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Importance of Ekman transport and gyre circulation change on
seasonal variation of surface dissolved iron in the western
subarctic North Pacific
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Humio Mitsudera2, and Masaaki Wakatsuchi2

, Jun Nishioka2 (),

"National Institute of Polar Research, Tachikawa, Japan, ?Institute of Low Temperature Science, Hokkaido University,
Sapporo, Japan, *Research Institute of Innovative Technology for the Earth, Kyoto, Japan

Abstract iron (Fe) is an essential nutrient for marine phytoplankton and it constitutes an important ele-
ment in the marine carbon cycle in the ocean. This study examined the mechanisms controlling seasonal
variation of dissolved Fe (dFe) in the western subarctic North Pacific (WSNP), using an ocean general circula-
tion model coupled with a simple biogeochemical model incorporating a dFe cycle fed by two major sour-
ces (atmospheric dust and continental shelf sediment). The model reproduced the seasonal cycle of
observed concentrations of dFe and macronutrients at the surface in the Oyashio region with maxima in
winter (February—-March) and minima in summer (July-September), although the simulated seasonal ampli-
tudes are a half of the observed values. Analysis of the mixed-layer dFe budget indicated that both local ver-
tical entrainment and lateral advection are primary contributors to the wintertime increase in dFe
concentration. In early winter, strengthened northwesterly winds excite southward Ekman transport and
Ekman upwelling over the western subarctic gyre, transporting dFe-rich water southward. In mid to late
winter, the southward western boundary current of the subarctic gyre and the outflow from the Sea of
Okhotsk also bring dFe-rich water to the Oyashio region. The contribution of atmospheric dust to the dFe
budget is several times smaller than these ocean transport processes in winter. These results suggest that
the westerly wind-induced Ekman transport and gyre circulation systematically influence the seasonal cycle
of WSNP surface dFe concentration.

1. Introduction

The western subarctic North Pacific (WSNP) is one of the most biologically productive regions in the world,
especially during the bloom season that extends from spring into summer in the Oyashio region [Saito
et al.,, 2002; Isada et al., 2010]. The high level of primary production in the WSNP leads to a very large biolog-
ical drawdown of pCO, [Takahashi et al., 2002] and it supports considerable fishery production [Sakurai,
2007]. Thus, to understand the mechanisms that sustain the seasonal cycle of primary production is of con-
siderable importance to both the forecasting of air-sea CO, flux and the management of fishery resources.

The subarctic North Pacific is one of the major high-nutrient low-chlorophyll (HNLC) regions in the world’s
oceans, and phytoplankton growth is sensitive to dissolved iron (dFe) concentration, which is a limiting
micronutrient in the control of phytoplankton growth [Martin et al., 1989; Tsuda et al., 2003; Boyd et al.,
2004]. One possible source of dFe in the ocean is atmospheric dust. In fact, the large seasonal variation in
pCO, and nutrient drawdown in the WSNP, in comparison with the eastern subarctic North Pacific, is quali-
tatively consistent with the longitudinal difference of the surface flux of dust containing Fe, which originates
primarily in the Gobi Desert in the Eurasian continent [Duce and Tindale, 1991; Mahowald et al., 2005; Mea-
sures et al., 2005].

Oceanic flux from the continental shelf also plays an essential role in the formation of high dFe concentra-
tions in the subsurface to intermediate layer of the WSNP. A number of observations have shown high con-
centrations of dFe over the continental shelves, some of which are likely to be advected into the open
ocean [Lam et al., 2006; Nishioka et al., 2007, 2013; Lam and Bishop, 2008; Cullen et al., 2009]. Numerical
experiments support the hypothesis that lateral transport of sedimentary dFe from the continental margins
into the open ocean causes high concentrations of dFe in the WSNP [Misumi et al., 2011]. In particular, the
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thermohaline and wind-driven ocean
Table 1. Parameters of the Biogeochemical Model That Used Different Values to

Uchimoto et al. [2014] circulations that originate from the
Definition Uchimoto et al. [2014] This Study northwestern shelf in the Sea of
Sedimentary iron flux 1.0 (<300 m over the 0.5 (<300 m over the Okhotsk are ?Ssentlal for the tra|‘15-
entire continental shelf) northwestern shelf) port of dFe into the North Pacific
pmol Fem*d " pmol Fem™2d™" [Uchimoto et al., 2014]. However, pre-

Euphoti 135 50 . .
Irgz I:)allfcsza(:zreation 05:,\]/' O1£nnM vious studies have focused on dFe
constant (Kre) concentration in intermediate water

and, thus, dFe concentration at the
surface has not been examined fully.
Nishioka et al. [2011] reported that time series data from the Oyashio region show clear seasonal variation
in the dFe concentration in the mixed layer, and they suggested that the vertical entrainment process is
crucial for the dFe budget in winter because it draws up subsurface dFe-rich water originating from the
continental shelves. Shigemitsu et al. [2012] investigated the seasonal dFe cycle in the Oyashio region
using a 1-D ecosystem model. They also found that more dFe is supplied to the mixed layer from the sub-
surface layer by wintertime entrainment than by the dissolution of atmospheric dust. However, these
studies focused on the vertical 1-D mechanisms of ocean physics and, therefore, the role of lateral advec-
tion in the seasonal variability of surface dFe concentration in the WSNP, including the Oyashio region,
was not evaluated.

Here we examine the mechanisms controlling the seasonal variability of surface dFe concentration in the
WSNP, using an ocean general circulation model (OGCM) coupled with a biogeochemical model [Uchimoto
et al.,, 2014]. The model and experimental settings are described in section 2. In section 3, the seasonal varia-
tion of the biogeochemical model is evaluated in comparison with observational data. In section 4, we per-
form a budget analysis of surface dFe concentration in the Oyashio and western subarctic regions on a
seasonal timescale. We further explore the physical process controlling the seasonal variation of the mixed-
layer dFe concentration. In section 5, we evaluate the contribution of dFe sources to surface dFe concentra-
tions. Section 6 presents a summary and discussion.

2. Description of Model, Experimental Setting, and Observational Data

The biogeochemical-physical coupled model used in this study is based on a regional OGCM of the WSNP
that includes the Sea of Okhotsk [Uchimoto et al., 2011; Nakanowatari et al., 2015], coupled with a biogeo-
chemical model that includes phosphorous (PO,4) and dFe cycles [Parekh et al., 2005]. Its physical part, which
is a regional OGCM with sea ice in the WSNP and the Sea of Okhotsk, successfully simulated the wind-
driven and thermohaline circulations on seasonal to decadal timescales [Uchimoto et al., 2011; Nakanowatari
et al,, 2015]. By coupling this OGCM with a biogeochemical model that incorporates a dFe cycle forced by
two major sources (atmospheric dust and the northwestern shelf of the Sea of Okhotsk), Uchimoto et al.
[2014] successfully simulated the spatial distribution of dFe concentration in the intermediate water both in
and around the Sea of Okhotsk.

For this biogeochemical model, we modified some dFe parameters and the irradiance condition in the
mixed layer from the original version to account for the vertical movement of phytoplankton as a result of
the deepening of the mixed-layer depth (MLD) in winter. The modified parameter values for the biogeo-
chemical model are listed in Table 1. The setting and configurations for the physical and biogeochemical
models are revisited in the following section. For a detailed description of the physical and biogeochemical
models, see Uchimoto et al. [2011, 2014] and Nakanowatari et al. [2015].

2.1. Ocean Model

The physical model used in this study was the Center for Climate System Research Ocean Component
Model coupled with a sea ice model (COCO ver. 3.4) [Hasumi, 2006]. The ocean model solves the primitive
equation system under Boussinesq and hydrostatic approximations, and it uses a ay-z hybrid vertical
coordinate with a free surface. The sea ice model was based on a two-category thickness representation,
zero-layer thermodynamics [Semtner, 1976], and dynamics with elastic-viscous-plastic rheology [Hunke
and Dukowicz, 1997]. There were 51 levels in the vertical direction with thicknesses increasing to the
deeper layers (1-30 m intervals for the wintertime mixed layer in the subarctic gyre), the horizontal
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Figure 1. (a) Model topography. Contours indicate depths of 100, 300, 500, 1000, 3000, and 5000 m. Shading indicates region where the
vertical diffusive coefficients are enhanced. The wind-driven gyre circulation and its western boundary currents are shown by arrows for
the East Sakhalin Current (ESC), the Oyashio current (Oyashio), and the East Kamchatka Current (EKC). The locations for the A-line and sta-
tion D1 are indicated by a dotted line and cross mark, respectively.
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resolution was 0.5° X 0.5° and the model domain covered the Okhotsk Sea and the western subarctic
region (Figure 1a).

To represent the seasonal cycles of heat and salt fluxes from the subtropical gyre and subarctic gyre, we
restored the temperature and salinity at the lateral boundary with a 1 day restoring time, using the
monthly mean climatology of the World Ocean Atlas 2001 (WOA2001) [Boyer et al., 2002; Stephens et al.,
2002]. Sea surface height was also restored at the lateral boundary to the climatological daily mean sea
surface height obtained from the North Pacific model with the same configurations as our model. To
avoid the drifting problem of sea surface salinity (SSS), we weakly restored SSS to the values of the
WOA2001 with a 60 day restoring time. However, to represent the effect of ventilation induced through
the brine rejection of sea ice formation, the restoring of SSS was not applied in the Okhotsk Sea north of
53°N from December to the following April. At levels deeper than about 2000 m, temperature and salinity
were restored to the values of the WOA2001 with a 10 day restoring time, to represent the abyssal
circulation.

To represent the effects of tidal mixing along the Kuril Strait, the vertical diffusivity coefficient (K,) was
enhanced by 20 cm? s~ in the Kuril Strait from the surface to a depth of 500 m (Figure 1b) [Nakanowa-
tari et al., 2015]. The values and extent of K, were comparable with those from a nonhydrostatic model
simulation [Nakamura and Awaji, 2004] and a barotropic tide model [Tanaka et al, 2010]. We also
applied the K, value in the Kuril Strait adopted by Uchimoto et al. [2011, 2014] but the results were
essentially unchanged. Thus, we consider that our conclusion is not sensitive to the value of K, in the
Kuril Strait.

2.2. Biogeochemical Model

The biogeochemical model adopted in this study consisted of PO, and dFe cycles [Parekh et al.,
2005]. The concentrations of PO, and dissolved organic phosphorus (DOP) were governed by the
advection, diffusion, and sink/source terms related to biological uptake and remineralization pro-
cesses, as follows:
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oPO, -r
o =Adv(PO4)+Diff(PO4)+A"PO4+{ OF(2) . :
T (below euphotic zone) 0
dDOP T
5~ —Adv(DOP)+ Diff(DOP)— \DOP+ { ,
0(below euphotic zone)

where Adv represents the flux convergence owing to large-scale flow, Diff represents the flux conver-
gence owing to mixing by subgrid-scale eddies, /. represents the timescale for remineralization (1/1 =6
month), I represents the biological uptake of PO,, F represents the vertical flux of remineralized particu-
late organic phosphorus below euphotic zone with the form of Martin et al's [1987] power law
(F(z)=j,?e (1—=v)T'dz(z/he) "), and v is the fraction of phosphate (0.67) that enters the surface DOP pool.
Equation (1) means that part of the biological uptake of PO, in the euphotic layer (vI') enters the DOP
pool at the same grid point. The residual ((1-v)I') is exported as particulates to the aphotic layer, and the
remineralization was expressed as the convergence of its flux. DOP was remineralized continuously with
an e-folding scale (4) in both the euphotic and the aphotic layers.

The biological uptake of PO,, I', was formulated using Michaelis-Menten kinetics with PO,, dFe, and light
limitations, as follows:

POy dfe /

r= L 2
PO, +Kpo, dFe+Kape I+K;’ @

where o is the maximum export rate, and Kpo,, Kare, and K; represent the half saturation constants for POy,
dFe, and light, respectively. K; was set to 30 W m ™2, which is identical to the original version of Parekh et al.
[2005]. Based on the sensitivity experiments on Kqr and o performed by Uchimoto et al. [2014], we set Kpo,,
Kare, and o to 0.5 uM, 0.12 nM, and 1.0, respectively. In this model, it is assumed that phytoplankton takes
up and releases P and dFe in a constant ratio (please see the details below).

Daily mean data of shortwave radiation flux were applied as irradiance (lp). In this study, irradiance was
modified to decay exponentially from the sea surface downward with an e-folding scale (h,), as follows:

[=lpe 7. 3)

As our focus was on the surface material cycle in high-production areas, we modified h, from the original
value to 10.86 m, which made the irradiance at 50 m (i.e., the bottom of the euphotic layer) about 1% that
at the sea surface. This value (50 m) is within the range for the euphotic layer adopted in earlier modeling
studies, e.g., 38 m [Siegel et al., 2002] to 79 m [Sarmiento et al., 1993]. In sea ice regions, the decay of irradi-
ance is estimated as a function of albedo, ice thickness, and decay scale in ice [Perovich, 1998]. Furthermore,
to express indirectly the migration of phytoplankton, we artificially average the irradiance strength in the
mixed layer, as follows:

1 0
I'= J ldz, (4)

hueo )b

where hyp is the MLD, which is determined by the density change from the ocean surface of 0.1254.

dFe concentration was governed by the advection and diffusion terms, with source/sink terms related to
biological uptake and external source/sink terms, as follows:

OdFe —TI'Rare
7 :Adv(dFe) + lef(dFe) +ADOPX Raret Sare t+Jare +Sedd[:e + 8F(z)

External Source/Sink 0z

(5)

Rare(below euphotic zone)’

where R4re is the proportional coefficient of the dFe:P ratio, which is fixed to 0.47 mmol:1 mol, Sgre and
Sedgr. are, respectively, the external sources of atmospheric dust and shelf bottom sediments in the Sea
of Okhotsk, and Jgge is the sink by scavenging. The biological uptake, export, and remineralization terms
are proportional to those in the PO, equations with the proportional coefficient of Rgre. The dFe is
assumed to be the sum of the free dFe’ and complexed dFeL forms, where L represents dFe binding
organic ligands.
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The eolian dust flux data were derived from the monthly mean dust deposition provided by Mahowald
et al. [2005]. This data set is a composite of dust flux data from three different atmospheric models with
more than 10 years of simulations. We applied the dFe flux based on the assumption that Fe is 3.5 wt % of
dust and that it dissolves instantaneously at the sea surface (the upper most grid) with a solubility in seawa-
ter of 1%, according to the sensitivity experiments of Uchimoto et al. [2014]. The distribution of annual
mean dFe flux is presented in Figure 2a. It is noted that the dust flux was transmitted to the sea surface in
sea ice in this study. As we are concerned with examining the dFe budget in the WSNP, the accumulation of
dust in sea ice is not considered to be significant.

The sedimentary flux of dFe was applied on the bottom (the deepest grid) in the northwestern shelf region
shallower than 300 m (Figure 2b) to represent the dFe input from the Amur River (shown in Figure 1). In
fact, a previous model simulation indicated that sedimentary flux in the northwestern shelf plays an essen-
tial role in forming the high dFe concentration in the intermediate layer [Uchimoto et al., 2014]. Based on
our sensitivity experiments on the magnitude of sedimentary flux, we used a constant value of 0.5 pmol Fe
m~2 d~", which is comparable with the flux values adopted by earlier studies [Moore et al,, 2004; Parekh
et al., 2008; Uchimoto et al., 2014]. It is noted that the dissolution process of resuspended particles is not
explicitly considered for simplicity. Therefore, the dFe flux applied in this model includes both the dFe
directly supplied from the Amur River and sediment and the dFe from the resuspended particles in the sedi-
ment. The sedimentary flux of dFe from the eastern shelf of the Bering Sea was given through a lateral
boundary condition that is described later.

The scavenging rate is calculated by the formulation of Jg.= —rkocg’dFe’ where Cj, is the particulate concen-
tration calculated by F(z) = C,Wj;ni, ko is the scavenging rate with no limitation by particles, ¢ is an empiri-
cally determined constant coefficient, 7 is the scaling factor, and W, is the particulate sinking rate. These
parameter values are identical to those proposed by Parekh et al. [2005]. dFe’ was controlled by an equilib-
rium relationship Kyre L = [dFeL]/[dFe’[L], where K4ee, is the ligand conditional stability constant. Thus, the
only dFe’ was susceptible to scavenging rate. According to recent model simulations focused on the North
Pacific [Misumi et al., 2011; Uchimoto et al.,, 2014], we set the total ligand (sum of Fel and L’) to be 1.2 nM.

Usually, ecosystem model in the subarctic North Pacific uses nitrate as limiting macronutrient [e.g., Kawa-
miya et al., 2000]. Our model assumes nitrate and phosphate to be in a constant Redfield ratio, as nitrate is
not explicitly modeled. This assumption appears valid, because primary production in our model domain is
limited by the same macronutrient everywhere. Furthermore, our model constituted a simple nutrient-type
biogeochemical model in which the amount of phytoplankton was not explicitly predicted; thus, phyto-
plankton growth and mortality were assumed balanced. Therefore, the rate of uptake of PO, in the bloom-
ing season and its duration appear underestimated and long in the coastal region, respectively.
Nonetheless, this simple model enabled us to examine the mechanism responsible for the timing of the
wintertime increase in dFe concentration in the WSNP including the Oyashio region, because the biological
uptake was likely to be small due to light limitation in winter.

As lateral boundary condition, PO, concentration was restored to the monthly means of the World Ocean
Atlas 2009 (WOAO09) [Garcia et al,, 2010] in a similar manner to temperature and salinity. DOP was set to be
zero along the lateral boundaries to avoid the artificial accumulation of DOP near the boundaries by reflection
of DOP-rich water. The lateral boundary values of dFe concentration were identical to those of Uchimoto et al.
[2014], who produced them by merging observational data from the Bering Sea by Takata et al. [2005, 2008]
and from the North Pacific by Nishioka et al. [2007, 2013], and based on the results of a simulation by Misumi
et al. [2011]. The vertical profiles for dFe concentrations at the southern boundary in the North Pacific show
minimum (~0.1 nM) at 10 m depth, which increases with depth and reaches the maximum value (~1.0 nM)
at around 900 m depth. In the Japan Sea, the vertical profile of dFe concentration is similar to the North
Pacific, but the dFe concentration at the intermediate depth is somewhat lower (~0.7 nM). In the eastern
boundary (the Bering Sea), the dFe concentration are minimum (~0.2 nM) at the surface, which increases
with depth and reaches the maximum (~1.5 nM) at the bottom. These lateral boundary conditions of dFe
concentration were temporally constant and, thus, there was no seasonal variation.

2.3. Experimental Setting
The physical part of the model was first integrated for 50 years from the initial condition based on the cli-
matological temperature and salinity of WOA2001, under surface forcing of the climatological daily mean
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Figure 2. Spatial distribution of annual mean dFe flux (umol m~2 yr~") from (a) atmospheric dust and (b) sediment in the northwestern
shelf region applied to the model.

atmospheric data of the Ocean Model Intercomparison Project (OMIP) [Roske, 2001]. The OMIP data are con-
structed from ECMWF reanalysis data from 1957 to 2001 with latitudinal and longitudinal resolution of
1.125° From the physical condition in the final year of the spin-up, the coupled physical-biogeochemical
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model was integrated from the initial condition based on the climatological PO, of WOA2009, no initial
DOP, and dFe values for 27 years under the OMIP surface forcing. This integral time might appear short for
the spin-up of the intermediate circulation; however, it was considered sufficient for the surface circulation,
which was the focus of this study, to reach a steady state. This experiment is hereafter defined as the con-
trol case. In this study, we used the monthly mean fields in the final year of the spin-up integration when
the spatial distribution of PO, had almost reached equilibrium.

2.4. Observational Data

To evaluate the climatological features of PO, in the model results, we used the summertime (July-Septem-
ber) statistical mean of PO, derived from the WOA2009. As climatological 3-D data of dFe concentration in
the entire domain of the WSNP were not available, we alternatively used dFe concentration data observed
at the station D1 (48.5°N, 165°E, shown in Figure 1) in October 2003 [Nishioka et al., 2007]. For the Oyashio
region, we used dFe concentration data at seven stations (A4, A5, A7, A9, A11, A13, and A15) along the A-
line (39.5°N, 146.5°E to 42.25°N, 145.125°E, shown in Figure 1) observed in January 2005 [Nishioka et al.,
2011], where the A-line is the repeated hydrographic cross section operated by the Japan Fisheries Research
and Education Agency [Saito et al., 2002]. To evaluate the seasonal variation of dFe concentration in the
Oyashio region, we also used the time series of monthly mean dFe concentrations, which were derived
from one to eight cruises undertaken annually over a 6 year period along the A-line [Nishioka et al., 2011].
The dFe concentrations in the mixed layer were calculated by averaging the monthly data in the mixed
layer, the bottom of which was determined by a density change from the ocean surface of 0.1250. We also
used monthly means of net primary production data from 2002 to 2016 with a spatial resolution of 9 km,
which were based on MODIS satellite data including surface chlorophyll concentrations and the vertically
generalized production model [Behrenfeld and Falkowski, 19971.

3. Simulated PO, and Fe Concentrations at the Surface

3.1. Annual Mean Field

Before we examine the seasonal variation of PO, and dFe in the WSNP including the Oyashio region, we
evaluate the simulated climatological fields of PO, and dFe by comparing them with observational data.
Here we also show the sensitivity of these climatological fields to the euphotic layer depth, irradiance
strength in the mixed layer, and value of Kg. by comparing the control case with the earlier case [Uchimoto
et al., 2014]. The parameters in the control case that were different from the earlier case are summarized in
Table 1.

Figures 3a and 3b compare the spatial patterns of surface PO, concentration in the observed and simulated
data in summer (July-September), a period during which observational data coverage is relatively dense.
Relatively high values of PO, concentration, higher than its half saturation constant (0.5 uM), are features
common in the WSNP (including the Bering Sea) in both data sets, although the modeled PO, concentra-
tion is somewhat underestimated around 48°N, 165°E. In the Sea of Okhotsk, the relatively low concentra-
tion of observed PO, (<0.4 puM) is also reproduced in the model. It is noted that a remarkably high
concentration of PO4 (>1.5 uM) is found along the Kuril Islands in both the observed and the simulated
data sets. As tidal mixing is prominent in the Kuril Strait, the observed high concentration of PO, in summer
is likely maintained by strong mixing. Hydrographic observational data obtained recently from the Kuril
Strait [Nishioka et al., 2007] also support the high concentration of PO,4 in summer.

Figure 4a shows the spatial distribution of simulated dFe concentration at the surface in summer (July-Sep-
tember). The dFe concentration is relatively high in the Sea of Okhotsk, with a maximum value of ~2 nM
around the mouth of the Amur River. The high value of dFe concentration extends southward with the East
Sakhalin Current and reaches the Bussol Strait. The higher simulated dFe concentrations along Sakhalin
Island are consistent with the observed spatial pattern of dFe concentration in summer [Nishioka et al.,
2014]. In the western subarctic region, the dFe concentration at the surface is <0.2 nM, which is roughly
consistent with the observed dFe concentration in summer [Nishioka et al., 2007]. Thus, the summertime
deficiency of dFe concentration in the western subarctic region was simulated in the model.

In the intermediate layer (26.84 isopycnal surface), the dFe concentration is high on the northwestern shelf
of the Sea of Okhotsk and along the East Sakhalin Current, similar to the surface dFe, with values >1 nM
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Figure 3. Spatial distribution of (a) observed and (b) simulated PO, (uM) at the surface in July-September. The Oyashio [42°N-43°N,
146°E-147°E] and western subarctic regions [48°N-49°N, 164.5°E-165.5°E] are shown by the square blue boxes. The locations for the A-line
and station D1 are indicated by a dotted line and cross mark, respectively.
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Figure 4. Spatial distribution of simulated dFe concentrations (nM) in July-September at (a) surface and (b) 26.84, isopycnal surface.
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(Figure 4b). The relatively high dFe concentration (0.8 nM) extends into the western subarctic region, which
is consistent with an earlier study [Uchimoto et al., 2014]. dFe concentration >0.8 nM is also found along
the east coast of the Kamchatka Peninsula, extending from the northern part of the Bering Sea. As the high
dFe concentration along the Kamchatka Peninsula is likely to intrude into the western subarctic region, this

NAKANOWATARI ET AL.

IRON ADVECTION MECHANISM 4372



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012354

(a) PO4 (Jul.—Sep.)

Oyashio region (42—43N, 146—147E)
(b) diss—Fe (Jan.)
0 —

0 : e
1001 100 e
2001 2001 A
300- 0{ N
’E? 400+ ’E? 4001 s
— — (A—line)
£ 5007 5 : 5 : : < 500 .
a — Obs. (WOAQY) a — Earlipr: case:
a 1 : Lo 5 5 a i RN SRS
600 — Ebarlier case: 600 + Confral case
7004 = Control dase: 700 '
: : : : : 2 3
800 - 800 -
4
900 900
: : N
1000 s et 1000 Fmmmpommgrm g oo mpe Ao
0 05 1 15 2 25 3 35 4 0 00306091.21518212427 3
mM nM

Figure 5. Vertical profiles of (a) PO, and (b) dFe concentrations in the Oyashio region (42°N-43°N, 146°E-147°E) from observed data (black) and model simulations (earlier and control
cases). The observed profile of dFe is derived from the mean value of seven stations (A4, A5, A7, A9, A11, A13, and A15) in the A-line observed in January 2005 and the standard devia-
tions are shown for the mean values at depths where the number of data is larger than 4. The geographical positions of the Oyashio region and A-line are shown by the rectangle (blue)
and dotted line (magenta) in Figure 3b, respectively.

result suggests that dFe supplied from the Bering Sea partly contributes to the high dFe concentration in
the intermediate water of the North Pacific.

Figure 5 shows the vertical profiles of simulated PO, and dFe concentrations in the Oyashio region (shown
in Figure 3b). With the earlier version of the biogeochemical model parameters [Uchimoto et al., 2014], the
simulated PO, concentration in the surface layer is relatively lower than the observed value, while the simu-
lated dFe concentration is overestimated. In the control case, both the underestimation of PO, and the
overestimation of dFe in the surface layer are improved. In particular, the simulated dFe in the upper layer
(<300 m) is within the one standard deviations of observed values. On the other hand, the low bias of dFe
concentration in the intermediate layer (deeper than 200 m) is not improved. As the focus of this study was
on the seasonal variations in the mixed layer, which is shallower than 200 m in this region, the underestima-
tion of dFe concentration in the deep layer was considered not to affect our results. For the western subarc-
tic region (shown in Figure 3b), the observed data show that both PO, and dFe concentrations are low at
the surface with a sharp gradient at around the depth of 200 m (Figure 6). These PO, and dFe gradients are
basically identical to the earlier version of the model. It is noteworthy that the dFe in the model is depleted
in late summer, whereas the simulated PO, concentration remains high, indicating that the western subarc-
tic region has the characteristics of an HNLC region.

Next, we examine the rate of biological uptake of PO, (I" in equation (2)) and compare it with the limiting
factors of I'. Here the limiting factors of I" are PO,, dFe, and |, which are defined as PO4/(PO4 + Kpoa), dFe/
(dFe + Kgre), and /(I + K)); thus, these are proportional to PO,, dFe, and |, respectively. Since the limiting fac-
tor has a value between 0 and 1, the smaller values mean the strong limitation and vice versa, because the
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Figure 6. Vertical profiles of (a) PO, and (b) dFe concentrations in the western subarctic region (48°N-49°N, 164.5°E-165.5°E) from observed data (black) and model simulations (earlier
and control cases). The observed profile of dFe concentration is based on the hydrographic observation at the station D1 (48.5°N, 165°E) observed in October 2003. The geographical
position of the western subarctic region and station D1 are shown by the rectangle in Figure 3b.

rate of biological uptake is determined by the multiplication of these values. In this biogeochemical model,
the rates of phytoplankton growth and mortality are balanced and, thus, the rate of uptake of PO, (I' in
pM/month) is approximately proportional to the net primary production.

Figure 7a shows the spatial pattern of the annual average of vertically integrated T" in the mixed layer.
Annually averaged T is relatively large along the coastline in the WSNP including the Oyashio region, where
I' reaches a maximum in May-June (not shown). This spatial pattern of I" is basically consistent with the cli-
matology of net primary production based on MODIS satellite data, although the cluster of high T in the
Oyashio region in the model is somewhat shifted northward relative to the observed data (Figure 7b). In
the basin area of the WSNP, excluding the coastal area, the limiting factors of I" related to PO, concentra-
tion is higher than that for dFe concentration (Figure 7c¢), indicating that the rate of biological uptake is con-
trolled by dFe concentration rather than by PO, concentration.

Figure 8a shows the seasonal cycle for the rate of uptake of PO, (I') in the Oyashio and western subarctic
regions. The monthly mean I" shows a clear seasonal cycle with maxima in May—June in these regions. This
seasonal cycle of T" is consistent with those of chlorophyll concentration derived from hydrographic obser-
vation in the Oyashio region [Saito et al., 2002]. In both regions, the seasonal cycle of T"is controlled mostly
by the strength of light. It is noted that the maximum value of T is relatively large in the Oyashio region
compared with the western subarctic region. In this period (April-May), both dFe concentration and light
intensity in the Oyashio region are higher than in the western subarctic region, but the phosphate concen-
tration in the Oyashio region is lower (Figure 8b). Therefore, the higher amplitude of the seasonal variation
in I' is related to the higher dFe concentration, as well as to light intensity.
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Figure 7. Spatial distribution of (a) annual averaged uptake rate of PO, (I') (umol/month) in the model and (b) climatology of net primary production (g C/m%/d) averaged from April to
October based on MODIS satellite data during 2002-2016. (c) The difference between PO,/(PO,4 + Kpos) and Fe/(Fe + Kg.), which are nondimensional indexes of the limiting factors for
the biological uptake in the model, averaged in the mixed layer. When the positive (negative) value of this index indicates that the biological uptake is controlled by dFe (PO,) concen-

tration. The contour indicates zero value.
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Figure 8. Seasonal cycles of (a) I' (umol/month) and (b) the limiting factors of PO, (PO,/(PO,4 + Kpos) in red), dFe (Fe/(Fe + Kg) in blue), and
light (I/(I + K)) in green) averaged over the mixed layer in the Oyashio region (closed circles) and western subarctic region (open circles).
The limiting factor has a value between 0 and 1, where the small value means strong limitation and vice versa. The areas of the Oyashio
and western subarctic region are shown in Figure 7d.

3.2. Seasonal Variation

Figures 9a and 9b compare the seasonal cycles of PO, and dFe with the seasonal cycle of the MLD in the
Oyashio region (shown in Figure 3b). The simulated PO, and dFe concentrations at the surface reveal a
remarkable seasonal variation with maxima in winter (March) and minima in summer (September). The sim-
ulated MLD also shows a seasonal cycle with a maximum value of ~160 m depth in March (Figure 9c). The
simulated maximum MLD and its timing are comparable to the observed data along the A-line [Nishioka
et al, 2011]. The seasonal variations in dFe and MLD in the western subarctic region (Region B, shown in Fig-
ure 3b) also show seasonal cycles in dFe concentration and MLD, similar to those in the Oyashio region,
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Figure 9. Seasonal cycles of simulated (a) PO, concentration (M) and (b) dFe concentration (nM) from the surface to 300 m depth in the
Oyashio region. The monthly mean MLD is shown as closed circles in each figure.

although the occurrences of the maximum values are lagged by 1T month to those in the Oyashio region.
The above comparisons between the simulated and observed data verify that the seasonal variations of dFe
and the MLD are well represented in the model simulation.

The comparison between the simulated and observed averaged dFe concentrations in the mixed layer (Fig-
ure 10) indicates that the phase of seasonal variation in dFe in the Oyashio region is reproduced, although
the seasonal amplitude, which is the difference between the maximum and minimum values (~0.4 nM), is
half that of the observed data. In particular, the decrease in dFe concentration in spring (April-May) is grad-
ual. This could be related to the assumption that the maximum rate of uptake is fixed to a constant value
(2= 1.0 uM/month); thus, the drastic decrease of dFe concentration related to spring bloom events is not
quantitatively simulated in this biogeochemical model. Thus, although the dFe depletion in summer is
underestimated in our experiment, it remains meaningful to examine the mechanisms controlling the
increase in dissolved dFe during autumn and winter.

4, Budget Analysis for Seasonal dFe Variation in the Mixed Layer

First, to clarify the physical processes responsible for the seasonal variation of dFe in the mixed layer,
we evaluate the individual terms in the dFe tendency equation averaged over the monthly mean
MLD,
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Figure 10. Observed (circles) and simulated dFe concentration averaged over the mixed layer from the simulation (solid line) in the Oya-
shio region. The observed data were calculated from the monthly mean dFe concentrations along the A-line [Nishioka et al., 2011]. The
standard deviations of the monthly mean values are shown by error bars.

1 OFe 1
— | Zdz=——| (ADV+MIX+BIO+SED+SFX
MLDJMLD ot z MLD,[MLD( D BIO+SED+SFX)dz,
ADV=—V - (VFe)+KyV}Fe, (6)
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where ADV indicates the dFe flux convergence caused by large-scale flow and lateral mixing that includes
the effects of subgrid-scale eddies; MIX indicates vertical mixing; BIO indicates the source/sink term arising
from the biogeochemical processes such as biological uptake, organism degradation, and scavenging; SED
indicates dFe flux from the sediment source; and SFX indicates surface dFe flux supplied from atmospheric
dust. The LHS of equation (6) is further divided into two terms as follows:

OF 0 dMLD

J o€ = 7[ Fedz— 27 Fe(MLD). )
mp Ot Ot Jmio dt

The first term on the RHS of equation (7) is the tendency of dFe concentration within the MLD, and the sec-

ond term is related to MLD change. As the latter is related to the vertical mixing process, we include it in

the MIX term in equation (6) in the following budget analysis.

Figure 11 shows the spatial distributions of the annually averaged dFe budget terms as the rate of change
of dFe per year. The values of MIX and ADV are positive over the North Pacific (Figures 11a and 11b), indicat-
ing that these terms play a role in the increase of dFe concentration. The ADV makes a large contribution to
the increase in dFe concentration with a maximum value of 0.9 nM/yr around the Oyashio region (Figure
11b). The SFX also contributes positively to the increase in dFe concentration around the Oyashio region
(Figure 11d), where dust flux is relatively large (Figure 2a). The value of BIO is negative overall and relatively
large along the Kuril Islands (Figure 11c). As the spatial pattern of BIO is roughly similar to that of the annual
average I' (Figure 7a), negative values of BIO are likely explainable by biological uptake rather than
scavenging.

Figure 12a shows the seasonal variations of the dFe budget terms in the Oyashio region. In early winter
(October-November), the increase in the dFe concentration is explained mostly by MIX. However, the
contribution of ADV is comparable with that of MIX in December and it becomes dominant in midwinter
(January-March). In the western subarctic region (Figure 12b), MIX also makes the largest contribution in
early winter (October-November), but ADV becomes the largest contributor from mid to late winter
(March-April). In both regions, SFX makes a small contribution to the increase in dFe concentration from
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Figure 11. Spatial distributions of annual mean (a) MIX, (b) ADV, (c) BIO, and (d) SFX terms for the dFe budget (nM/yr) in the mixed layer.

early to midwinter. For the Oyashio region, the averaged SFX term from early to late winter (November-
March) are 0.008 nM/month. This value is 4-5 times less than those for the ADV (0.053 nM/month) and MIX
(0.043 nM/month) terms. For the western subarctic region, the SFX term (0.006 nM/month) is still quite
smaller than the ADV (0.020 nM/month) and MIX (0.028 nM/month) terms, although the SFX term is the
largest contributor from June to August. BIO is always negative with its largest value in spring (May). This
seasonality is explained by the seasonal variation of the rate of biological uptake (Figure 8). Thus, the win-
tertime increase in dFe concentration is controlled by the seasonal cycle of ocean advection and mixing,
and the contribution of dust flux is not essential.

Since the dust iron solubility is governed by many factors and processes which have not been clarified yet
[Baker and Croot, 2010], it is known to have wide range values from 0.4% [Ooki et al., 2009] to about 6%
[Buck et al., 2006]. To check the sensitivity of dust iron solubility to our results, we performed a sensitivity
experiment with a dust iron solubility of 2%, which is within the permitting range to form the HNLC in the
model [Uchimoto et al.,, 2014]. The SFX term in this sensitivity experiment is about 2 times larger than the
control case, but the fraction of the wintertime dFe concentration is not essentially changed. Thus, the ADV
and MIX terms are still dominant on the wintertime increase in the dFe concentration in the target regions.
We also performed another sensitivity experiment with a dust iron solubility of 5%, but the seasonal varia-
tion in dFe concentration in the Oyashio region is unrealistic (not shown). These sensitivity experiments
support that our results on the dFe budget analysis are not sensitive to the dust iron solubility.

To understand the physical mechanism of the ADV term, we further divide it into three components: the
geostrophic current, ageostrophic current, and lateral mixing process, as follows:
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Figure 12. Seasonal cycles of each term of the dFe budget (hnM/month) averaged in the mixed layer for (a) the Oyashio region and
(b) western subarctic region. The tendencies of dFe, ADV, MIX, BIO, and SFX are shown by black, red, blue, green, and cyan lines, respectively.

ADV=-V - (VFe)+KyViFe
=—V . ((V,+V,)Fe)+KyViFe OFe
((Vg+Va)Fe) +K v} — VegradyFe — w,—— + KyViFe , (8)
~ —  VggradyFe — 0z ~——
R , Ekman transport lateral mixing

Ekman upwelling
geo strophic current

where v4 and v, mean the geostrophic and ageostrophic components of the ocean currents, respectively.
Here we assume that the horizontal and vertical components of the ageostrophic term (i.e., the second and
third terms on the RHS of equation (8)) are related mostly to Ekman transport and Ekman upwelling/
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Figure 13. Seasonal cycles of dFe convergence (nM/month) of ADV (black) and each component related to the geostrophic current (red),
Ekman transport (blue), Ekman upwelling (cyan), and subgrid-scale mixing processes (green) averaged over (a) the Oyashio and (b) west-
ern subarctic regions.

downwelling, respectively, because the ageostrophic currents induced by topographic effects are likely to
be negligible in the basin area.

Figure 13a shows the seasonal cycles of total ADV averaged in the mixed layer and the related components
in the Oyashio region. From November to December, the total ADV is dominated by Ekman transport. Con-
siderable dFe flux convergence because of Ekman transport occurs in the Oyashio region and the southern
boundary of the western subarctic gyre (42°N-44°N, 150°E-165°E) (Figure 14a). This dFe flux convergence is
related to the southward Ekman transport enhanced by wintertime northerly winds over the WSNP (Figure
14b) and a large meridional gradient of dFe concentration (Figure 14c).
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Figure 14. Spatial distributions of (a) dFe fluxes related to Ekman transport (vectors: nM m/s) and its convergence (X 10~ ' nM/month), (b) Ekman current speed (vectors: cm s '), and
(c) dFe concentration (nM) averaged over the mixed layer from October to the next March.
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Figure 15. Spatial distributions of (a) dFe fluxes related to geostrophic transport (vectors:

nM m/s) and its convergence (X 10~ ' nM/month), and (b) geostrophic current speed (vec-

tors: cm s~ ') averaged over the mixed layer from January to the following March.

In midwinter (January-March),
the contribution of the geo-
strophic current to dFe flux
convergence exceeds that of
Ekman transport in the Oyashio
region (Figure 13a). A remark-
able convergence of dFe flux
related to the geostrophic com-
ponent is found in the western
part of the Sea of Okhotsk and
the Oyashio region (Figure 15a).
These regions correspond to
the southward western bound-
ary currents in the Sea of
Okhotsk and subarctic gyre,
which are strengthened by the
prevailing wind stress curl in
winter [Ohshima et al., 2004; Iso-
guchi and Kawamura, 2006]. The
maximum concentration of dFe
is found locally in the north-
western shelf region and Kuril
Strait (Figure 14c). The former is
likely related to direct advection
of dFe-rich water from the
source region, while the latter is
derived from the intermediate
layer through enhanced vertical
mixing along the Kuril Strait.
Therefore, the dFe flux conver-
gence in the Oyashio region is
explained by anomalous ocean
currents and the background
gradient of dFe concentration.
In addition, the outflow of water
from the Sea of Okhotsk Sea via
the Bussol Strait, which is con-
trolled by a change in the sub-
arctic gyre, is also enhanced in
winter [Ohshima et al, 2010].
Thus, the dFe flux convergence

in the Oyashio region might be influenced remotely by the advection of dFe-rich water from the Sea of
Okhotsk.

In the western subarctic region, the seasonal variation of total ADV is controlled mainly by Ekman upwell-
ing/downwelling (Figure 13b). The spatial distribution of dFe flux convergence related to Ekman upwelling/
downwelling from October to the next March reveals the convergence occurs throughout the entire region,
except for coastal regions (Figure 16a). In the basin area, the Ekman upwelling is prominent in the mixed
layer from October to the next March (Figure 16b). As the averaged vertical gradient of dFe concentration
in the MLD is negative (Figure 16c), the wintertime dFe flux convergence is likely to be explained by the
combination of the enhanced Ekman upwelling with the climatological vertical dFe gradient.

Careful examination of Figure 13b shows that the seasonal variation of dFe flux convergence due to Ekman
upwelling/downwelling is out of phase with that caused by Ekman transport. This implies that part of the
upwelled dFe-rich water is transported further southward by Ekman transport, which results in the
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Figure 16. Spatial distributions of (a) the convergence of dFe fluxes related to Ekman upwelling/downwelling (X 10" nM/month), (b) vertical component of ocean current (X102 cm
s~ "), and (c) vertical gradient of dFe concentration (X10 > nM m ") averaged over the mixed layer from October to the following March.
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Figure 17. Time-longitude cross section of the convergence of dFe fluxes as a result of geostrophic transport (nM/yr) in the mixed layer
along 48°N.

generation of a zonal band of dFe flux convergence along the southern part of the subarctic gyre (Figure
14a). In fact, the zonal band of dFe flux convergence (Figure 14a) occurs along the southern edge of the
strong dFe flux convergence related to Ekman upwelling/downwelling (Figure 16a). As such an ocean circu-
lation is generated systematically under the influence of midlatitude westerlies, it is suggested that a zonal
band of dFe flux convergence generally occurs on the southern boundary of the subarctic gyre.

It is noted that the dFe flux convergence related to the geostrophic current is comparable with that as a
result of Ekman upwelling in April-May (Figure 13b). The increase of the contribution of the geostrophic
flow occurs about 2 months later than in the Oyashio region (Figure 13a). The spatial distribution of the dFe
flux convergence related to the geostrophic current shows a significant anomaly around 48°N, 163°E,
extending from the southwest. This is likely caused by the northeastward dFe flux as a result of the subarctic
gyre (Figures 15a and 15b). Therefore, the 2 month delay in the increase of dissolved dFe in the western
subarctic region is possibly explained by the advection time related to the western subarctic gyre. In fact,
the longitude-time section of dFe flux convergence along 48°N shows clear eastward advection from Janu-
ary to April, which is explained by the wintertime mean speed (~3.4 cm/s) of the eastward geostrophic cur-
rent (Figure 17).

5. Origins of Dissolved Fe in the Oyashio Region

The previous section showed that the wintertime increase in dFe concentration in the Oyashio region could
be explained mostly by the combination of vertical entrainment and lateral advection. This implies that the
contribution of atmospheric dust to the dFe budget is relatively small in comparison with ocean dynamical
processes. However, there is a possibility that atmospheric dust injected in upstream regions indirectly
affects the dissolved dFe budget in the downstream Oyashio region. To evaluate the contributions of dFe

sources, we performed perturbation experiments

in which the dFe source was restricted to sedi-

Table 2. List of Sensitivity Experi
R e ment (SED), atmospheric dust (DUST), and bound-

Experiment Applied Dissolved Fe Flux . X
ary condition (BC) (Table 2). In each experiment,
SED Sediment dissolved Fe flux in the oth fixed t |
the northwestern shelf region € other sources were nxed to zero values.
DUST Surface dust flux over the entire region - ~
BC Lateral boundary conditions of dissolved Fe Flglljre 18 shows the seasonal C¥de of dFe C.oncen
tration averaged over the mixed layer in the
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Figure 18. Time series of the simulated dFe concentration averaged over the mixed layer in the Oyashio region, calculated from the SED
(red), DUST (blue), and BC (green) experiments. The sum of the dFe concentration in the sensitivity experiments is indicated by the black
line.

Oyashio region for each sensitivity experiment. The seasonal variation in dFe concentration is explained well
by the sum of the SED and BC experiments, and the respective amplitudes of their seasonal variation are simi-
lar. In the SED experiment, a high concentration of dFe is found along Sakhalin Island and the Bussol Strait (Fig-
ure 19a), suggesting that the southward East Sakhalin Current and vertical mixing in the Kuril Strait are crucial
for the transport of dFe to the Oyashio region. Conversely, in the BC experiment, high concentration of dFe is
found along the Bering Sea coast and in the Kuril Strait, indicating that dFe originating from the Bering Sea
shelf is advected to the Oyashio region together with upward transport by tidal mixing in the Kuril Strait. For
the DUST experiment, the dFe concentration shows a weak seasonal cycle with the maximum in February (Fig-
ure 18). This result may imply that the dust flux in late summer indirectly influences the wintertime increase of
the dFe concentration in the mixed layer through the entrainment and/or lateral advection. However, the sea-
sonal amplitude in the dFe concentration in the DUST experiment is 0.04 nM, which is about 1 order smaller
than those in the SED and BC experiments. Here we briefly examined the sensitivity of dust iron solubility on
DUST experiment by using a dust iron solubility of 2%. The resultant seasonal amplitude is about 2 times larger
than the original DUST experiment (not shown). Thus, these sensitivity experiments support the conclusion of
previous studies suggesting that one of the primary sources of dFe in the WSNP is sediment flux on the north-
western shelf of the Sea of Okhotsk [Nishioka et al., 2007], but with a significant contribution from the eastern
shelf of the Bering Sea.

6. Summary and Discussion

In this study, we quantitatively evaluated the controlling factors of the seasonal variation in dFe concentra-
tion in the Oyashio region and the WSNP, using an OGCM coupled with a simple biogeochemical model of
PO, and dFe cycles [Uchimoto et al., 2014]. In the Oyashio region, the simulated PO, and dFe concentrations
in the mixed layer showed remarkable seasonal variations with maxima in March, although their amplitudes
were half of the observed values. An dFe budget analysis of the mixed layer revealed that the increase in
dFe concentration in winter is caused mainly by vertical entrainment as a result of the deepening of the
MLD and lateral advection. The lateral advection of dFe in early winter is explained mainly by southwest-
ward Ekman transport, which is driven by the northwesterly wind that prevails over the western subarctic
region. In late winter, the dFe flux of lateral advection is also caused by the southwestward geostrophic
current.

In the western North Pacific, the increase of dFe concentration in winter is also controlled by entrainment
as a result of the deepening of the MLD as in the case of the Oyashio region. However, the advective flux
related to Ekman upwelling is comparable with that of the entrainment. The upwelled dFe-rich water is
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Figure 19. Annual mean fields of simulated dFe concentrations (nM, in colors) in the mixed layer, calculated from the (a) SED and (b) BC
experiments. Contour intervals are 0.3 nM.

transported further southward by Ekman transport, which is likely to generate a zonal band of dFe flux con-
vergence along the southern boundary of the subarctic gyre. It is noteworthy that the northeastward dFe
flux as a result of the subarctic gyre, which is derived from the East Kamchatka Current, is also significant for
the increment of dFe concentration in the western subarctic region. Thus, our study supports the sugges-
tion that the combination of Ekman transport and upwelling/downwelling, in addition to the geostrophic
current system as well as vertical mixing are important for the seasonal variation of dFe in the WSNP.

The dFe flux and its system of convergence controlled by the wind-driven current in the WSNP are summa-
rized in Figure 20. Under westerly wind conditions, the cyclonic gyre circulation (closed contours) is gener-
ated from the surface to the intermediate layer (Figure 20a). In winter, the formation of sea ice leads to
subduction over the northwestern shelf region (northwest corner of the basin), and dFe-rich water originat-
ing from the source regions, which are the northwestern shelf and Bering Sea shelf (red shaded areas) is
transported southward by the western boundary current (yellow arrow) through the intermediate layer (Fig-
ure 20b). As tidally induced vertical mixing occurs annually in the Kuril Strait, the dFe-rich water in the inter-
mediate water is fed vertically from the intermediate layer (gray double circles) to the surface layer (yellow
double circles), from where it is transported laterally to the downstream region by geostrophic current (yel-
low line in Figure 20a). The westerly wind also induces both Ekman upwelling (green double circles) and
transport (green arrows) over the basin (Figure 20a). As dFe concentration is relatively high in the lower
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Figure 20. Schematics of the surface dFe flux and its convergence system at (a) the surface and (b) intermediate layer in the WSNP,
induced by the geostrophic current (yellow arrows) and Ekman transport (green arrows), including Ekman upwelling/downwelling (green
double circles), under the condition of midlatitude westerlies (blue arrows) and tidal mixing upwelling (yellow double circles). The closed
contours with arrows indicate the cyclonic gyre circulations in the Sea of Okhotsk and WSNP. In Figure 20b, gray double circles indicate
the divergence of dFe flux in intermediate layer.

layer, the dFe-rich water upwelled from the intermediate layer (gray double circles) is consequently trans-
ported to the southern boundary of the subarctic gyre. As such an ocean circulation is induced systemati-
cally over the region affected by the westerly wind, it is suggested that a zonal band of dFe flux
convergence generally occurs along the southern boundary of the subarctic gyre.

Atmospheric dust makes a significant contribution to the dFe budget when averaged over the entire year,
but the effect is weak from autumn to winter in our model experiments. To check the sensitivity on the

NAKANOWATARI ET AL.

IRON ADVECTION MECHANISM 4388



@AGU Journal of Geophysical Research: Oceans

10.1002/2016JC012354

Acknowledgments

We thank N. Mahowald for providing
the dust data set. The WOA data were
obtained freely from the United States
NODC (http://data.nodc.noaa.gov/
woa/). The primary production data
based on MODIS satellite images were
obtained from the Ocean Productivity
site of Oregon State University (http:/
www.science.oregonstate.edu/ocean.
productivity/index.php). The source
code for the ocean model used in this
study and input files necessary to
reproduce the experiments with Iced-
COCO are available from the authors
upon request (nakanowatari.takuya@
nipr.ac.jp). Numerical calculations were
performed using a HITACHI SR16000 at
the high-performance computing
system of Hokkaido University and an
SGI UV1000 at the Pan-Okhotsk
Information System of Hokkaido
University. We wish to thank two
anonymous reviewers for their
constructive comments. A number of
figures were produced using the
GrADS package developed by B. Doty.
This work was supported by JSPS
KAKENHI (JP22221001, JP20360943,
JP16K21586, and JP17H01156), MEXT
KAKENHI (JP16H01585), Joint Usage/
Research Center for Interdisciplinary
Large-scale Information Infrastructures
(JHPCN), and the Green Network of
Excellence (GRENE) Arctic Climate
Change Research Project of the
Ministry of Education, Culture, Sports,
Science, and Technology in Japan.

solubility of dust flux, we additionally performed sensitivity experiments on the dust solubility. However,
the contributions of lateral advection and vertical mixing are still dominant term on the wintertime increase
in the dFe concentration in the Oyashio region, even if the solubility of dust flux increases up to 2%. The
sensitivity experiments on the dFe sources (sediment fluxes and atmospheric dust) also support that sedi-
ment fluxes in the Sea of Okhotsk and Bering Sea contribute with similar magnitudes to the seasonal varia-
tion of surface dFe concentration in the Oyashio region.

On the other hand, there are large uncertainties in the amount of soluble iron in dust, the variability and
magnitude of dust flux, and the scavenging parameterization, which are often orders of magnitude, and
thus the residence time of dFe concentration has a large uncertainty and shows different values from a year
to 100 year timescale among the biogeochemical ocean models [Tagliabue et al., 2016]. Our model experi-
ments control the climatological profiles of dFe by applying the observed dFe concentrations, which proba-
bly include both the dust and sediment flux, as the lateral boundary conditions. Therefore, it is difficult to
precisely estimate the residence time of atmospheric dust flux and thus precisely identify the origin of the
climatological dFe concentration in our model. To clarify the quantitative evaluation of the source for the
climatological dFe concentration in the WSNP, further sensitivity experiments on these parameters are
needed in basin scale model experiments.

It is noteworthy that dFe-rich water from the Sea of Okhotsk was confined to the Oyashio region and the
dFe concentration was quite small in the western subarctic region in the SED experiment. As the dFe con-
centration is restored to zero at the lateral boundary in the SED experiment, the dFe-rich signal transported
from the Sea of Okhotsk is likely damped near the southern boundary. In other words, the SED experiment
might underestimate the contribution of sediment dFe flux in the Sea of Okhotsk to the surface dFe con-
centration in the WSNP. In addition, mesoscale eddies and the coastal Oyashio current, which are important
for material transport in the Oyashio region, were not resolved in our model, although subgrid-scale mixing
as a result of baroclinic eddies was parameterized. Thus, a numerical study with an eddy-resolving OGCM
simulation is needed for further quantitative examination of the physical mechanisms responsible for the
transport processes of dFe in the Oyashio and western subarctic regions, which is left for future work.

Recently, it was reported that dFe concentration within the sea ice is 1-2 order higher than the seawater
[Tovar-Sanchez et al., 2010; Lannuzel et al., 2010; van der Merwe et al., 2011]. In the Sea of Okhotsk, a large
amount of particulate dFe is observed in the sea ice in the southern region [Kanna et al., 2014], implying
that sea ice melting leads to dFe supply to the surface layer, which could be advected to the downstream
region. Since our biogeochemical model assumes that iron concentration in sea ice is zero, our model may
underestimate the lateral advection of dFe from the Okhotsk Sea. In fact, the simulated amplitude of the
seasonal variation in the dFe concentration in the Oyashio region is underestimated (Figure 10). To clarify
the effect of the dFe flux from sea ice on the seasonal variation in the Oyashio region, an ice-ocean coupled
model simulation including the dFe exchange between sea ice and sea as well as the accumulation of dust
flux on the snow is desirable.

In this study, we found the wind-driven mechanism controlling the surface dFe concentration in the WSNP,
where the wintertime vertical mixing is believed to be an important process on the seasonal variations [Nish-
ioka et al., 2011; Shigemitsu et al., 2012]. The significant contribution of lateral advection on the seasonal varia-
tion in the surface dFe concentration is likely attributed to the strong lateral gradient of background dFe
concentration. The WSNP is just located near both the Sea of Okhotsk and Gobi Desert, which are major sedi-
ment and dust dFe sources, respectively. The tidal mixing in the Kuril Straits locally enhances the increment of
surface dFe concentration, which leads to the further strong lateral gradient of dFe. Moreover, the western
boundary currents such as the Oyashio current and East Kamchatka Current as well as the cyclonic circulation
in the Sea of Okhotsk also have an important role in the transport of Fe-rich water in the northwestern shelf
to the North Pacific. Thus, our study suggests that the material circulation and the resultant primary produc-
tion in WSNP are also susceptible to the wind-driven ocean current change on interannual timescale.
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