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The future conditions of Arctic sea ice and marine ecosystems are of interest not only to climate scientists but also to economic

and governmental bodies. However, the lack of widespread, yearlong biogeochemical observations remains an obstacle to

understanding the complicated variability of the Arctic marine biological pump. Here we address an early winter maximum of

sinking biogenic flux in the western Arctic Ocean and illustrate the importance of shelf-break eddies to biological pumping from wide

shelves to adjacent deep basins using a combination of yearlong mooring observations and three-dimensional numerical modeling.

The sinking flux trapped in the present study included considerable fresh organic material with soft tissues and was an order of

magnitude larger than previous estimates. We then predicted that further reductions in sea ice would promote the entry of Pacific-

origin biological species into the Arctic basin and accelerate biogeochemical cycles connecting the Arctic and subarctic oceans.
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1. Marine biological pump in the western Arctic

basin

Evaluating the responses of biogeochemical cycles to
decreasing sea ice is important to predict long-term trends in
fishery resources. Improved summer light conditions have been
reported to enhance planktonic photosynthesis in the Eurasian
pelagic area of the Arctic Ocean. Furthermore, the accumulation
of nutrient-poor freshwater suppressed the primary production
of phytoplankton in the central Canada Basin during the
2000s. Biological pump of particulate organic carbon (POC),
which is one of the sequestration mechanisms of atmospheric
CO, to deep sea, has been reported to be ineffective in the
cryopelagic Canadian Arctic deep basins [1]. Whereas primary
productivity of phytoplankton could be modest even under
sea ice cover, low abundance of ballast particles such as shell-
bearing micro-planktons might have prevented biological
materials from sinking toward deep layers. On the other hand,
lateral transport of resuspended bottom sediments played a role
in oceanic carbon sink in the western Arctic off-shelf regions.
These findings were obtained by time series sediment trap
measurements in the deep Canada Basin, the Canadian Beaufort
shelves, the northern Laptev Sea, and the Nordic seas (Fig. 1).
However, there are many gaps to fill to achieve a comprehensive

explanation of the spatial and temporal variability of biological
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pump processes under rapid environmental changes of the
Arctic Ocean. The relative contribution of the lateral transport
of shelf-origin materials to basin interiors remains uncertain.
The western Canada Basin and the Chukchi Borderland,
which have experienced a remarkable reduction of sea ice and
substantial biological shifts during the early 21* century, are
located downstream of Pacific-origin water that obtains heat,
nutrients, and organic material over the shallower Chukchi shelf.
Thus, further investigations of the physical and biogeochemical
properties along the Pacific water pathway will provide valuable
information regarding communication between the Bering Sea
and the central Arctic.

We detect a significant amount of sinking biogenic materials
with particulate organic nitrogen (PON) using measurements
from sediment traps deployed in the Northwind Abyssal
Plain (NAP; Fig. 1) since autumn 2010. We then address the
background mechanisms and possible future conditions of the
biological pump from the viewpoint of shelf water transport
using an eddy-resolving (5-km grid size) framework in a pan-
Arctic sea ice-ocean model [2]. Our findings reveal the effective
role of Beaufort shelf-break eddies in biological pumping from
the Chukchi shelf to the Canada Basin. Because these eddies
are generated in summer immediately after shelf blooms of

phytoplankton, biological activity can continue even during



Annual Report of the Earth Simulator Center April 2013 - March 2014

eddy migration towards the central Arctic. Whereas the so-called
“lateral biological pump” have meant the resuspension and
eddy-induced transport of bottom sediments composed of old
carbon, the presented process may sustain marine ecosystems in

seasonal ice zones of the Arctic basins.

2. Roles of shelf-break eddies in sinking biogenic
fluxes
A seasonal experiment using our pan-Arctic sea ice-ocean
model demonstrated that the PON flux at Station NAP initially
increased in July and reached summer and early winter peaks at
depths of 180 and 1,300 m (Fig. 2). These modelled fluxes were
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larger than those derived from our shallow sediment trap data,
but the modelled flux values at the greater depth were similar to
the corresponding trap data. The carbon sink derived from the
simulated PON flux at a 180 m (1,300 m) depth was 258 (59)
mgC m” from May to December. Because shelf bottom water
is considered to be the crucial nutrient source for biological
production in the basin area, its pathway was addressed using a
colored passive tracer in the model experiment. The tracer signal
clearly indicated that the shelf bottom water reached Station
NAP at the peak timing of PON flux in this case. Moreover, a
distinct minimum-temperature layer, which was isolated from

the surface mixed layer, appeared at a depth of 100-200 m from

Fig. 1 Topography map in the Arctic-
subarctic regions. Red dots show
the location of Station NAP, where

T

our sediment trap has been deployed
since October 2010. Yellow dots
show the locations of previous
yearlong bottom-tethered sediment
traps (See also Fig.1 in Honjo et al.
[2010]). The inset shows the time
series of observed sinking particle
fluxes. Modified from Watanabe et
al. [2014].
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Fig. 2 (left) PON flux at a depth of 1,300
m on November 15 in the 2010M
case [umol-N m” d"']. The modeled
tracer concentration of shelf bottom
water at 150 m depth is 0.1 along
black contours. Inset figures show
the flux time series at 180 and
1,300 m depths; Pink and blue bars
represent the observed fluxes in
2010 and 2011, respectively. The
modeled fluxes in the 2010M case
at Station NAP are shown by solid
lines, respectively. (right) Potential

temperature [°C] (color shade) and

ocean horizontal velocity at a 100
m depth on August 15 in the 2010M
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case. The unit vector is 50 cm s™,
and vectors of velocity less than 5
cm s™ are hidden. Blue (red) crosses
indicate the locations of cold (warm)
eddy centres in each month (e.g., “6”
denotes June 15, “7” denotes July 15,
and so on). Modified from Watanabe
etal. [2014].



October to December. This cooling event was detected by the
sediment trap sensors and indicated the lateral advection of cold
water mass.

Here, we propose that mesoscale eddies originating in the
vicinity of the Beaufort shelf break play an important role in
biological pumping in the western Arctic basin. Our model
reproduced both cold and warm shelf-break eddies. One such
cold eddy migrated westward along the pathway of basin-
wide Beaufort Gyre circulation and passed Station NAP in
November. This eddy, generated in June, carried near-freezing
shelf water and retained its cold core at least until December.
Due to phytoplankton bloom and zooplankton grazing, the
PON concentration within the cold eddy increased from
June to August in most of the water column and exceeded 10
pumol-N m” until the eddy passed Station NAP in November.
Because the PON concentration within the cold eddy was
higher than that in the surrounding basin water, the second
peak of PON flux occurred in early winter at Station NAP.
Warm eddies generated after sea ice retreat in late summer had
greater contribution to PON flux compared with cold eddies
produced under sea ice in early summer. A higher PON flux
was localized in part of the southern Canada Basin, where
baroclinic eddies traced the anti-cyclonic Beaufort Gyre. As
well as cold eddies, the hydrographic and biogeochemical
properties of warm eddies reflected the environment of Barrow
Canyon during their generation [3]. In the case of warm eddies,
the PON concentration exceeded 100 pmol-N m” from the eddy
generation period in August. The higher water temperatures
in the ocean surface layer of warm eddies kept their pathways

away from the sea ice cover; thus, both the warmer conditions
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and the greater light intensity favoured phytoplankton
photosynthesis and subsequent zooplankton grazing. We
checked the PON flux north of Barrow Canyon (NBC), where
a warm eddy passed on November 15. The peak fluxes of 150
and 38 umol-N m~ d" at 180 and 1,300 m, respectively, were
several times larger than those within the cold eddy at Station
NAP. In the Mackenzie shelf region, it has been reported that
the resuspension of shelf bottom sediments and cross-shelf
transport of POC were induced by buoyancy-driven convection
following winter sea ice formation [4] and by baroclinic eddies
[5]. In contrast, our results showed that high plankton activity
was accompanied by the development and migration of summer

eddies in the downstream region of the Pacific water pathway.

3. Impact of sea ice reduction

The eddy-induced early-winter biological pump would be
enhanced by sea ice retreat. To address the impact of sea ice
reduction on the early winter PON flux, we performed two
additional experiments in which the sea ice thickness given as
the initial condition on March 1 was multiplied by 2.0 or 0.5
in the entire model domain (named as Ice2.0 and Ice0.5 cases,
respectively). The total sea ice extent on October 1 was 6.9 (3.9)
x 10° km® in the Ice2.0 (Ice0.5) cases (Fig. 3). The average
summer sea ice extent during the 1990s was similar to the Ice2.0
case, and the 2012 sea ice margin was located farther north than
that seen in the Ice0.5 case. The modeling results indicate that
the magnitude of the biological pump might have doubled over
the last two decades in the southwestern Canada Basin. This
trend arose because the eddy-driven transport of shelf-origin

nutrients and biological materials towards the Canada Basin

Total eddy volume*
increased by 84%

*|relative vorticity| > 0.01f
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Fig. 3 (left) Sea ice distribution on October 1 in the (orange) 2010M, (pink) Ice2.0, and (sky blue) Ice0.5 cases. Black contours represent 1,000 m
isobaths. The location of Station NAP is shown by a yellow cone. (right) The vertical profile of November mean PON flux in each case [umol-N

m” d']. The average region is the southwestern Canada Basin, which is outlined by a blue contour in the left figure. Modified from Watanabe

ctal. [2014].
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was promoted. The factor for this difference could be attributed
to changes in shelf bloom and eddy activity, respectively. The
improved light conditions owing to sea ice reduction increased
phytoplankton biomass in early summer. The earlier shelf
bloom hastened nutrient depletion and rapidly reduced the
PON content per each eddy from summer to autumn. On the
other hand, the removal of sea ice drag increased the Barrow
Canyon outflow and eddy kinetic energy [6]. Additionally, the
enhanced eddy generation and development promoted greater
PON export to the deep basin under less sea ice condition.
We can indicate that eddy-induced lateral nutrient supplies to
the euphotic zone have favored the increasing phytoplankton
growth in the Canada Basin, whereas the deepening nutricline
in part caused by sea ice reduction may suppress primary
productivity. Thus, the environmental transition for lower
trophic ecosystems in the marginal Beaufort Gyre, including
the NAP area, differs from the situation in the central gyre. In
addition, the recent acceleration of Beaufort Gyre was reported
by drifting buoy measurements. The faster gyre circulation is
expected to reinforce the westward transport of Chukchi shelf
water and to induce earlier peaks of PON flux at Station NAP.
Now, we need to consider how far the area of high biological
activity will spread in the near future and how ocean dynamics
will contribute to the pan-Arctic marine ecosystem. Because
mesoscale eddies have been detected in multiple shelf-basin
boundary regions of the Arctic Ocean, the ecological function
of laterally transported organic materials is likely to gain more
importance as a food source for plankton and higher-trophic

organisms in the basin interior.
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