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ARTICLE INFO ABSTRACT

In the rapidly changing Arctic Ocean, marine primary productivity is tightly linked to the balance between light
and nutrient limitation. To capture this balance in ocean general circulation biogeochemical models (OGCBMs),
a good representation of the physics is important due to the tight bio-physical coupling in the Arctic. Using a
horizontal model resolution of a few kilometers makes it possible to resolve an increasing number of small scale
processes, that otherwise need to be parameterized in OGCBMs. Such high resolution is, however, commonly not
possible due to computational constrains. Utilizing an unstructured mesh approach, we have run the finite
element sea-ice ocean model (FESOM 1.4) coupled to the biogeochemical model REcoM2 in a global config-
uration with an Arctic-wide resolution of 4.5km. This resolution is so far unprecedented for a global biogeo-
chemical setup, and here we present an analysis of the mean state of the model. FESOM-REcoM2’s integrated
Arctic net primary production (NPP) averages 445 Tg C yr ™" for the years 2011 to 2015, a value that is in the
middle of the range compared to estimates from the literature. Most production takes place in the inflow regions
of the Nordic and Chukchi Seas, and 32% is associated with the sea ice zone, the latter including the marginal ice
zone and below-ice productivity. Light limits production to some degree at all latitudes north of 60°N, with
growth becoming nutrient limited following the initial spring bloom in most places. The model reproduces the
relatively low surface concentration of dissolved inorganic nitrogen (DIN) that has been observed in the central
Arctic Ocean, as well as the low surface DIN concentration towards the end of the growth season further to the
south, thereby also capturing widespread subsurface chlorophyll maxima (SCM). The SCMs are found in the
whole Arctic except for the areas where sea ice concentration is high the whole year. They have a duration of two
weeks to five months. The balance between nutrient and light limitations, both in the vertical and horizontal
direction, highlights that decreased light limitation in a future ice free Arctic Ocean will not necessarily induce
an increase in NPP due to increasing nutrient limitation, and that further studies of the role of the SCMs are
required.
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1. Introduction 2010; Jin et al., 2012). Currently, we do not know the exact magnitude

of the Arctic Ocean NPP, but it is generally thought to be relatively low

With the rise in temperature over past decades, the Arctic Ocean is
currently undergoing change that occurs faster than anywhere else on
the planet. Most prominently, the extent of the summer sea-ice has
decreased by approximately 30% over the past three decades (e.g.
Stroeve et al., 2012), affecting the amount of solar radiation entering
the water and the strength of the stratification (Davis et al., 2016), and
thus also influencing the Arctic marine ecosystem (Wassmann, 2011).

Due to a relatively small number of in situ measurements in the
Arctic Ocean, pan-Arctic estimates of net primary production (NPP) are
most commonly based on satellite-based measurements (e.g. Pabi et al.,
2008; Arrigo and van Dijken, 2015) or ocean general circulation bio-
geochemical models (OGCBMs, e.g. Zhang et al., 2010; Popova et al.,
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compared to global NPP (e.g. Sakshaug, 2004).

Marine primary producers are dependent on incoming photo-
synthetically available radiation (PAR) for photosynthesis. In the
Arctic, the angle of the incoming PAR is low for most of the year,
leading to a relatively low light intensity per area unit and a high de-
gree of reflectance. The presence of sea ice further reduces the irra-
diance intensity through attenuation (e.g. Nicolaus et al., 2012). But as
Arctic sea ice is becoming younger and thinner, the upper ocean light
regime in the Arctic is changing (Perovich et al., 2011), with possible
implications for the marine primary productivity. Ultimately, however,
it is not light that controls the limits for seasonally integrated carbon
uptake, but rather nutrient availability (Tremblay and Gagnon, 2009).

Received 23 November 2017; Received in revised form 21 August 2018; Accepted 10 September 2018

Available online 12 September 2018
0079-6611/ © 2018 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/00796611
https://www.elsevier.com/locate/pocean
https://doi.org/10.1016/j.pocean.2018.09.006
https://doi.org/10.1016/j.pocean.2018.09.006
https://doi.org/10.1016/j.pocean.2018.09.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.pocean.2018.09.006&domain=pdf

V. Schourup-Kristensen et al.

Nitrate is thought to be the main limiting nutrient in the Arctic Ocean
(Tremblay and Gagnon, 2009; Taylor et al., 2013b; Tremblay et al.,
2015), though the limitation regime depends on for example the loca-
tion, the time of the year and the phytoplankton composition (e.g.
Sakshaug, 2004). In the summer, the melting sea ice induces a strong
vertical stratification in the Arctic Ocean, thereby reducing the upward
mixing of nutrients from deeper reservoirs, especially during the
growing season (Randelhoff et al., 2016). Once nutrients have been
depleted from the surface water, continued phytoplankton growth is
thus dependent on sustained local supply of nutrients, e.g.; horizontal
advection of nutrient rich water from the inflow regions (Carmack
et al., 2006; Randelhoff et al., 2015), shelf break upwelling (Williams
and Carmack, 2008) and riverine supply. An indication of the im-
portance of nutrient availability late in the growth season in the Arctic,
is the widespread occurrence of subsurface chlorophyll maxima (SCMs,
Erga et al.,, 2014; Martin et al., 2012). The Arctic Ocean SCMs are
characterized by a strong association with the nitracline, and act as
barriers for upward nutrient transport through biological uptake
(Martin et al., 2012). While the depth of the SCM is relatively shallow in
the Arctic Ocean, studies from the Canada Basin indicate that the depth
of the SCMs are in fact increasing due to the increased light availability,
thereby pushing the surface ocean towards a more nutrient limited
regime (Steiner et al., 2016).

For large scale OGCBMs, a good representation of the nutrient dis-
tribution is key in order to capture the seasonal progression between
light and nutrient limitation in the area. Modeling a satisfying nutrient
distribution is, however, something that has proven relatively difficult;
while OGCBMs tend to agree on the distribution and strength of the
NPP in the Arctic Ocean because of the strong dependence of NPP on
the sea ice, the distribution and concentration of the nitrate shows large
differences between different models (Popova et al., 2012). In order to
use OGCBMs to understand how the Arctic Ocean productivity is af-
fected by the physical changes, it is thus necessary to first assess the
model’s representation of the nutrient fields as well as the relative role
that light and nutrients play for growth limitation. This is especially
important as studies indicate that the role of nutrient limitation is likely
to increase in the future (Popova et al., 2012; Vancoppenolle et al.,
2013; Steiner et al., 2016).

One issue for large scale models is that a number of the processes
providing nutrients to the surface ocean in the Arctic, such as upwelling
and eddy transport, occur on a relatively small scale relative to the
model’s resolution. Such processes are thus commonly parameterized,
and not well captured in models with a coarse resolution (McKiver
et al., 2015). One way to optimize the representation of for example
currents, mixing and heterogeneity of the sea ice in OGCBMs is there-
fore by increasing the resolution (Proshutinsky et al., 2011). In recent
years, large efforts have been put into model runs with increased hor-
izontal resolution; large scale OGCMs focussing on the Arctic Ocean
have been run with a local horizontal resolution of up to 0.5-1km
(Chen et al., 2016; Hattermann et al., 2016; Wekerle et al., 2017a),
thereby introducing the small-scale variability that is not captured in
traditional models. Due to the increased computational demand in-
troduced by biogeochemical modules, high resolution model runs in-
cluding biogeochemistry have so far been carried out using regional
models only; Wassmann et al. (2006) carried out a run with a nested
domain of 4 km resolution in the Barents Sea, while Watanabe et al.
(2014) used a regional model for the Arctic with a resolution of 5km,
both highlighting the importance of small scale variability for the
biogeochemical representation. So far, however, nobody has run a
coupled biogeochemical model in a global setup with such a high re-
solution in the whole Arctic Ocean.

By utilizing an unstructured mesh approach, Wekerle et al. (2017b)
recently carried out a global model run with an Arctic-wide resolution
of 4.5km, thereby improving the mean flow and introducing a sig-
nificantly larger spatial variability compared to a control run with a
24 km resolution. In the current study, we further advance this run by
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introducing the biogeochemical module REcoM2 to the setup of the
Finite Element Sea-ice Ocean Model (FESOM). Here, we evaluate the
performance of the model with respect to light, nutrients, chlorophyll
and net primary productivity by comparing to relevant observational
data sets. Further, we analyze the relative importance of light and nu-
trients for the models’ productivity, and demonstrate a widespread
SCM.

2. Model description and simulations
2.1. Ocean general circulation model

For the current study we were using the Finite Element Sea-ice
Ocean Model (FESOM) version 1.4 (Wang et al., 2014) coupled to the
biogeochemical model REcoM2 (Hauck et al, 2013; Schourup-
Kristensen et al., 2014). FESOM is a global sea-ice ocean model, which
solves the primitive equations under the commonly applied Boussinesq
approximations using the finite element method. FESOM 1.4 is an up-
date from the version used in previous work with REcoM2 (Schourup-
Kristensen et al., 2014). Important improvements include a change of
the parameterization of the diapycnal mixing from the Pacanowski-
Philander parameterization (PP, Pacanowski and Philander, 1981) to
the k-profile parameterization (KPP, Large et al., 1994). This ensures
that vertical turbulent mixing occurs to a larger degree when the water
column is stably stratified. Due to the variable horizontal grid resolu-
tion of the model run, the isopycnal, diapycnal and vertical diffusivity
are scaled to the resolution, under the assumption that resolved eddies
will be responsible for a larger part of the transport when resolution is
increased. A full description of the current model version can be found
in Wang et al. (2014).

2.2. Biogeochemical model

The biogeochemical model REcoM2 was originally developed by
Schartau et al. (2007) for mesocosm studies, and has since been further
developed for large scale studies and coupled to FESOM (Schourup-
Kristensen et al., 2014). In our setup, REcoM2 describes one class of
zooplankton, two classes of phytoplankton, the nutrients nitrogen, si-
licon and iron, as well as the carbon cycle. A full description of REcoM2
can be found in Schourup-Kristensen et al. (2014). REcoM2 has so far
mainly been used for studies focussing on the Southern Ocean (e.g.
Taylor et al., 2013a; Losch et al., 2014; Hauck and Volker, 2015) and
the current study is thus the first with REcoM2 focussing on the Arctic
Ocean.

In the Arctic Ocean riverine input of nitrogen and silicon plays a
role for biological productivity, especially in the vicinity of river
mouths, and has thus been added to the model code along with aeolian
deposition of dissolved inorganic nitrogen (DIN). Riverine input of DIN,
dissolved inorganic silicon (DSi) and organic nitrogen (DON) is added
from the model based database Global NEWS version 2 (Mayorga et al.,
2010; Beusen et al., 2009). This database provides a constant nutrient
flux to the ocean from the major world rivers. Nitrate is further added
to the surface water through aeolian input using global 10-year mean
fields from from 1850 to 2000 (Lamarque et al., 2010). In REcoM2, the
effect of sea ice coverage on PAR is taken into account by scaling the
surface PAR linearly with the fraction of open water in a given node,
thereby neglecting the fraction of PAR that penetrates the sea ice di-
rectly.

2.3. Simulations

For the current study we have performed a simulation using FESOM-
REcoM2 in a global setup with increased horizontal resolution in the
Arctic region; the resolution north of 60°N equals 4.5 km, between 40
and 60°N it is approximately 25 km, while a resolution of nominal 1° is
used south of 40°N (Fig. 1a). The Rossby radius of deformation, which
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Fig. 1. (a) Horizontal resolution of the mesh used in our study. (b) Example of the division of the Arctic Ocean into ecological zones on the 15th of August 2014.

gives an indication of the resolution needed to resolve eddies, is rela-
tively small and variable in the Arctic Ocean (Nurser and Bacon, 2014).
Comparing to the size of the Rossby radius of deformation, the grid is
eddy permitting in the Nordic Seas, eddy resolving in the deep central
Arctic Ocean, especially in the Canada Basin, and not eddy resolving on
the shelves (Wekerle et al., 2017b, their Fig. 2c). In the vertical, the
resolution is ten meters in the upper 100 meters of the water column,
after which it increases with depth. The surface layer is located at 0
meters.

The coupled model run was started in the year 1980 and ended in
2015. The run was forced by the Japanese reanalysis dataset (Japan
Meteorological Agency, 2013, accessed March 2016, JRA55). Prior to
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starting the biogeochemical model, FESOM had done 40 years of spin-
up under the CORE-II forcing (Large and Yeager, 2008), starting in the
year 1958 and ending in 2009. The ocean state for this run has been
comprehensively described by Wekerle et al. (2017b). Initializing
FESOM with the final state from Wekerle et al. (2017b) means that the
first ten years of our 36-year run should be considered spin-up.

In the biogeochemical model REcoM2, the macronutrients DIN and
DSi were initialized from World Ocean Atlas 2005 (Garcia et al., 2006)
and the dissolved inorganic carbon (DIC) and alkalinity was initialized
using the GLODAP database (Key et al., 2004). Due to scarcity of iron
measurements, no global field exists for dissolved iron concentrations,
and the model’s iron concentration was therefore initialized with an
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output file from the Pelagic Interaction Scheme for Carbon and Eco-
system Studies model (NEMO-PISCES, Aumont and Bopp, 2006). All
other tracers were initialized using very small values.

Here we analyze the last five years of the run, 2011 to 2015 using
model output that was saved every second day. For animations, we
show results from the year 2015, the last year of the simulation.

2.4. Geographical and ecological zones

We define the Arctic Ocean (AO) as the area north of the Polar
Circle located at 66°33'N. For most analyses, we look at the pan-Arctic
distribution of parameters, but as polar biological productivity is tightly
coupled to the presence of sea-ice, we divide the Arctic into five eco-
logical zones based on the depth of the water and sea-ice distribution
following Pabi et al. (2008) and Arrigo et al. (2008), but introducing a
fifth zone for the under ice productivity. The four ecological zones are
defined as follows; the Pelagic and ice free shelf zones are characterized
by not having had ice coverage in the past 14 days, the Pelagic Zone has
a water depth larger than 220 m and the Ice Free Shelf Zone has a depth
equal to or less than 220 m. The marginal ice zone (MIZ) is defined as
the area that has no ice cover at the present day, but has had ice cover
in the past 14days. The MIZ is divided into the pelagic and shelf
marginal ice zone (DMIZ and SMIZ), based on depth as in the open
water zones. In the model a point is considered open water when the ice
concentration is lower than 10% following Arrigo et al. (2008). The
ecological zones thus change with time. An example of the distribution
on the 15th of August is plotted in Fig. 1b.

2.5. Data

To assess the model results against measured data, we need datasets
of relevant parameters with a relatively good spatial and temporal
coverage for the Arctic Ocean. In this study we focus on sea-ice con-
centration, surface DIN and DSi, surface chlorophyll a and vertically
integrated NPP.

For sea ice concentration we use satellite-based estimates from the
National Snow and Ice Data Center (NSIDC, Cavalieri et al., 1996, up-
dated yearly, accessed 15.03.17). These provide pan-Arctic values for
the whole year on a daily basis. We use this to evaluate FESOM’s ice
concentration as well as the number of ice free days in the model.

For the nutrients DIN and DSi we have to rely on in situ measure-
ments, which are relatively sparse in large parts of the Arctic Ocean due
to its inaccessibility. Here, we use the World Ocean Atlas 2013
(WOA13, Garcia et al., 2014), which provides a global gridded re-
presentation of nutrient distributions, including the Arctic Ocean. One
problem, however, is that while a relatively large number of measure-
ments of nutrient concentrations have been carried out in the more
accessible regions such as the Greenland, Barents and Chukchi Seas,
other regions are not well represented. The central Arctic is especially
heavily interpolated. For this reason we have chosen to show only the
regions in which data exists, and have masked out regions without data.
Additionally, we show both the modeled mean surface nutrient dis-
tributions, which we define to be the average of the surface nutrient
concentrations for the years 2011 to 2015, as well as the minimum and
maximum concentrations. In order to assess how realistic the latter
fields are, we also compare them to in situ pre- and postbloom con-
centrations in the discussion.

We use large scale fields of chlorophyll (Globcolour, http://
globcolour.info) and NPP (CbPM, Behrenfeld, 2005; Westberry et al.,
2008) calculated from satellite-based estimates of ocean color. Both
fields have a spatial resolution of approximately 4 km. The chlorophyll
is given as daily composites and the NPP as 8-daily. Ocean color mea-
surements are dependent on light and can thus only provide values for
open water and for the summer period. To get as full a coverage as
possible we compare the modeled and satellite-based estimates of
chlorophyll and NPP for the five month summer period from May 1st to
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September 30th. This period entails the spring bloom in the Nordic Seas
as well as the summer bloom in the central Arctic, and does therefore
capture the most important biological season well. When comparing
model output to satellite-based estimates of chlorophyll and NPP it is
important to note that these are not direct measurements, but rather
another type of model that converts measurements of ocean color to
chlorophyll and NPP through a number of assumptions regarding for
example mixed layer depth and the subsurface profile of phytoplankton
carbon (e.g. Behrenfeld and Falkowski, 1997; Carr et al., 2006). Con-
sequently the following must be kept in mind when comparing satellite-
based estimates of chlorophyll and NPP to model results: (1) The
number of measurements in each pixel is relatively low as they are
dependent on the path of the satellite, and are disturbed by the presence
of sea ice and clouds. (2) The algorithm used to calculate the chlor-
ophyll concentration is developed for blue water conditions, which is
problematic in the optically complex Arctic waters (Wang, 2005),
leading to an overestimation of coastal chlorophyll (Matsuoka et al.,
2007; Chaves et al., 2015). (3) The measured chlorophyll concentration
covers a non-specified depth range; in clear water they may reflect
deeper chlorophyll than in more turbid water, and it is not clear to what
extent SCMs are recorded (Arrigo et al., 2011; Hill et al., 2013).
Nevertheless, the satellite-based estimates gives an impression of the
large scale distribution of productivity, and can be used to compare
with the model’s productivity.

3. Results
3.1. Ice and light

For the years 2011 to 2015, the average modeled September sea ice
extent sums up to 5.6+ 0.53%10°km? as compared to
5.3 + 0.61 % 10°km? for the satellite-based estimate (Cavalieri et al.,
1996, updated yearly, accessed 15.03.17).

FESOM'’s September sea ice concentration (fraction between 0 and
1) is highest in the area north of Greenland and of the Canadian Arctic
Archipelago (CAA), while the Russian and Canadian shelves are ice free
(Fig. 2a). This distribution fits well with the satellite-based estimates
(Fig. 2b), and with the well established knowledge that multi-year ice
foremost is found north of the CAA, while first-year ice can be found to
a higher degree in the inflow regions and on the Siberian shelves (e.g.
Comiso, 2012). The minimum sea ice extent is on average slightly
overestimated in FESOM, mainly due to too much ice in the Beaufort
Sea. Looking more into detail of the modeled sea ice, the Barents, Kara
and Laptev Seas are largely ice free up to 80°N in both FESOM and the
satellite-based estimates, while the ice edge is located closer to the coast
in the East Siberian Sea (Fig. 2). In the Chukchi and Beaufort Seas as
well as the CAA, FESOM’s ice extent is somewhat overestimated com-
pared to the satellite-based values. The interannual variability of the
minimum sea ice extent is well captured in FESOM (e.g. Wekerle et al.,
2013; Wang et al., 2016b), partly due to the strong dependence of the
sea ice on the atmospheric forcing. This means that the mean sea-ice
extent varies from 2011 to 2015, with the lowest extent occurring in
2012 (Not shown).

The model resolution of 4.5km means that FESOM reproduces
larger spatial heterogeneity in terms of sea ice than what is the case in
coarser models (Wang et al., 2016a). The spatial heterogeneity, in-
cluding large scale leads and localized areas of thinner sea ice, is
especially clear in animations of the bi-daily sea ice concentration
(Fig. 3), but can also be seen north of Greenland in the mean September
sea ice concentration (Fig. 2 and A.14). This is a feature that modulates
the strength of the PAR below the ice and thus has an impact on the
modeled biological productivity as it affects the amount of light that
reaches the surface water, as will be discussed in Section 4.4. While a
full analysis of the mesoscale processes on the productivity is beyond
the scope of the current study, it is likely that these processes will be-
come more important in the future when the Arctic becomes ice free to
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Fig. 2. September mean sea ice concentration for 2011 to 2015 in (a) FESOM and (b) satellite-based estimates from NSIDC (Cavalieri et al., 1996).
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Fig. 3. Placeholder for the animation “FESOM-REcoM2_IceConc2015.mp4”
submitted as supplementary material: An animation of the spatial distribution

of the modeled sea ice concentration as it develops for the year 2015.

a larger degree.

The attenuation effect of the sea ice significantly reduces the
amount of irradiance reaching the water. The transmittance in FESOM-
REcoM2 is scaled to the fraction of open water in a given node, and the
growth in the surface water is thus dependent on a correct re-
presentation of the sea ice retreat and number of ice free days in the
Arctic. The satellite-based data (Cavalieri et al., 1996, updated yearly,
accessed 15.03.17) shows that most of the Nordic Seas and the Barents
Sea are ice free the whole year, while the shelves north of Russia and in
the Chukchi Sea are ice free for part of the year and the central Arctic,
most of the Beaufort Sea and the CAA is ice covered the whole year
(Fig. 4a). This pattern is very well reproduced in FESOM, including
more ice free days in the Laptev Sea compared to the East Siberian Sea
and the retreat of the ice in the Barents and Kara Seas (Fig. 4b).

The intensity of the summer surface PAR is highest in the south-
ernmost areas and decreases towards the pole, with a small tendency
towards lower surface PAR closer to Greenland and the CAA, where the
ice concentration is highest (Fig. 4c). Despite the northerly location of
the Russian shelves and the Chukchi Sea, these areas receive relatively
strong average PAR (Fig. 4c) as they are ice free for more than three
months during summer (Fig. 4b). Even the areas in the central Arctic
that are ice covered the whole year receive some PAR for the most part
(Fig. 4c), owing to the sea ice concentration falling below 100% during
summer (Fig. 3).
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3.2. Dissolved inorganic nitrogen

In REcoM2, the mean surface DIN concentration is highest in the
Chukchi and Nordic Seas where DIN is supplied from the North Pacific
and Atlantic Oceans (Fig. 5a) as is also the case in WOA13 (Fig. 5b). The
largest difference is that the modeled mean concentration in the Nordic
Seas is somewhat low compared to WOA13. The Nordic Seas and the
Chukchi Sea are nevertheless subject to large seasonal variability in DIN
concentrations. During winter when productivity is limited by light
availability, DIN is resupplied to the surface mixed layer by e.g. deep
mixing. As light limitation is alleviated, the surface DIN is exhausted in
all areas except for the central Arctic where the ice is thickest, and
phytoplankton growth is light limited (Fig. 5¢ and d). In the model, the
advective transport through the Fram Strait and the Barents Sea
Opening increases the surface DIN concentration in the Barents Sea and
north-east of the Fram Strait. Some DIN is further transported north-
wards from the Barents Sea through the St. Anna Trough to meet the
Atlantic water from the Fram Strait, thereby supplying DIN to the
central Arctic. Nutrient rich water likewise flows from the Bering Strait
along the edge of the Beaufort Gyre towards the CAA. In the central
Beaufort Gyre, where downwelling dominates, the surface DIN con-
centration in REcoM2 is thus relatively low. The few measurements
from the central Arctic in WOA13 indicate that the low modeled DIN
concentration is realistic (Fig. 5a and b). The fact that DIN is not de-
pleted in the Eurasian Basin during summer also fits well with ob-
servations showing that nutrient concentrations stay above limiting
values at least until August in the Makarov and Nansen Basin (Olli et al.,
2007; Boetius et al., 2013), though it may be depleted later in the year.

The modeled DIN concentration is low on the Russian shelves and
especially in the East Siberian Sea, with the exception of the coastal
areas close to major river mouths, such as the Lena Delta in the Laptev
Sea, where nutrients are added to the water through riverine supply
(Fig. 5a). This is in good agreement with the WOA13 average (Fig. 5b).
During winter, when uptake of nutrients by phytoplankton stops due to
light limitation, the DIN concentration increases in the Laptev Sea
(Fig. 5¢) as nutrients are continuously supplied from the Lena River.
The nutrients from the Laptev Sea are advected in the transpolar drift,
and thus supply nutrients to the central Arctic surface water (Fig. A.15).

3.3. Dissolved inorganic silicon

The mean surface concentration of dissolved inorganic silicon (DSi)
in the model is characterized by high concentrations on shelves close to
the major river mouths, especially in the Laptev and Kara Seas, with the
concentration falling rapidly towards the open ocean to average con-
centrations lower than 5 mmol Si m_3(Fig. 6a). In the Chukchi Sea, the
DSi concentration is elevated compared to the central Arctic, while the
mean concentration in the Greenland and Barents Seas as well as in the
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central Arctic is relatively low (Fig. 6a).

The imprint of the DSi-rich Pacific water is clear in the Chukchi Sea
of WOA13 (Fig. 6b), while the concentration is less elevated in this area
in the model (Fig. 6a), though concentrations increase during winter
(Fig. 6¢). The volume transport through the Bering Strait is well re-
produced in FESOM (not shown), but the surface DSi concentration in
the North Pacific (60 to 66°N) is on average 15 mmol Si m ™% lower than
the values in WOA13. The average input of DSi through the Bering
Strait is 3.5 kmol s !, substantially less than the 21 kmols ' found by
Torres-Valdés et al. (2013), and it makes up half of the amount supplied
by riverine DSi to the Arctic in the model (7.6 kmols™ 1). One reason for
the low concentration of DSi in the modeled North Pacific is a relatively
strong degree of iron limitation in the area; the variable stoichiometry
in REcoM2 has the consequence that when diatoms are iron-stressed the
intracellular ratio between silicon and nitrogen increases, with the re-
sult that higher ratio of silicon than nitrogen is exported out of the
surface layer. Overall, the model’s pattern of highest DSi concentrations
on the Arctic shelves and north of Greenland and the CAA fits well with
WOA13, but the model’s surface DSi concentration is lower than that in
WOA13. Further, DSi is thought to decrease from the Bering Strait,
across the central Arctic and towards the Nansen Basin (e.g. Gosselin
et al.,, 1997; Varela et al., 2013), something that is somewhat re-
produced in the model for the maximum DSi concentration, but cannot
be seen during summer, most likely due to the too small inflow through
the Bering Strait.

The total riverine input of DSi to the Arctic Ocean in the model is
7.6kmols ™", less than the 12.87 kmols ™! estimated by Torres-Valdés
et al. (2013). Despite of this, the DSi concentration in the vicinity of
river mouths is higher in the model compared to WOA13 (Fig. 6b).
Additionally, we have a relatively strong off-shore gradient of the DSi
concentration northwards from the river mouths in the model. Some-
thing that has also been documented in observational studies, which
show that concentrations generally are elevated in the vicinity of the
river mouth but fall rapidly towards the open ocean, for example in the
Laptev (Létolle et al., 1993) and the Beaufort Seas (Tremblay et al.,
2014). The impact of isopycnal diffusion on the spreading of the riv-
erine DSi will further be discussed in Section 4.6.

In summary, the riverine inflow of DSi has a large influence on the
Arctic surface DSi in the model, while the inflow from the Bering Strait
is too small. The latter especially affects the DSi distribution in the
Canada Basin.
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3.4. Limitation of production

The nutrient uptake limitation in the model follows the Michaelis-
Menten formula, while the light limitation is defined as the C-specific
photosynthesis rate divided by the maximum photosynthtic rate as
described in the Appendix (Section 7, Egs. (A.1) and (A.2)). The lim-
itation factors have values between 0 and 1 at a given time and place,
and we define a factor to be limiting when it drops below 0.5. For the
nutrient limitation terms this means that a nutrient will be counted as
limiting when the water’s nutrient concentration is equal to, or less
than, the half saturation constant of the phytoplankton. Due to the non-
linearity of the limitation factors, they are calculated for every saved
output (every second day) and subsequently averaged over the summer
period (May to September, Eq. (A.4), Appendix). From this average, the
most limiting nutrients for the Arctic summer have been plotted
(Fig. 7). Note, however, that the limitation regime varies significantly
with time of the year and depth, as will be discussed below.

Light availability is low for much of the year in the Arctic Ocean due
to low angle of the incoming radiation combined with extensive ice
cover. This leads to light being the main limitation factor for nano-
phytoplankton in ice covered areas of the model (Fig. 8a). In the coastal
areas, where ice breaks up during the summer, light limitation is briefly
alleviated. Outside of the average summer ice extent, DIN is the main
limiting factor for nanophytoplankton (Fig. 7a), though less in the
Norwegian Sea (Fig. 8c) where nutrient rich water is advected north-
wards from the North Atlantic. The incoming irradiance is, however,
still low enough to also be limiting for part of the summer in the ice free
areas (Fig. 8a).

In REcoM2, diatoms have a larger initial slope of the photosynth-
esis-irradiance curve than the nanophytoplankton, leading to diatoms
being less sensitive to light limitation (Fig. 7b). Diatoms consequently
have a larger potential for productivity in low-irradiance areas, such as
underneath the ice and deeper in the water column, as long as nutrients
are available. This also means that they dominate in the initial spring
bloom. Additionally, light does not limit diatom productivity for long
during summer in the ice free areas of the Greenland and Barents Seas
(Fig. 8b). In REcoM2, silicon is the main limiting nutrient in almost the
whole Arctic Ocean for diatoms, except for the riverine influenced areas
in the Kara and Laptev Seas (Figs. 7b and 8e) where the rivers supply
DSi to the water. On the Russian shelves, the high DSi to DIN ratio of
the riverine input means that phytoplankton growth can only partly use
up the DSi supplied due to nitrate limitation. This in turn leads to a
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Fig. 5. (a) Modeled mean surface DIN concentration for 2011 to 2015. (b) Mean surface DIN concentration in World Ocean Atlas 2013 (Garcia et al., 2014), for which
areas without measurements have been masked out. (¢) Modeled maximum surface DIN concentration. (d) Modeled minimum DIN concentration. The white line

marks the average 10% ice concentration for September.

stronger N-limitation close to the river mouths (Fig. 7b), as was also
found by Le Fouest et al. (2013). A number of studies show that while
DIN limitation dominates in the Canada Basin during summer, DSi may
be more limiting in the Eurasian basin for diatoms (e.g. Codispoti et al.,
2013; Fernandez-Méndez et al., 2015). In our setup, we also have DSi
limitation in the Canada Basin, probably because of the model’s rela-
tively low concentration of DSi in the North Pacific, which leads to a
low import through the Bering Strait (See Section 3.3).

The strong seasonality in the Arctic Ocean means that the limitation
regime changes significantly with time and depth. Early in the year
light limits production in the whole Arctic for both phytoplankton
groups, though less so for diatoms (Fig. 8a and c). As the season pro-
gresses and biological production takes up nutrients, the nutrient con-
centration falls, and nutrient limitation sets in. Deeper down in the
water column, light limitation is stronger than in the surface due to the
attenuation coefficient of the water, while nutrient concentrations in-
crease with depth.
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3.5. Productivity

3.5.1. Surface chlorophyll a

The modeled mean summer surface chlorophyll (Fig. 9a) has the
highest concentrations in the inflow regions of the Greenland, Barents
and Chukchi Seas, while they are significantly lower in the central
Arctic, except for the areas close to river mouths (Fig. 9a). The higher
mean concentrations in the eastern Greenland Sea can mainly be at-
tributed to the earlier onset of the bloom in this area (Fig. 10 and
A.14a); the high irradiance compared to the irradiance in ice covered
areas and continued supply of nutrients from the North Atlantic means
that light and nutrients are readily available, allowing for the bloom to
start in April, with surface production continuing until early October as
can be seen in the animation of the development of the surface chlor-
ophyll a (Fig. 10). In comparison, the more persistent ice cover, and
associated stronger light limitation, in the Chukchi Sea (Fig. 8a and c)
means that the bloom begins a month later here despite the high nu-
trient availability early in the year. On the Russian shelves, the growth
season is relatively short, firstly due to ice coverage and secondly due to
low DIN availability away from the river mouths (Fig. 5a). The highest
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Fig. 6. (a) Modeled mean surface DSi concentration for 2011 to 2015. (b) Mean surface DSi concentration in World Ocean Atlas 2013 (Garcia et al., 2014). Points
without measurements have been masked out. (¢) Modeled maximum surface DSi concentration. (d) Modeled minimum DSi concentration. Notice the nonlinear
colorbar. The white line marks the average 10% ice concentration for September. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

concentrations of chlorophyll a are thus located around the major river
mouths, where the ice breaks up relatively early and nutrients are
continuously supplied from the rivers (Fig. 9a). The model has rather
pronounced ice edge blooms throughout the year, starting as light
limitation is alleviated by the retreating sea ice. As the season pro-
gresses and the incoming radiation increases at the same time as the
melting reduces the sea ice concentration, more light becomes available
below the sea ice, and the front edge of the bloom moves further in
under the ice in some areas. In 2015, this mainly took place in the
Canada Basin (Figs. 3 and 13), but this changes dependent on ice
conditions of the year in question.

Overall, the spatial distribution is very similar in the modeled sur-
face chlorophyll and the satellite-based estimate, with the exception of
the Russian shelves (Fig. 9). In the Greenland Sea, both chlorophyll
fields have a tongue of high chlorophyll concentration in the Norwegian
Atlantic Current where the nutrients are brought in from the North
Atlantic, and where the bloom starts first. A second tongue can be seen
along the ice edge east of Greenland, where the melt water stabilizes
the water column early in spring, though it is less pronounced in the
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model where the bloom moves downwards in the water column as the
season progresses (Fig. 10). In the Barents Sea, the two chlorophyll
fields are also very similar, with high chlorophyll concentration to-
wards the south and lower towards the north. The southern Barents Sea
is ice free for the whole year, and like the eastern Greenland Sea, the
modeled growth starts early here in late April, and continues
throughout the summer as nutrients are mixed into the surface layer. In
the northern Barents Sea the bloom follows the ice edge northwards as
it retreats, and the growth season is thus shorter. The Canada Basin is
characterized by having an extensive ice cover most of the year, and the
chlorophyll concentration is therefore highest in coastal regions, where
nutrients are supplied by rivers and the ice breaks up earliest, and in
particular in the Chukchi Sea where nutrients are supplied from the
Pacific. In the Chukchi Sea, a lot of the difference in magnitude between
the two chlorophyll fields can be explained by the timing of the bloom;
the satellite-based estimates only contain values from open water, while
the bloom in the model has increased chlorophyll values below the ice
from May onwards (Fig. 10 and A.14). But another issue is the relatively
low input of DSi from the North Pacific to the Arctic Ocean through the
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Bering Strait; this means that the diatom class in the model is more
silicon limited than it would be with a larger DSi input.

When comparing our modeled surface chlorophyll with the satellite-
based estimates of chlorophyll g, it is, however, clear that the satellite-
based values are generally higher than the modeled, especially on the
Russian shelves (Fig. 9). Some possible explanations are the following:
Firstly, in the model results we take the value at each time step and
each location into account when calculating the summer mean, while
the satellite-based estimate has much fewer available data points. This
mainly introduces a bias in the areas that are ice covered or dark for
part of the year, as the satellite-based mean is calculated from a very
short period of open water in which productivity is relatively high.
Secondly, the concentration of colored dissolved organic matter
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Fig. 7. (a) The most limiting factor for surface
nanophytoplankton from May to September. (b)
The most limiting factor for surface diatoms from
May to September. The black lines show where
the average summer (May to September) ice
concentration is 10%. DFe: Dissolved Iron, DIN:
Dissolved inorganic nitrogen, DSi: Dissolved in-
organic silicon.
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(CDOM) is high on the Russian shelves, introducing a positive bias in
the satellite-based estimates in this region (e.g. Matsuoka et al., 2007).

It is, however, likely that the modeled surface chlorophyll con-
centration is on the low side in the Greenland Sea. Here, the modeled
pre-bloom nutrient concentration is low compared to observations
(Section 3.2), meaning that the potential for productivity is also lower.
Additionally, despite the high resolution, we do not capture the small
scale disturbances that help resupply the nutrients from below to the
full degree.

The high horizontal resolution has a pronounced effect on the spa-
tial distribution of chlorophyll during the spring bloom (Fig. 10). This is
especially noticeable in the Nordic Seas where the model resolution is
high compared to the Rossby radius of deformation (Nurser and Bacon,
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Fig. 8. The time period in which the different limitation factors are smaller than 0.5. (a) Light for nanophytoplankton. (b) DIN for nanophytoplankton. (c) Light for
diatoms. (d) DIN for diatoms. (e) DSi for diatoms. The black lines show where the average summer ice concentration is 10%.
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Fig. 9. (a) Summer mean (May to September) of modeled surface chlorophyll a concentration. The white line marks the average 10% ice concentration for
September. (b) The summer mean surface chlorophyll a concentration from Globcolor (www.globcolor.info).

2014), leading to the surface chlorophyll being characterized by an
eddying and meandering pattern that is not seen in coarser model runs.
In the Barents Sea, the presence of a strong Arctic Front means that the
bloom can develop in the frontal area earlier than in the rest of Barents
Sea open water, as has also been observed in satellite-based studies (e.g.
Oziel et al., 2017). In ice covered areas the resolution means that iso-
lated blooms develop independently below the ice. Once the surface
nutrients have been depleted in the Nordic Seas, the resupply of nu-
trients is highly correlated with negative vorticity in the model (not
shown). For the surface chlorophyll, this is especially clear in Sep-
tember, when an eddying pattern is clearly visible (Fig. 10).

3.5.2. Subsurface chlorophyll maxima

Here, we follow Steiner et al. (2016) and define the SCM to occur
when the chlorophyll @ maximum is located below the surface at a
given time and space. Following this definition, SCMs occur to some
degree in the whole Arctic Ocean in the model, with the exception of
the central Arctic where growth is strongly light limited (Fig. 11a). In
general, the modeled bloom starts near the surface, where light and
nutrients are readily available in the beginning of the season. When the
pool of surface nutrients is exhausted, the production follows the nu-
tricline downwards in the water column, provided that the light level at
the depth of the nutricline is sufficient to support growth. The low
minimum surface nutrient concentrations in the model also give an

Mean surface Chl conc., September 01 2015

indication of where the surface nutrients become exhausted and growth
only can take place deeper in the water column (Figs. 5d and 6d). The
duration of the SCM ranges from less than two weeks in permanently
ice covered areas, to 4.5 months along the Norwegian coast (Fig. 11b).
In general, the duration of the SCM is longest in the Greenland and
Barents Seas, where the growth season is longest and the intensity of
the incoming light is high enough to support a SCM. On the Arctic
shelves and in the Chukchi Sea, the SCM lasts less than three months,
reflecting the fact that the ice is present for a longer time here, thereby
shortening the growth season. The fact that the mean depth of the SCM
reflects its duration (Fig. 11b and c), is explained by the nutricline
moving deeper into the water column with time, thereby also moving
the SCM downwards. In REcoM2, the C:Chl ratio is variable, and the
algae can photoacclimate to a lower irradiance regime by decreasing
the C:Chl ratio as also happens in the ocean. It is thus possible that
REcoM2 predicts more widespread SCMs than what is the case in
models with fixed C:Chl ratios.

Along the ice edge, the SCM occurs at relatively shallow depths
throughout the Arctic (Fig. 11c). The melting of sea ice stabilizes the
water column, thereby also stabilizing the nutricline. Additionally, light
limitation is stronger here, thereby limiting the depths to which a SCM
can develop.

Fig. 10. Placeholder for the animation “FESOM-
REcoM2_Ch12015.mp4” submitted as supple-
mentary material: An animation of the spatial

7.5 distribution of the modeled surface chlorophyll a
concentration for the year 2015. The plot to the
25 right is a zoom of the Nordic Seas, which is the
15 area with the highest resolution relative to the
’ Rossby radius of deformation, and thus the area
103 with the most eddy activity. The white line
' Lg marks the 10% ice concentration contour.
08 =
5
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Fig. 11. (a) Mean chlorophyll a concentration in the SCM, calculated for the period in which a SCM is present. (b) The time period a SCM is present. (c) Mean depth
of the SCM calculated for the time period in which a SCM is present. The white line marks the 10% September sea ice concentration.

3.5.3. Primary productivity

For the AO, the average yearly NPP from 2011 to 2015 is 445 Tg C
yr~! in the model (Fig. 12a), with 70% of the total NPP being from
diatoms. Approximately a third of productivity is associated with the
pelagic, the ice free shelf and the ice zone, respectively. Most of the
production (43%) takes place in the pelagic zone (Definition in Section
2.4), which is mainly located in the Greenland and Barents Seas, as the
other zones tend to be shallow or ice covered for most of the year (e.g.
Fig. 1b). High average rates occur in the Norwegian Atlantic Current
(Fig. 12b), which runs northward along the coast of Norway, then se-
parates in two branches, one continuing towards Svalbard and one
branching off into the Barents Sea. This pattern is similar to that of
surface chlorophyll concentration, and can be explained by the north-
ward transport of nutrients within the Norwegian Atlantic Current, and
by the upward mixing of nutrients due to the strong current combined
with relatively high light availability, leading to a long growth season
here.

On average, 25% of all productivity takes place on the ice free
shelves (Fig. 12a), most of it in the Barents and Chukchi Seas (Fig. 12b)
where nutrients are readily available and the ice retreats relatively
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early. On the Russian and Beaufort Sea shelves, most productivity takes
place along the coast, especially downstream of riverine nutrient input.

A similar fraction of the production (32%) is associated with the ice
zone, with the production in the marginal ice zone making up a bit less
than the under ice production (12 vs. 20%). Ice edge blooms, which are
in the MIZ category here, mainly occur as the ice retreats (Fig. 13) and
the water column stabilizes, while the nutrient concentration is still
high in the surface water. In areas where the ice concentration falls in
summer, the front of the bloom moves further in below the ice, while
separate blooms also form under the ice. Later in the year, when the
surface nutrients are becoming depleted, the highest rates of the under-
ice productivity can be found at the front of the bloom below the ice,
while the low nutrient availability lead to lower productivity in the
majority of the Arctic Ocean (Fig. 13). Under-ice productivity takes
place in both the Canadian and Eurasian Basin in areas where the ice
concentration is low enough to let light through.

In the satellite-based estimate of Arctic NPP (Fig. 12c), the pro-
ductivity is very uniform at about 300 to 450 mg Cm ™~ 2day ' across
most of the Arctic Ocean. This is fairly similar to the modeled rates in
the Greenland, Barents and Chukchi Seas (Fig. 12b and c). On the

Fig. 12. (a) Total NPP in the different ecological

B Deep ice-free zones following (Pabi et al., 2008, their Fig. 9).
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summer NPP from the CbPM satellite-based es-
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Russian shelves, however, the NPP is significantly higher than in the
rest of the Arctic Ocean in the satellite-based estimates, while our
modeled mean NPP is relatively low on the Russian shelves. In both
models, hot spots of productivity are located around the mouths of the
major rivers (Fig. 12a), areas characterized by having a relatively high
supply of nutrients from the rivers. But the effect of the rivers seems
much larger in the satellite-based estimates than in REcoM2. As is the
case for surface chlorophyll, the difference can possibly be attributed to
known challenges for the satellite-based estimates on the shelves
(Section 2.5), but also the underestimation of mixing on the shelves
may attribute to this. As the satellites can not measure under ice, the
under-ice productivity can not be compared.

4. Discussion
4.1. Modeled versus observed nitrate

FESOM-REcoM2 captures the DIN gradient across the Arctic Ocean,
with high concentrations in the inflow regions and lower concentration
in the central basins as illustrated by e.g. WOA13 (Fig. 5a and b).
WOA13 is, however, based on sparse measurements, especially in the
central Arctic and we therefore now discuss our results in relation to
more local studies. Codispoti et al. (2013) presented seasonally col-
lected nutrient measurements, which confirm that the modeled Chukchi
Sea pre-bloom and summer DIN concentration are realistic (their
Fig. 4a and b). In the central Arctic, surface DIN concentrations have
been shown to be relatively low, especially in the Canada Basin, where
Codispoti et al. (2013) showed that the pre-bloom surface DIN con-
centrations were close to zero, and even in coastal regions, winter re-
supply is small (Tremblay et al., 2008). This pattern fits well with the
distribution we find in FESOM-REcoM2, with low DIN concentrations in
the Beaufort Gyre and higher concentrations towards the central Arctic
under the ice (Fig. 5). The modeled post bloom nutrient limitation in
the Beaufort Sea also agrees with observations (Tremblay et al., 2008;
Taylor et al., 2013b). In the Nansen basin, which receives nutrients
from the North Atlantic, Packard and Codispoti (2007) measured pre-
bloom values of 4 mmol N m ™3 below the pack ice as we also see in the
modeled pre-bloom DIN concentration, while Fernandez-Méndez et al.
(2015) reported post-bloom values smaller than 1 mmol N m ™3 both at
the Laptev Sea margin and at in the central Arctic, supporting our
findings of relatively low post-bloom nutrient concentrations, and thus
nutrient limitation, in areas of low ice coverage in the central Arctic.

The pre-bloom DIN concentration of 10 to 11 mmol N m ~ 2 found by
Reigstad et al. (2002) in the central Barents Sea is well reproduced in
our run. In the Nordic Seas, however, FESOM-REcoM2 produces a
complete drawdown of surface nutrients in summer (Figs. 5d and 6d),
while measured summer DIN concentrations tend to be higher in the
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Fig. 13. Placeholder for the animation “FESOM-
RECOM2_NPP2015.mp4” submitted as supple-
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area (0-5 mmol N m ~3, Codispoti et al., 2013). Part of the reason is that
we show the minimum concentration, while their database spans the
time period from June to October, meaning that autumn storms may
have brought nutrients from deeper reservoirs to the surface. This is
supported by the fact that the modeled mean surface DIN concentration
in the Greenland Sea (65N to 80 N and —45 W to 15E) increases from
1.5mmol N m ™2 on the 1st of October to 4 mmol N m~> on the 30th of
October. Also the formulation of zooplankton in the model has an effect
on the surface nutrients; currently, our one zooplankton class pre-
dominantly grazes on the nanophytoplankton class in the model,
leading to a large uptake of DIN by diatoms in the spring. Stronger
grazing pressure on the diatoms class would change the nutrient re-
tention in the surface water, both by decreasing the uptake by phyto-
plankton and also by direct release of DIN during the grazing process.
An interesting feature is the clear impact of eddies in the Nordic Seas
towards the end of the growth season; in September, upwelling asso-
ciated with anticyclonic eddies brings nutrients to the surface water,
thereby also increasing the surface productivity.

4.2. Subsurface chlorophyll maxima

In recent years, SCMs have been observed in many areas of the
Arctic Ocean (e.g. Erga et al.,, 2014; Martin et al., 2012), but their
distribution and duration are not well constrained by measurements.
SCMs are thought to occur in the transition zone where the nutricline
and euphotic zone overlap when the nutrient concentration above the
nutricline becomes too low to support growth (e.g. Cullen, 2015). As
our simulated surface DIN and DSi becomes depleted during summer in
the whole ice free area of the Arctic Ocean (Fig. 5d and 6d), production
moves below the surface during the time when the incoming radiation
is strong enough to support growth deeper in the water column
(Fig. 11b). This widespread occurrence of SCMs is a feature that
FESOM-REcoM2 shares with a number of other models (Popova et al.,
2010; Steiner et al., 2016). In a model intercomparison study for the
Canada Basin, Steiner et al. (2016) showed that SCMs occur in models
with a reasonably low surface DIN distribution. In our study, the
average depth of the SCM varies from 10 to 30 meters in most regions,
including the Canada Basin (Fig. 11c). This fits well with the models
analyzed by Steiner et al. (2016), while their measured SCM
(McLaughlin and Carmack, 2010) occurs deeper in the water column
(60 m for 2011 to 2014), possibly due to a slightly shallow bias in our
modeled mixed layer depth (MLD, not shown). However, Brown et al.
(2015) showed that the depth of the SCM varies significantly for the
Chukchi shelf. From a large database of chlorophyll profiles in the
Greenland Sea, Cherkasheva et al. (2013) showed that the SCM on
average is strong in July and August, while the duration of the SCM in
the Fram Strait was more variable. In our model run, the SCM in the
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Greenland Sea is present for a longer period (Fig. 11b), while the si-
tuation in the Fram Strait is variable between the years, dependent on
the location of the ice edge. In the Barents Sea, a SCM has been ob-
served in early June at a depth of 40 meters, while it was located at 30
meters in July (Vernet, 1991). These observations show that the SCM
indeed develops early in the Barents Sea, as is also the case in FESOM-
REcoM2, though Vernet (1991) mentions that location of the SCM is
dependent on the location of the Polar Front in the Barents Sea. On the
outer shelf of the Laptev Sea, a September SCM was observed by
Heiskanen and Review (1996) at 30 meters of depth, while we have a
SCM at 20m in the area (Fig. 11a). At this stage, we can say that a
modeled wide spread SCM in the Arctic is realistic, but the detailed
assessment is beyond the scope of this study.

4.3. Integrated Arctic primary production

Our pan-Arctic NPP estimate of 445 Tg Cyr~! (Fig. 12a) is in the
middle of the range of other estimates ranging from 329 TgCyr~!
(Sakshaug, 2004) to 62620 Tg C yr’1 (Popova et al., 2010). Relatively
high estimates are given by Popova et al. (2010) and Arrigo and van
Dijken (2015), who look into the years 1990 to 2006 and 1998 to 2012,
respectively. Popova et al. (2010) are using an OGCBM, which is similar
in complexity to our model, but on a coarser grid. The high NPP rates
from the satellite-based estimates presented by Arrigo and van Dijken
(2015) is largely explained by the high rates of NPP on the Russian
shelves, which we do not have in our run, while the open ocean pro-
ductivity rates are similar to those in our model run. The low value of
329TgCyr~ ! from Sakshaug (2004) was, on the other hand, based on a
compilation of early measurements and model runs, and the lower re-
sult therefore may reflect a more ice-covered and less productive Arctic
as compared to more recent estimates. A number of other studies have
values of integrated pan-Arctic NPP that are close to ours (e.g. Jin et al.,
2012; Pabi et al., 2008). One caveat in our model run is the low inflow
of DSi from the North Pacific to the Chukchi Sea, which may mean that
our modeled NPP is lower than it could be if the DSi supply was higher.
A larger supply of DSi would, however, only increase the diatom pro-
duction until DIN becomes limiting. As the surface DIN concentration is
already low during summer in the Chukchi Sea (Fig. 5d), this means
that a higher DSi inflow would likely not have a large effect.

In the following we will look closer at the production in the ice zone
and on the Russian shelves, which are areas where the largest differ-
ences between different studies can be found.

4.4. Ice zone productivity

The modeled productivity in the ice zone is the most difficult to
assess, as this zone covers a large and inaccessible area with few in situ
measurements. Traditionally, pan-Arctic estimates of NPP have as-
sumed that the under-ice productivity was negligible due to the strong
light attenuation of sea ice and snow (Sakshaug, 2004; Pabi et al., 2008;
Arrigo and van Dijken, 2015). But recent studies have shown that
under-ice productivity occurs in both the Canadian (e.g. Lowry et al.,
2014; Arrigo et al., 2014; Mundy et al., 2009) and the Eurasian basin
(Fernandez-Méndez et al., 2015). Our study supports the notion of a
significant contribution of the under-ice productivity to integrated
Arctic NPP (20%, Fig. 12a). This is in agreement with similar model
studies, in which the under-ice productivity makes up approximately
one third of total productivity (e.g. Jin et al., 2016).

In FESOM-REcoM2, the MIZ blooms especially develop in the
Greenland, Barents and Chukchi Seas when the ice recedes (Fig. 13), the
water column stabilizes and nutrients are above limiting concentra-
tions. The ice edge blooms, which have also been observed by satellites
(Perrette et al., 2011) and in situ (e.g. Engelsen et al., 2004; Arrigo et al.,
2012), contribute 53 TgCyr~! to NPP, which is 12% of the Arctic
Ocean total production. This is close to the results from the model study
by Popova et al. (2010), where it was found that both the SMIZ and
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DMIZ contributed 21 TgCyr~?!, respectively, to Arctic NPP, slightly
lower than our values. In contrast, Pabi et al. (2008) found that a re-
latively large fraction, namely 31% (132 TgCyr 1) of the production
occurred in the MIZ, most of it on the shelves. The difference between
our results and the satellite-based estimates from Pabi et al. (2008) can
be explained by the fact that the total area of the MIZ is almost 3 times
smaller in FESOM than in their estimates (0.39 vs. 1.13 x 10°km?),
corresponding closely to the difference in NPP in the MIZ, and showing
that the per area productivity is in fact slightly higher in FESOM-
REcoM2. The relatively small extent of the MIZ is something we have in
common with Popova et al. (2010). While our model setup uses a
higher spatial resolution, neither model completely resolves the spatial
and temporal heterogeneity of the MIZ and brittleness of the sea ice.
Additionally, small scale processes such as turbulence and ice edge
upwelling, which contribute to driving the increased productivity in the
MIZ (Mundy et al., 2009; Carmack and Chapman, 2003), are not fully
captured in the model.

When the intensity of the MIZ bloom declines, production does,
however, not necessarily stop, rather, the front of the bloom moves
further in below the ice. This development is facilitated by the in-
creasing intensity of radiation in early summer combined with de-
creasing ice concentration (Fig. 3 and A.14), and contributes sig-
nificantly to the under-ice productivity. The bloom begins in the ice
zone when the ice concentration is around 90% (Fig. A.14), in 2015 this
takes place in July in the Canada Basin (Figs. 13 and 3). The ice zone
bloom develops at a relatively low strength of surface PAR, in many
places it is around 12 W m ™2 at the time of the onset of the bloom (Fig.
A.14c). In comparison, Siegel et al. (2002) found that the compensation
radiation for the North Atlantic spring bloom was 32.9Wm ™2 One
difference between the ice covered Arctic Ocean and the North Atlantic
is that the Arctic Ocean is a more stable environment with a stratified
water column. This means that less dispersion occurs in the early stages
of the phytoplankton growth, thereby allowing the bloom to form. The
strength of the surface PAR is not a full explanation for the onset of the
bloom; the bloom develops late in a large patch in the Chukchi and East
Siberian Seas as compared to surrounding areas, despite of similar ice
concentration and light conditions. North of Svalbard the ice starts
thinning in early September of 2015, too late for the incident irradiance
to drive a bloom below the ice in that particular year.

It has been shown that the under-ice productivity plays an im-
portant role in the Arctic (Lowry et al., 2014), a role that will most
likely become larger as the Arctic sea ice changes towards a thinner,
younger and more fragmented state, with leads and melt ponds further
complicating the picture. In FESOM-REcol, the sea ice fractions into
leads, characterized by lower ice concentration than the surrounding
ice sheet, especially from June to August (Fig. 3). In the Beaufort Sea,
the bloom onset is earlier within these leads (Fig. A.14a), where the
strength of PAR is relatively high. This result fits well with observations
of earlier bloom onset within leads north of Svalbard (Assmy et al.,
2017). Currently, FESOM-REcoM2 uses a relatively simple, but
common, parameterization for the amount of light penetrating the ice
pack, which does not take the heterogeneity of the ice within a model
cell into consideration (Frey et al., 2011; Katlein et al., 2015). Given the
strong dependence of the under-ice productivity on the availability of
PAR, the model’s representation of the productivity here would benefit
from an improved light-through-ice parameterization, which also takes
the melt ponds into account, as has for example been suggested by
Arndt and Nicolaus (2014), and used by Ferndndez-Méndez et al.
(2015).

4.5. Russian shelf productivity

In recent years, the extent of the summer sea ice on the Russian
shelves has decreased significantly, leading to renewed interest in the
effects on the biology (Arrigo and van Dijken, 2015). The NPP on the
Russian shelves of the Kara, Laptev and East Siberian Sea, is, however,
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not well constrained; some satellite-based estimates indicate that the
rate of NPP is very high and increasing in the area (e.g. Arrigo and van
Dijken, 2015) and others show more moderate rates (Pabi et al., 2008;
Hill et al., 2013), while large scale OGCBMs differ in their representa-
tion of NPP in the area, from very low to relatively high (e.g. Popova
et al., 2012). Our results fall in the lower end of the spectrum, with
especially low rates of mean summer NPP in the East Siberian Sea and
somewhat higher values in the Kara Sea and the coastal Laptev Sea
(Fig. 12a). For September, the average modeled NPP in the Kara Sea is
132+24mgCm 2day”' and in the Laptev Sea it is
121+26 mg Cm~2day ™, with productivity falling towards the end of
the month. This relatively low values are supported by measurements of
20 to 359 mg Cm~2day ! from the Kara Sea in September (Mosharov,
2010; Vedernikov et al., 1995), while Laptev Sea September measure-
ments showed NPP rates lower than 23mgCm™2day ! in the open
water and moderate values (average 100 to 300 mg Cm~?day ~!) near
the Lena outflow (Sorokin and Sorokin, 1996). However, while our
result fits fairly well with these measurements, the question is whether
it is for the right reason. The low integrated rates of NPP in the Laptev
Sea have been suggested to be caused by light limitation brought on by
the waters’ turbidity (Sorokin and Sorokin, 1996), and the presence of
CDOM (Matsuoka et al., 2007). In our model setup, we do not have
CDOM incorporated, and the lower productivity is a combination of
light limitation, especially off-shore and during sea ice coverage, and
nutrient limitation later in the season, especially close to the shore
(Fig. 7). Stronger light limitation due to CDOM absorption in the model,
and thus less nutrient uptake, could potentially contribute to a larger
advection of nutrients from the shelves towards the central Arctic,
especially from the Laptev Sea where the transpolar drift branches off
towards the north and where the Lena River contributes relatively large
amounts of nutrients.

The modeled decrease in NPP from the coastal to offshore areas on
the Russian shelves (Fig. 12) is supported by measurements from the
Kara and Laptev Sea (Vedernikov et al., 1995; Mosharov, 2010). The
highest nutrient concentrations in the measurements occur close to the
coast (Mosharov, 2010), indicating that the riverine supply plays an
important role on the shelves. Bernard et al. (2011) and Diirr et al.
(2011) showed that the riverine DSi input per m? of water in the Arctic
Ocean is about three times higher than in other world oceans. This
indicates that the riverine DSi input indeed plays a large role in the
Arctic Ocean and especially on the Arctic shelves as we also see in our
model run (Figs. 6 and 7b). Test runs with FESOM-REcoM2 excluding
riverine silicon input, however, shows that the lack of silicon mainly
affects the species composition towards more nanophytoplankton ra-
ther than the total NPP (not shown), which was also demonstrated by
Bernard et al. (2011).

4.6. Choice of resolution

Meso- and submesoscale processes play an important role for ocean
mixing, transport of nutrients and heat, and for the depth of the mixed
layer (e.g. Spall et al., 2008; Nishino et al., 2011; Bebieva and
Timmermans, 2016), especially in the Arctic Ocean, where the Rossby
radius of deformation is relatively small and variable (Nurser and
Bacon, 2014). It has therefore been repeatedly suggested that in-
creasing the horizontal resolution of a model domain ought to also
increase the skill of the model (e.g. Proshutinsky et al., 2011; Deal et al.,
2014).

The current work is a first step towards utilizing FESOM’s unique
multiresolution capabilities in a biogeochemical setup. The choice of an
Arctic wide resolution of 4.5km is a compromise between seeking as
high a resolution as possible, and still being able to run the model over
a reasonable time period. Our setup is eddy permitting in the Nordic
Seas, eddy resolving in the deep central Arctic Ocean, especially in the
Canada Basin, and not eddy resolving on the shelves (Wekerle et al.,
2017b, their Fig. 2c). In the Nordic Seas, which is a highly dynamical
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area, the well defined currents also lead to the spring bloom being
highly filamented, thereby recreating the patchiness that characterizes
oceanic productivity in reality (e.g. Martin, 2003; Mahadevan, 2016).
The imprint of eddies can be seen in the NPP distribution in the Nordic
Seas, especially in August and September, when the surface DIN con-
centration is low and eddy-mediated vertical nutrient transport plays a
large role in sustaining productivity (not shown). In the ice covered
zone in the central Arctic, the modeled eddy kinetic energy is low (Fig.
A.16a) and we do not directly see an effect of resolution on neither
nutrient transport (Fig. A.17b) nor productivity. It has, however, pre-
viously been shown that the representation of the vertical velocities are
improved by resolution as was shown by McKiver et al. (2015) and that
the dynamics of the nutrients are changed, for instance by a changed
export flux of biomass (e.g. Watanabe et al., 2014). In our run, the
vertical eddy mediated transport of DIN is largest in the Nordic Seas
and the Barents Sea (Fig. A.17b), while the transport in the central
Arctic is dominated by the mean upwelling field, for instance along the
shelf breaks (Fig. A.17a).

In FESOM, we apply Redi diffusion (Redi, 1982) and the Gent-
McWilliams parameterization (Gent and McWilliams, 1990) in the
tracer equations. In regions with a resolution between 25 and 50 km,
isopycnal and diapycnal diffusivities are scaled linearly with resolution.
Below a resolution of 25km, the parameterized diffusivity is set to a
small value as it is assumed that eddy fluxes are resolved. This as-
sumption does, however, not hold everywhere as the grid is not eddy
resolving on the shelves and in the Fram Strait (Wekerle et al., 2017b).
Consequently, the diffusivity is on the low side in the model in these
places where the Rossby radius of deformation is small relative to the
grid resolution. One consequence of the low diffusivity is that the riv-
erine supplied DSi is trapped on the shelves, rather than being mixed
outwards to the deep parts of the Arctic Ocean. This is especially clear
on the Russian shelves where the DSi concentration is high close to the
coast (Fig. 6a and c), with a sharp gradient towards the central Arctic
due to the low diapycnal mixing. This artifact contributes to the low
modeled DSi in the central Arctic.

Providing eddy resolving resolution for the whole Arctic Ocean is
currently not feasible for our setup due to computational constrains, but
a run utilizing a grid with a 1 km resolution in the Fram Strait shows
promising results in the area regarding the recirculation branch of the
Atlantic water and the eddy kinetic energy (Wekerle et al., 2017a). The
current 4.5km setup is thus a benchmark setup, from which we can
develop future grids for specific questions, and serves to highlight
where a higher resolution would be beneficial.

5. Conclusion

We have presented the first global ocean general circulation bio-
geochemical model (OGCBM) with an Arctic-wide horizontal resolution
of 4.5km, and analyzed the results for the years 2011 to 2015. The
average pan-Arctic NPP sums up to 445TgCyr~ ', which is in the
middle of the range of previous studies from both OGCBMs and sa-
tellite-based estimates. Most of the modeled production takes place in
the inflow regions of the Greenland, Barents and Chukchi Seas where
both nutrient and light availability is highest on average. On the
Siberian and Beaufort Sea shelves, the average productivity is low, with
somewhat higher values in the coastal regions where the modeled ice
breaks up the earliest and nutrients are supplied from rivers. On
average, 20% of the production takes place under the ice, while 12% is
associated with the marginal ice zone (MIZ). The model produces a
surface nutrient gradient across the Arctic Ocean, with relatively high
concentrations in the North Atlantic and Pacific Oceans, intermediate
concentrations in the central Arctic beneath the ice and lowest in the
Beaufort Gyre, similar to in situ observations. Light limitation dominates
in the beginning of the summer season, but with time, nutrients are
exhausted in the surface ocean, and nutrient limitation becomes more
pronounced in all regions, except for the northernmost central Arctic,
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where light limitation is the main controller of growth the whole year.
The surface nutrient limitation means that a subsurface chlorophyll
maximum (SCM) develops in most areas of the Arctic Ocean, following
the nutricline downwards until light limitation dominates. The duration
of the SCM ranges from two weeks in the northernmost areas to more
than four months in coastal areas of the Barents Sea in the model. A
caveat in the model run is the low inflow of dissolved inorganic silicon
(DSi) from the North Pacific, leading to a low DSi concentration in the
Canada Basin, which possibly affects the total NPP as well as the SCM.

The high resolution means that the currents are well defined and
characterized by filaments. The presence of eddies and small scale
fronts induce a patchiness in the spatial distribution of the surface
chlorophyll and NPP, as also observed in reality. This is especially the
case in the Nordic Seas where the model resolution is relatively high
compared to the Rossby radius. Towards the north, the sea ice is frag-
mented compared to models of coarser resolution, thereby allowing for
a more heterogeneous light penetration, something that will become
increasingly important to capture as the Arctic sea ice becomes
younger, thinner and more fragmented.

All in all, FESOM-REcoM2 performs well in the high resolution
setup, and is well suited for future studies of the Arctic Ocean, with the
special strength of the model being that it can be used to investigate
processes on a different spatial scale than most global OGCBMs.
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