ™ (Figure 6d). Advection from the Bering Strait to the
Chukchi shelf break takes on the order of 1-2 years
(Figure S5a). As water parcels cross the Chukchi Sea
shelf, DIN decreases such that at the shelf break it is only
9-12 mmol N'm >, This decrease is relatively low for an area
of high primary production (~150-200 g C m 2 yr"). This is
explained by the fact that the surface nutrient concentrations
(Figure 3a) are high in the southern part of the Chukchi
sector, and majority of the production occurs within the
UML while the SCM is relatively weak because of the self-
shading effect. Relative strength [Popova et al., 2010] of
the SCM increases from the shelf break northward [Hill &
Cota, 2005; Popova et al., 2010] where a further decrease
in nutrient concentrations occurs.

[30] Analysis of the individual water parcels shows that
three main routes can be clearly established: transpolar drift,
surface anticyclonic circulation of the Beaufort Gyre, and a
branch that follows the coast of North America. Transpolar
drift of Z65 water parcels from the Bering Strait to the
Greenland shelf takes 6-10 years (Figure 5) and generally

Figure 5. Origin of the Lagrangian trajectories at 65 m
depth and time (in years) required to reach the shown loca-
tion from one of the three entry points: a) Bering Strait; c)
Barents Sea opening; d) Fram Strait.

occurs at depth of 60-80 m. After leaving the shelf break of
the Chukchi Sea, water parcels caught in the Transpolar
Drift experience progressive reduction in their DIN con-
centrations (about 1-2 mmol N m > yr '), such that in
the area north of Greenland, their DIN concentration is
only 1-2 mmol N m . Thus, the minimum of DIN north
of Greenland (Figure 3d) is explained by the downstream
depletion of the Pacific nutrient source.

[31] Water parcels following the northern coast of Alaska
enter the AO with relatively low nutrient concentrations
of 4-6 mmol N m>. They remain in near-surface layers
(040 m) until reaching transverse of McKenzie river
whereupon they downwell to depths of 60-80 m and
recharge their nutrients to 6-10 mmol N m > through the
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Figure 6. Lagrangian particles colored according to their depth (m) and DIN concentration (mmol N m )
shown separately for each of the entry routes: (a and d) Bering Strait, (b and e) Barents Sea opening, (c and f)

Fram Strait.

remineralization of the particular organic matter before
penetrating the sills of the CAA and reaching Baffin Bay.
Advection from the Bering Strait to the sills of the CAA
occurs on a timescale of 10—12 years, and to Baffin Bay on
a timescale of 15-20 years depending on the route taken
through the CAA. Longer timescales of Arctic residence
(20-25 years) are indicated by some water parcels (5%) which
were caught in the Beaufort Gyre motion. Above timescales
are similar to published transit times required for surface and
subsurface waters to across the AO [e.g., Newfon et al.,
2008]. General features of the circulation discussed here
(and in the next two subsections) are shown on the schematic
diagram of Figure 7.
3.3.2. Atlantic Water

[32] Water parcels entering through the opening of the
Barents Sea traverse it in the model on a timescale of 3—5 years
experiencing atmospheric cooling and salinification when sea
ice is formed. These processes are believed make seawater
dense enough to flow off the shelf in plumes that spread
through a wide range of depths [Jones et al., 1998; Rudels
et al., 2004]. Because of its high productivity, the Barents
Sea acts as a sink of nutrients in the upper 0—120 m, such that
water parcels entering it with a typical DIN concentration of
8-10 mmol N m (at the depth of 65 m) leave it with only
6—7 mmol N m ™ if they remain at the same depth (Figure 3d).
In our analysis, Z65 water parcels exit the Barents Sea mostly
through the passage between Franz Josef Land and Novaya
Zemlya or via the narrow and shallow Kara Gate. Both the

l 20 yr

Figure 7. Schematic diagram of the advective pathways of
the nutrient supply to the subsurface waters of the AO.
Arrows are colored according to the time (in years) required
to reach the shown location from one of the three entry points.

pathways eventually lead in the Arctic and Ocean via the
St. Anna Trough in the Northern Kara Sea with a small frac-
tion of parcels entering the Laptev Sea through the Vilkitsky
Strait (Figures 6b and 6e). This pattern of the flow is similar
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to the one observed in the St. Anna Trough [Kirillov et al.,
2012]. In the AO, the water parcels follow the continental shelf
and join the cyclonic circulation of the Makarov and Amund-
sen Basins at a depth of 60—100 m spreading through both the
basins on timescales of 1020 years (Figures 5b and 7). In gen-
eral, water parcels in the Makarov Basin show higher nutrient
concentrations (4-6 mmol N m ) than in Amundsen Basin
(0.1-3 mmol N m™*) while occupying approximately the
same range of depths.

[33] Another deeper branch (180-200 m) continues along
the continental shelf and into the Canada basin under the
Pacific water and upwells on the shelf of Greenland due to
the gradual thinning of the Pacific water layers [Rudels
et al., 2004]. This shallowing allows some of the Barents
branch water to enter Baffin Bay through the sill in the Nares
Strait (230 m). The timescales involved in the transition
from leaving the Barents Sea and arriving at the Canadian
and Greenland shelves are about 20-30 years.

[34] In the circulation pattern described above there are a
number of areas where water parcels increase their nutrient
concentrations within the AO. One of the two mechanisms of
such increase is associated with the fact that remineralization
of the organic matter occurs throughout the water column
(source of DIN), while consumption of DIN is bound to the
photic zone only. Thus, particles being advected in the
lower part of the water column generally increase their DIN
concentration, while they lose DIN in the photic zone. The
exact depth at which biogeochemical sources of DIN change
its sign is largely driven by the light regime (hence latitude
and the season) and nutrient concentrations both of which
control productivity level. The second mechanism is associated
with the turbulent mixing which is disregarded by the off-line
Lagrangian calculations but is present in the full model. For
instance, if the Lagrangian particle crosses the area affected
by the deep convection, associated DIN will show increase of
the concentration. In the Atlantic inflow, the first of such
areas is in an area east of Novaya Zemlya where deep winter
convection is observed [e.g., Aksenov et al., 2010b; Arthun
et al., 2011 and occurs in the model. In this area, DIN
concentrations increase from 2-3 to 6-8 mmol N m °.
However, this increase is mostly utilized in the surface waters
of the outer Kara shelf. The next downstream enrichment of
nutrients occurs after water parcels leave the shelves of
Barents and Kara Seas and increase their DIN concentrations
from 56 to 7-10 mmol N m >, presumably due to mixing
with high nutrient bottom shelf waters (discussed in detail in
the next section). The last substantial enrichment of nutrients
occurs on the border between the Chukchi and East Siberian
sectors where the shelf circumpolar current separates from the
Siberian shelf and descends below Pacific-origin waters. In
this area, Z65 water parcels downwell to depths of 60—80 m
and restore their DIN concentrations to 69 mmol N m >
due to the remineralization of the organic matter.

[35] Water parcels entering the AO through the Fram
Strait feed the upper halocline of the western Nansen Basin
(Figures 5c, 6¢, and 6f). The majority of the water parcels
stay within the upper 60—80 m and transverse the Nansen
Basin on a timescale between 3 and 8 years. On their route
across the Nansen Basin, water parcels lose on average
approximately 1 mmol N m ™ yr '. However, a number
of water parcels experience strong downwelling north of
Svalbard, at which point they join cyclonic circulation of

the intermediate waters in AO and can be upwelled to our
reference depth along the shelf of Greenland and the CAA
and can, in some cases, reach Baffin Bay. In the case of
the Baffin Bay, the timescales involved are between 20 and
30 years dependent on the particular route taken.

[36] High DIN concentrations (9-12 mmol N m™?;
Figure 6) supplied to the western Nansen Basin through
the Fram Strait result from deep convective mixing in the
Norwegian and Greenland seas (cf. Figures 3a and 3b).
In this area, high DIN concentrations are supplied to the
surface every year during the winter mixing and are subse-
quently advected by the cyclonic circulation to the major-
ity of the Nansen Basin on the timescales of 2-5 years
(Figure 7). Taking into account this deep source and
the short advective timescale of DIN supply to the majority
of the Nansen Basin, we can speculate that further sea-ice
retreat in this area may lead to substantial increases in
productivity. In this respect, Nansen Basin presents a rather
unusual example for the AO. Over the rest of the basin
dominated by predominantly horizontal supply, ice retreat
leading to in situ increase of productivity follows by draw
down of nutrients and subsequent decrease of production
in the downstream areas.

[37] Our estimates of advective timescales for the Atlantic
Water in the Eurasian Basin of the AO are consistent with
the estimates of Smith et al. [2011] based on their time-series
measurements of the nuclear fuel reprocessing tracers
Iodine-129 and Cesium 137 and CFC-11 data. These authors
have obtained travel time between the Barents Sea and North
Pole of ~8 years for the tracers and estimated the age of AW
in the Makarov Basin of 12-20 years and in the outflow
through Fram Strait of 3040 years. As part of the Arctic
Monitoring and Assessment Program, Karcher et al.
[2012] obtained residence times of the Arctic halocline of
~10 years, for the AW of ~25-30 years. Independently,
Ekwurzel et al. [2001] estimated the age of halocline waters
(top 250 m) of ~ 10 years using 3H-3He tracers.

3.3.3. Continental Shelf Pump

[38] The Lagrangian experiments described in the previ-
ous sections were not designed to consider another possible
source of nutrients for the AO halocline, namely nutrients
supplied to shelf bottom waters by the remineralization of
sinking organic particles [e.g., Jones & Anderson, 1986).
To elucidate the role of this mechanism in sustaining AO
primary production, we performed an additional simulation
in which the return of remineralized particulate organic
matter to inorganic nutrients in the bottom model grid box
was (globally) disabled (i.e., particular organic matter was
remineralized, but the nutrients “disappeared”). A simple
interpretation of this experiment is that the ocean bottom
starts acting as a trap for the sinking organic material and
bottom of the shelves are no longer areas of high nutrient
concentrations. In a sufficiently long simulation, the results
of this experiment would be confounded by the depletion
of inorganic nutrients, but on the timescale of a decade, this
experiment has two impacts that help elucidate the role of
shelf bottom waters in nutrient resupply. Namely: (i) an in
situ impact on the productivity of shallow shelves, and (ii)
a remote impact on areas controlled by the shelves through
advection of bottom shelf waters. One might expect the
effect to be restricted to the remote advective mechanism
only (outside of areas where bottom topography is within
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the photic zone), since strong stratification in the AO shelf
areas means that they are typically not mixed down to
the seafloor (i.e., do not tap into shelf bottom nutrients).
As such, this extra simulation is used here to provide infor-
mation on the role of shelf bottom waters in supplying
the AO thermocline. Note that, due to the computational
expense of the model, this experiment is performed at
1° resolution (see Methods).

[39] AO primary production from the control run and its
relative reduction in the numerical experiment after 6 years
are shown in Figure 8. As can be seen in Figure 8b, the im-
pact on productivity propagates far beyond the shelf into the
central AO. In particular, there are two pronounced large-
scale filaments of decreased productivity: northwestern flow
from the Laptev shelf into the Amundsen basin, and north-
eastern flow from the East Siberia shelf into the southern
part of the Makarov Basin and the Canada Basin. In these
basins, primary production is reduced by a factor of two over
significant areas (Figure 8b). Further analysis shows that the
total impact of this mechanism on AO primary production
saturates after 5-6 years at approximately a 20% total
(cumulative) reduction.

[40] To explain the spatial pattern of reduced primary
production, we performed a Lagrangian experiment tracing
the propagation of the shelf bottom water. We placed
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Figure 8. (a) Annual mean water column primary produc-
tion in the control run (mg C m > yr '); and its relative
reduction after six year of the shelf control experiment (b)
calculated as (control-experiment)/control.

Langrangian particles into the bottom grid cells over the
shelf area (<220 m) in all model grid points north of 66°N
and traced their advection forward in time for 5 years. The
resulting water parcel trajectories, colored according to their
depth, are shown in Figure 9a. To simplify interpretation of
the advective routes, the same water parcels colored by their
starting sector are shown on the Figure 9b [geographical
sector boundaries are taken from Pabi et al., 2008]. Water
parcels starting from the outflow shelves of the Baffin and
Greenland sectors (shelf classification per Carmack et al.,
2006] are omitted from the figure for simplicity as they are
not relevant to the discussion. Only water parcels whose tra-
jectories bring them to a depth shallower than 100 m are
shown in the subplots of Figure 9 as deeper trajectories
would have very limited or no impact on AO productivity.
[41] The results show that all of the shelf waters join the
cyclonic circulation of the Arctic shelf boundary current
[Aksenov et al., 2011] that flows around the rim of the
AO, entraining waters cascading from the Arctic shelves
and making detours around topographic features [Aksenov
et al., 2011]. In particular, the water parcel trajectories show
that shelf water from the Barents sea and the outer shelf of
the Kara sea join the ASBB at a depth below 200 m, and
they remain below this depth either for the duration of the
run (5 years) or until they reach shelves of CAA and thus

Figure 9. Lagrangian trajectories starting in the model
shelf points and run forward for 6 years colored by (a) depth
and (b) sector of origin (yellow: Barents, green: Kara, Blue:
Laptev; black: East Siberian; red: Chukchi; cyan: Beaufort).
Only parts of the trajectories remaining above 100 m depth
are shown.
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do not influence productivity of the AO. Inner shelf waters
of the Kara Sea exit it only through the Kara Gate into the
Laptev Sea thus explaining why Barents and Kara shelves
do not control primary production in the deep AO of their
corresponding sectors.

[42] The main advective path found in the model for the
off-shelf nutrient-enriched flow formed in the inner shelf of
the Kara Sea and on the shelf of the Laptev Sea is a cyclonic
circulation of the Amundsen Basin (Figure 9) at a depth of
40-60 m. This pattern of shelf-basin exchange explains
why the Amundsen Basin has higher DIN concentrations
in the Z65 experiment than does the Nansen Basin. In the
Amundsen Basin, the timescale of advective nutrient supply
from the Barents Sea opening is 10—15 years, while shelf
supply mechanism operates on the timescale of 3—5 years.

[43] Finally, the East Siberian and Chukchi sea shelf
waters join the ASBB and penetrate into the deep AO
through its separation from the shelf near the Chukchi
Plateau. This branch of shelf flow stays at depth 80-100 m
(just below Z65 waters).

[44] The timescale of shelf-basin exchange of near-surface
waters in our model (~5 years) is similar to the observational
estimates by Schlosser et al. [1999], Serreze et al. [2006]
and Rutgers van der Loeff et al. [2012].

4. Discussion

[45] The supply of nutrients to the upper ocean ecosys-
tems has traditionally been attributed mostly to vertical
processes such as vertical diffusivity, winter convection,
upwelling, and mesoscale eddy pumping. As was pointed
by Palter et al. [2005], such a one-dimensional view rests
on the assumption that an adequate reservoir of nutrients is
perennially available under the photic zone and neglects
lateral processes that deliver nutrients to the subsurface. In
general, a number of studies [e.g., Sarmiento et al., 2004;
Palter et al., 2005] have found that, on timescales longer
than a decade, the horizontal processes that control the ver-
tical distribution of nutrients must be taken into account.
However, horizontal processes become important on much
shorter timescales in the AO because of its restricted vertical
exchange processes, wide continental shelves, and strong
horizontal gradients of nutrients with the neighboring north-
ern North Pacific and Atlantic basins.

[46] In order to estimate the timescales associated with hori-
zontal transports of nutrients to AO ecosystems, here we marry
conventional Eulerian simulation output with Lagrangian tracer
experiments. Although Lagrangian particle tracking has its
limitations for studying tracer distributions since it disregards
mixing process, its use in the AO is arguably more justifiable
than in other ocean areas. Using time-series measurements of
nuclear fuel reprocessing tracers and a ventilation tracer
(CEC-11), Smith et al. [2011] showed that advection may play
a greater role than mixing in distribution of tracers in the AO,
and that AO is a more advectively dominated system than
neighboring North Atlantic and Pacific oceans.

[47] We focused our analysis at the origin of the water at
depth of about 65 m (Z65 water). We assumed that supply
of nutrients to this depth is of major consequence for the
AO ecosystems for two reasons. First, the concentration at
approximately this level determines vertical entrainment of
nutrients into the UML and thus defines how much nutrient

is available for phytoplankton to utilize at the beginning of
the light season in the UML, although care should be taken
in areas most strongly affected by the fresh water input
where winter mixing may not penetrate to this depth.
Second, nutrients at this depth support a subsurface Chl-a
maximum which is a prominent feature of the AO ecosys-
tems and responsible for a significant proportion of total
AO primary production Popova et al. [2010]; Martin
et al., 2010]. Our results showed that DIN-enriched Pacific
waters entering the AO through the Bering Strait fill the
Canada Basin and the western Amundsen Basin on the
timescale of 5-10 years. In areas where the transient time is
the longest (~10 years, western Amundsen Basin), the waters
are “biologically spent” and have DIN concentrations close or
below the phytoplankton half-saturation level for nutrient
uptake. These results also show connectivity between surface
processes in the Chukchi Sea and downstream subsurface areas
of the Canada Basin. For example, they suggest that the earlier
sea-ice retreat affecting progressively larger areas on the
Chukechi shelf observed over the last decade leads to increased
surface productivity [4rrigo et al., 2008] followed by reduction
of surface nutrients that may have a strong downstream impact
on the SCM of the CB on the timescale of 3 to 5 years. Surface
waters over the Chukchi shelf are feeding the subsurface
productivity of the nutrient-poor CB and along the transpolar
drift. Our results also suggest that the downstream effect may
not propagate as far as CAA and Beaufort Sea as a “recharge”
of the nutrients occurs on the shelf of Greenland and CAA
due to the shelf-break upwelling. Recently, McLaughlin &
Carmack [2010) showed deepening of the nutricline and
SCM because of the accumulation of the fresh water in the
surface BG in 2003-2009 due to increased sea-ice melt and
wind-driven convergence. On the basis of our results, we can
speculate that this deepening may be further exacerbated by the
enhanced nutrient consumption upstream in the Chukchi Sea.

[48] Similar to the “biologically spent” waters of the western
Amundsen supplied from the Bering Strait, subsurface waters
of'the eastern Nansen Basin are also depleted of nutrients. This
depletion is due to the long advective timescales between the
North Atlantic (through the Barents Strait) and Nansen Basin.
In contrast to the eastern Nansen Basin, the eastern Makarov
and Amudsen basins have higher subsurface DIN concentrations
in spite of the similar advective scales from the Atlantic
sources. In this case, nutrients are enriched by the continental
shelf pump which supplies shelf bottom waters with high
nutrient concentrations to the subsurface layers on the
timescale shorter than that from the North Atlantic.

[49] In order to elucidate the role of the shelf control
mechanism for maintaining deep AO primary production,
we conducted a numerical experiment where near-bottom
remineralization of nutrients was switched off. This reduc-
tion in nutrients led to a 20% decrease of the total AO
primary production, with the main impact in the deep basin
of the Beaufort, Chukchi, East Siberian, and Laptev sectors
where production is decreased by a factor of two. After
5 years, the impact became close to its saturation level, and
further reduction of primary production did not occur. This
saturation timescale was probably set by the time required
for the ecosystem to utilize shelf nutrients as they were being
advected into the central basin. Such a saturation timescale
would also explain why there was no impact on the produc-
tivity in the deep AO adjacent to the Canadian Archipelago
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and Greenland, as these areas are too far downstream from
the shelf sources of nutrients.

[s0] The design of our experiment did not allow us to
address impacts of the interannual variability of the AO
dynamical features such as accumulation of the freshwater
in the surface of the Beaufort Gyre [e.g., McLaughlin &
Carmack, 2010] and strengthening of the continental shelf
pump in the Makarov Basin [Nishino et al., 2011).

[5s1] Another important, although potentially undesirable
result of the shelf control experiment, is substantial decrease
of the primary production over Siberian shelves. Such a
decrease implies that in the model, a significant part of the
shelf productivity is fuelled by the re-entrainment of nutri-
ents remineralized at the bottom back into the upper water
column. This in turn suggests that at least once during the
winter, the water column is mixed down to the bottom. This
is contrary to the original hypothesis of Jones & Anderson
[1986] which instead suggests that increased near-bottom
nutrients are prevented from in situ re-entrainment into the
photic zone due to the strong saline stratification of the
shelves and are instead advected horizontally into the deep
basin. A study of Dmitrenko et al. [2005] based on hydro-
logical data collected on the shelf of the Laptev Sea showed
that the probability of convective mixing penetrating to the
seafloor is only substantial in the region of the flaw polynya
(a polynya between pack ice and land-fast ice) and may
reach about 20% in the some areas of the Western and
70% in the Eastern parts of the inner shelf [cf. Figure 7 of
Dmitrenko et al., 2005]. Dmitrenko et al. [2005] noted that
the Laptev Sea polynya is the most distinct one across all
the Siberian Seas, so we can speculate that in other shelf
areas, this probability should be substantially lower. As the
model, as well as most of the present-day OGCMs, does
not have a dedicated land-fast model, it exaggerates the
shoreward extent of the polynya, thus overestimating mixing
in the shallow parts of the Siberian shelf [see e.g., Johnson
et al., 2012 for discussion on the effects of land-fast ice).
Nguyen et al. [2009] pointed out that salt plumes forming
during the sea-ice formation and subsequent brine rejection
in leads occurs at horizontal scales of 100-3000 m, a much
finer scale than that typically resolved in models. When the
rejected salt is spread through the much larger model grid
cells, unrealistic large-scale convection occurs. Nguyen
et al. [2009] developed a brine rejection scheme for
redistributing rejected salt to the depth of its neutral buoy-
ancy, and this showed substantial improvement in the
modeled AO halocline properties.

[52] Aforementioned observational and modeling evidence
suggests that by overestimating vertical mixing on the
shelves, our model results may underestimate the impor-
tance of the shelf control mechanism. We can speculate
that if vertical mixing on the Siberian shelf in the model
is less widespread, then near-bottom increase of nutrients
and their subsequent advective supply might be even more
substantial. On the other hand, using recent observation
of nutrients in the Makarov Basin, Nishino et al. [2011]
argued that nutrient-rich water in this area appeared to be
supplied from the shelf of the East Siberian Sea. They
proposed formation of shelf bottom water through cooling
followed by northward advection with high nutrient con-
centrations resulting from near-bottom remineralization.
Further, Nishino et al. [2011] suggested that the formation

of such water masses has become more likely in the recent
years as a result of the decrease in the sea-ice cover and the
delay of winter freeze-up. The significance of shelf bottom
water formation suggests that the parameterization of such
shelf processes is of considerable importance for basin-
scale (and global) modeling studies focusing on the AO
ecosystems and for the carbon cycle.

[53] The modeling study of Slagstad et al. [2011] suggests
that primary production will increase on most shelves and
Eurasian shelf break under future climate change. If such
an increase occurs, it will also strengthen the supply
(and subsequent remineralization) of the organic matter to
the bottom layer of the broad continental shelf and its subse-
quent advection into the central AO, although denitrification
on the shelves [e.g., Devol et al., 1997] may counterbalance
this effect. However, the advective impact on AO ecosys-
tems is not restricted to the nutrient supply. Its role in the
distribution of biological actors has been shown in a number
of studies, such as advection of a Pacific haplotype of the
zooplankton Calanus glacialis into the AO [Nelson et al.,
2009], link between the AO circulation pattern and variabil-
ity of zooplankton Kosobokova and Hirche [2009] and
impact of the ice reduction on the invasion of species Reid
et al. [2008].

[s4] Above mentioned studies reinforce the view of inter-
connectivity of the AO [e.g., McLaughlin et al., 2002;
Carmack & McLaughlin, 2011]. Such interconnectivity
points towards the fact that continuous retreat of the sea
ice would affect AO ecosystem not only by altering in situ
conditions such as light regime and stratification but also
by modification of the physical and biological regimes of
the remote upstream areas [Carmack et al., 2012].

5. Summary

[s5] AO is an area where the vertical supply of nutrients is
restricted due to very stable stratification and where advec-
tive processes play a major role in delivering nutrients to
the photic zone. In order to investigate source and timescales
of the nutrient advection, we performed a Lagrangian analy-
sis of the mechanisms of nutrient supply to the subsurface
(60—65 m) layers of the AO ecosystem. Lagrangian experi-
ments were made on the basis of a global general circulation
model coupled to an ocean ecosystem model and Lagrangian
particle tracking approach.

[s6] We estimated the time required by water parcels to
reach subsurface waters from the three points of entry to
the AO (the Bering Strait, the Barents Sea opening, and
the eastern Fram Strait). Our model experiments showed that
advective supply timescales in the AO do not exceed 20
years with the exception of the northeastern part of the
Baffin Bay which is supplied by the route: Barents Sea
opening-Arctic circumpolar current-CAA-Baffin Bay, taking
an order of 25-30 years. The rest of the subsurface waters
in the deep AO are connected to the NA or NP on much
shorter timescales. Nutrients to the Canada basin are supplied
from the Bering Strait on a timescale of 5-7 years, and to
the western Amundsen Basin by the transpolar drift on
the timescale of 7-10 years. The Western Nansen Basin is
supplied by the Fram Strait on a timescale not exceeding
5 years, while the waters arriving from the Barents Sea
opening spread through the Amundsen and Makarov
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Basins on a timescale of 15-20 years. These timescales are
similar to the experimental estimates of [Ekwurzel et al.,
2001; Karcher et al., 2012; Mauldin et al., 2010; Newton
et al., 2008; Smith et al., 2011].

[57] Horizontal advection of nutrient-rich shelf bottom
waters is an important and fast advective route that supports
an estimated 20% of total AO primary production in our
simulations. Regionally, the mechanism can be much more
substantial and can support up to 50-60% in the eastern
Makarov and Amundsen Basins and central Canada Basin.
However, not all the Arctic shelves contribute to the supply
of subsurface waters. Bottom waters of the Barents and outer
Kara Seas are too dense and propagate to the deep AO well
below the photic zone. The Beaufort Sea shelf is too narrow
to provide a substantial influence on the productivity of the
deep AO. Thus, the main contributors to the supply of nutri-
ents to the AO subsurface Chl-a maximum are the shelves of
the East Siberian, Bering, and Laptev Seas.

[s8] Our study draws attention to the importance of the
adequate modeling of the circulation in general and the for-
mation of nutrient-rich shelf bottom waters in particular for a
realistic representation of the functioning of the AO ecosys-
tem. Two main physical processes contributing to the shelf
pump are in need of improvement in GCMs applied to the
study of AO biogeochemistry: brine release mechanisms
and vertical mixing on the shelf seas. Our study cautions
against the one dimensional view of ecosystem dynamics
in the AO and reinforces the view that Arctic ecosystems
cannot be understood in regional isolation [e.g., McLaughlin
et al., 2002; Carmack & McLaughlin, 2011].

Appendix A: Impact of the Frequency of Velocity
Sampling on the Advective Timescale Estimates

[59] In this study, the calculation of Lagrangian trajecto-
ries was performed off-line using stored velocity field from
an ocean GCM. Such off-line studies are increasingly used
for analysis of the ocean circulation including in biologi-
cal context of studying interrelationship between basins
[see e.g., Doos et al., 2011, for a review of applications).
The main attraction of this approach for biogeochemical
applications is its off-line nature, since this permits any
number of computationally inexpensive experiments based
on a single computationally prohibitive physical model
simulation. Additionally, and unlike experiments taking
place on-line in forward simulations, it allows backwards
analysis of trajectory history from destination to origin.

[0] However, the question of how frequently the velocity
field must be sampled for Lagrangian calculations remains
an open one that largely depends on the nature of the prob-
lem investigated, model spatial resolution, timescales of
interest, and the structure of the ocean flow. As such, one
would not expect a universally applicable answer to the ap-
propriate frequency questions and certain sensitivity tests
might be in order for different classes of problems. For
example, Da Costa and Blanke [2004] performed a sensitiv-
ity study of the Lagrangian trajectories with the frequency of
the input velocity field varying from 15 h to 360 days using
an ocean GCM with a spatial resolution of ~200 km. The
study showed that increasing the temporal frequency of the
velocity field from the 30 day average (which was routinely
available) to a 2.5 day average (which represented high

frequency) could decrease the horizontal displacement error
of trajectories for the multiannual timescales commonly
used in climate studies. However, with higher-resolution
global models that are run for decadal to centennial time-
scales, especially those with numerous biological tracers,
storing data at temporal frequencies better than monthly is
rarely practical. It is for this reason that 30 day averages of
velocity were used in our study.

[61] However, to evaluate how our calculated advective
routes and timescales were affected by the sampling
frequency of modeled velocity, we repeated calculations
for two velocity fields: one using 30 day averages (= our
default analysis), and one using 5 day averages. For both
cases, output from a single model year (= year 2000) was
cycled to produce a 30 year time series of trajectories. As
lower temporal frequency forcing may be anticipated to
manifest as more diffuse or sluggish currents, Figure 10
illustrates January forcing currents at 30 m depth for
5 day (top; 10—15 January) and 30 day (middle; 1-30 January)
forcing. While the 30 day forcing has a slightly weaker
Arctic Circumpolar Boundary Current and there are some
locations where the 30 day forcing exhibits less small-scale
variability (e.g., the Barents Sea), the spatial pattern and
magnitude of the current speeds across the AO are generally
very similar.

[62] Over the timescales of the advective routes described
in this study (5-30 years), deviations in the details of indi-
vidual trajectories that start at the same location in these
two runs can be substantial. However, as this study is more
interested in the broader features shown in Figures 5 and 7,
Table Al lists the calculated means and standard deviations
for the timescales for each of the entry sections shown on
Figure 1 for both runs. Higher-frequency, 5 day forcing
may be expected to result in advective timescales that are
shorter than that for 30 day forcing. However, timescales
for the three entry sections show no systematic patterns in
terms of means or standard deviations. Furthermore, the
root-mean-square-difference in advective timescales for
the two sensitivity runs (cf. Figure 5) is 0.45 years, relative
to an average advective timescale of 10.3 years over the entire
ensemble. As such, there is no indication that using 5 day
velocity field provides consistently faster advective timescales.

[63] Nonetheless, some differences in the spatial extent
of the areas filled by the trajectories entering the AO from
the three gateways were found, particularly in the East
Siberian sector. In the run based on the 30 day averaged
velocities, the eastern part of this sector is filled from the
Bering Strait, while it is filled from the Barents Sea open-
ing in the run based on 5 day averaged velocities. However,
the rest of the deviations in the advective routes between
the two runs is restricted to individual trajectories and does
not exceed 10%.

[64] Given the preceding results, we can speculate that
even higher-frequency timescales (~1 day) associated with,
for example, the nonlinear effects of storms, may affect this
conclusion and may warrant a further investigation. However,
the spatial resolution of our model in the central AO (10-15
km) and the resolution of ECMWF atmospheric forcing
(1.125°x1.125° grid; e.g., Brodeau et al., 2010] then become
insufficient to adequately address this issue as spatial scales of
order of 1 km need to be resolved. These scales are currently
beyond the computational resources required for global and
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Figure 10. Currents speed (m/s) at 30 m depth for 5 day
(top; 10—15 January) and 30 day (middle; 1-30 January)
forcing. The bottom plot shows difference (m/s) between
5 day and 30 day averaged values.

Table Al. Mean and Standard Deviation (Years) of the Advective
Timescales Calculated for the Three Entry Sections for the Runs
Using 30 Day and 5 Day Mean Velocity Fields

R Bering Strait Fram Strait Barents Sea Opening
un

mean STD mean STD Mean s STD
30d 8.5 6.2 32 4.1 8.7 6.7
5d 6.0 4.5 49 6.2 10.5 7.9

even pan-Arctic models. In addition, the focus of the present
analysis is on trajectories that are—in the majority—at depths
below 65 m. This is deeper than the maximum mixed layer
depth in the Arctic [~50 m; e.g., Rudels, 1996], and therefore,
wind mixing and high-frequency wind events, like storms, do
not significantly affect these trajectories. Exceptions are the
Alaskan Beaufort Sea and the Chukchi Sea, where the storm
events can cause upwelling next to the shelf slope and pro-
duce a response in the ocean circulation of the halocline.
However, this effect is limited to the summer and autumn
months, as the presence of sea ice largely limits the magni-
tude of upwelling [e.g., Pickart et al., 2009; Schulze and
Pickart, 2012].

[65] Overall, we judge that the results of these two sensitivity
simulations are sufficiently close for the purpose of this study,
namely determining the general features of advective impacts
on ocean ecosystems (with a caveat of possible errors in the
East Siberian sector). However, we would still caution that
similar studies, particularly those with either a more regional
focus or more quantitative flux estimates, may need to use
velocity fields sampled at frequency higher than monthly to
minimize artifacts or errors introduced by temporal averaging.
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