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1. Research Background

Arctic sea ice retreat is remarkable, particularly in the Pacific
side. Changes in wind-driven export of Arctic sea ice to the
North Atlantic and atmospheric heat fluxes are known to be
important factors for sea ice reduction. In addition, ocean heat
transport from subarctic seas is another candidate to decrease
sea ice volume. It has been indicated that the subsurface
temperature maximum in the Canada Basin reflected intrusion of
the Pacific summer water. Substantial parts of upper ocean heat
have a potential to affect sea ice freezing/melting. However,
spatial and temporal variabilities in the corresponding warm
water transport still remain uncertainties. Ocean acidification
is also an important problem for Arctic marine biology. Major
factors for the acidification are absorption of atmospheric CO,
in the expanding open water area, dilution effect due to sea ice
meltwater, and remineralization of organic materials over the
shelf bottom. Now we need to estimate relative influence of each
factor. On the other hand, the current pan-Arctic sea ice-ocean
models have not represented significant parts of biogeochemical
processes, plausibly owing to lack of reliable gridded data. In
this project, we are trying to improve the coupled physical and
biogeochemical model with recently available datasets, which

can be utilized as initial and boundary conditions.

2. Model and Experimental Design
The coupled sea ice-ocean general circulation model is the
COCO (Center for Climate System Research Ocean Component

Model) version 4.9. The lower-trophic marine ecosystem model

189

is based on the NEMURO (North Pacific Ecosystem Model for
Understanding Regional Oceanography). The detailed model
description and experimental design were presented in our
previous papers [1, 2]. The brief summaries of two frameworks

are introduced below.

2.1 Pan-Arctic Regional Model for Ocean Heat
Transport and Acidification Studies

The pan-Arctic regional modeling framework has two
versions with their grid size of 5 km (42 layers) and 25 km (28
layers). Both of them cover the entire Arctic Ocean and the
northern North Atlantic. In this fiscal year, interannual (2001—
2014) and decadal (1979-2013) experiments were performed,
respectively. Atmospheric forcing was obtained from the
NCEP-CFSR (National Centers for Environmental Prediction -
Climate Forecast System Reanalysis) dataset. Water properties
at the Bering Strait were prescribed to idealized seasonal cycles.
In addition, a virtual passive tracer was provided at the strait to

visualize the Pacific water pathway.

2.2 Global Ocean Model for Dissolved Iron and
Atmospheric Nitrogen Deposition Studies

The global modeling framework has a grid size of 50-100

km (63 layers). The COCO4.9 was run for 3,000 years, and the

final state could be regarded as being at equilibrium. Following

this state, the COCO was coupled with the NEMURO. The

initial nitrate and silicate concentrations were taken from

the World Ocean Atlas 2013. Atmospheric forcing was
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provided by monthly climatology of the OMIP (Ocean Model
Intercomparison Project). In the iron limitation experiments,
monthly mean concentrations of dissolved iron were given as
boundary data without explicit calculation of iron cycle in the
NEMURO. The dissolved iron profile was obtained from the
Earth System Model “MIROC-ES2”, which was developed
by the Program for Risk Information on Climate Change,
JAMSTEC. In the atmospheric nitrogen deposition experiments,
the deposition of atmospheric nitrate and ammonium (in gas
and aerosol phases), which was simulated by the IMPACT
(Integrated Massively Parallel Atmospheric Chemical Transport)

model [3], was given as a source of ocean nutrients.

3. Winter Subsurface Warm Water Transport

under Sea Ice

The hydrographic sensors moored in the Chukchi Abyssal
Plain detected subsurface warming signals in mid-winter or
spring for 2010-2014. The interannual experiment for 2001—
2014 also reproduced similar seasonality. We then investigated
background mechanisms [4, 7]. The simulated subsurface warm
water distribution was highly consistent with the Pacific water
tracer (Fig. 1). The westward shelf break jet north of the Chukchi
shelf reasonably accounted for lateral ocean heat transport and
consequent subsurface warming in the downstream region. It was
also suggested that highly stratified condition due to anomalous

sea ice meltwater assisted the winter heat transport.

4. Carbonate Chemistry Modeling

We performed the decadal experiment for 1979-2013 using
the Arctic NEMURO-C model, where sea ice algae and carbonate
chemistry were recently incorporated. The initial and boundary
conditions of total alkalinity and dissolved inorganic carbon
were obtained from the gridded data, which were estimated by a
multi-regression method with temperature, salinity, and dissolved
oxygen of the World Ocean Atlas (cf. [5]). The simulated patterns
of sea surface pCO, and air-sea CO, flux were consistent with the

observational-based Self-Organizing Map [6] (Fig. 2). The decline

Herald
Canyon

JE—
0 2[C]

Fig. 1 The simulated ocean (shade) temperature [°C] and (vectors)
horizontal velocity faster than 5 cm s at 60-100 m in January
2013. Unit vector of the velocity is 10 cm s”. White contours
show the seafloor depths of 1,000 and 3,000 m. Red contours
show the Pacific water tracer edge defined by the concentration
of 0.1.

in calcium carbonate saturation rate “Q” was also reproduced in
the surface layer. As next steps, we plan to improve the vertical
structure of “Q” with additional input of organic materials from

river, coastal erosion, and shelf bottom.

S. Impacts of Iron Limitation and Atmospheric
Nitrogen Deposition on Phytoplankton Biomass
In the global modeling framework, the iron limitation was
applied to two phytoplankton groups of the NEMURO: PS (small
phytoplankton) and PL (large phytoplankton such as diatom).
In the sensitivity experiments, the stronger iron limitation was
applied to PL compared with PS. In the case of dissolved iron

half saturation constant Ky, = 0.1 nmol for PS and 0.8 nmol for

Control Case

| 1997 ~ 2013 mean |

Self-Organizing Map

10

[mmol/m%/d]
Fig. 2. Air-Sea CO, fluxes calculated by (a) the Arctic NEMURO-C and (b) the Self-Organizing Map [mmol m” d"']. The averages for 1997-2013 are
plotted.
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PL, total chlorophyll-a decreased particularly in the HNLC (High
Nutrient Low Chlorophyll) region, while chlorophyll-a of PS
slightly increased in the subtropical region (Fig. 3a-b). When the
iron limitation for PS was enforced (K;, = 0.2 nmol for PS and
0.8 nmol for PL), PS chlorophyll-a was equivalent to the original
case (i.e., no iron limitation) in the subtropical region (Fig. 3c).
Furthermore, the extreme iron limitation (K, = 0.6 nmol for PS
and 1.2 for PL) caused excessive nitrate owing to the damped
primary productivity in the eastern North Pacific (Fig. 3d). At
least in these experiments, the chlorophyll-a reduction due to the
iron limitation was minor in the Arctic Ocean.

The impact of atmospheric nitrogen input on marine
biogeochemical variables was remarkable in the subtropical

region: the chlorophyll-a and nitrate concentrations increased

(b) with Fe limit.

Kiee=0.1nmol, K., =0 8nmol

(c) with Fe limit.

Kius=0.2nmol, K.=0.8nmeol __

(d) with Fe limit.

Kue=0.8nmol, Ke=1.2nmal

[mgChl m~]

Fig. 3 Chlorophyll-a concentration at the sea surface in (a) the control
case (i.e., no iron limitation) and (b-d) the iron limitation case
[mgChl m™]. The half saturation constant for iron uptake of PS/
PL (K, [nmol]) was set to (b) 0.1/0.8, (c) 0.2/0.8, and (d) 0.6/1.2,
respectively. All figures show the annual mean sea surface values
after 10 years integration.
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by approximately 0.3 mgChl m~ and 0.1-0.3 pmol L™,
respectively (Fig. 4). The sea surface nitrate concentration
previously observed at Stn. S1 (30°N, 145°E) in the western
North Pacific was 0.01-0.62 pmol L. Hence the model result
suggested that atmospheric nitrogen deposition should not be
ignored for biological production in the subtropical region,
where nitrogen is normally exhausted. While the impact on the
Arctic phytoplankton biomass seemed to be minor, modification
by sea ice was not considered yet. Thus we need to revisit more
accurate evaluation. The MIROC-ES2 simulated that riverine
nitrogen inflows had a potential to increase nitrate concentration
by 3 umol L™ in high-latitude regions such as the Arctic Ocean
[8]. Based on these findings, we plan to examine the Arctic
nitrogen and ecosystem dynamics with incorporation of these

external sources in the pan-Arctic regional modeling framework.

(a) Chlorophyll-a
[Wi0]

0.010.02 0.05 01 02 05 1 3 5 10 20

[mg m”]

(b) Chlorophyll-a
[Deposition - W/O

[mg m?)

(c) Nitrate
[Deposition - W/O]

o [umel L]

Fig. 4 (a) Chlorophyll-a concentration in the control case (i.e., no
atmospheric nitrogen deposition) [mgChl m”]. Anomalies of
(b) chlorophyll-a [mgChl m”] and (c) nitrate [pmol L] in the
atmospheric nitrogen deposition case. All figures show the sea
surface values in April after 15 years integration.
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