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Abstract

An ocean general circulation model coupled with a simple biogeochemical model was
developed to simulate iron circulation in and around the Sea of Okhotsk. The model has
two external sources of iron: dust iron at the sea surface and sedimentary iron at the
seabed shallower than 300 m. The model represented characteristic features reasonably
well, such as high iron concentration in the dense shelf water (DSW) and its mixing,
which extends southward in the intermediate layer from the northwestern shelf along
Sakhalin Island and finally flows into the Pacific. Sensitivity experiments for the
solubility of dust iron in seawater suggest that a solubility of 1% is appropriate in our
simulation. Higher solubilities (5% and 10%) result in too low phosphate in the
northwestern North Pacific in summer as well as too high iron concentrations at the sea
surface, compared with observations. Besides, these experiments show that dust iron
hardly contributes to the high iron concentration in the intermediate layer. To
investigate locations from which the iron in the intermediate layer originates, the fate
of sedimentary iron input from four regions in the Okhotsk Sea was examined. Results

suggest that the western and central parts of the northern shelf are important.
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1 Introduction

The Sea of Okhotsk (Fig. 1) has attracted the attention of oceanographers as an
important source region of iron, particularly since Nishioka et al. (2007) hypothesized
that the northern part of the Sea of Okhotsk is a main source region of iron to the
western subarctic Pacific, which is one of the characteristic areas having high-nutrient
and low-chlorophyll (HNLC) owing to iron deficiency (Tsuda et al., 2003; Tsuda et al.,
2007). The hypothesis of Nishioka et al. (2007) has been confirmed by Nishioka et al.
(2014), whose observational data clearly show that a large amount of iron is transported
with dense shelf water (DSW) through the intermediate layer. In addition, they showed
that iron is vertically homogeneous at the Bussol’ Strait, the main source of outflow to
the Pacific. This is caused by strong tidal mixing there (Nakamura and Awaji, 2004).

Recently, Misumi et al. (2011) succeeded in simulating the major observed
features of the iron distribution in the North Pacific, such as the high concentration in
the intermediate layer in the northwestern Pacific and off California. The maximum
concentration layer at the intermediate depths along 165°E is also reproduced. Their
success 1s owed to introduction of the sedimentary iron source, which was not
considered in previous simulations (e.g., Archer and Johnson, 2000; Parekh et al., 2005).
However, the depth of the maximum concentration layer is shallower than observations.
Because this high concentration of iron in the intermediate layer is associated with the
North Pacific Intermediate Water (NPIW; Nishioka et al., 2007), the shallower depths of
the iron maximum layer in their simulation may be attributed to the insufficient
expression of ventilation processes in the Sea of Okhotsk, which is the origin of NPIW.

In the present study, we have developed a biogeochemical-physical coupled

model, and simulated the iron distribution in the Sea of Okhotsk. The physical part of
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the model (ocean general circulation model) includes the effects of two ventilation
processes in the Sea of Okhotsk. One process is brine rejection during sea ice formation.
DSW is produced based on it in the northwestern part of the Sea of Okhotsk (e.g. Kitani,
1973; Shcherbina et al., 2003), and flows in the intermediate layer, which is a layer with
the potential density around 26.8 os, to the Pacific (e.g. Fukamachi et al., 2004). The
other is tidal mixing along the Kuril Islands (e.g. Nakamura et al., 2006). Using the
physical part of this model, Uchimoto et al. (2011a; b) successfully reproduced DSW and
the distribution of chlorofluorocarbons, respectively. The biogeochemical part is based
on Parekh et al. (2005)’s model. Although Parekh’s model is one of the simplest
biogeochemical models including iron, it succeeded to reproduce the iron distribution
pattern.

This study focuses on the high concentration of iron in the intermediate layer
along Sakhalin, the western boundary of the Sea of Okhotsk. We will demonstrate that
the model including the ventilation processes is able to reproduce the high
concentration of iron, and suggest that the iron originates mainly from sediment on the
seabed in the Sea of Okhotsk, as is consistent with the suggestion by Nishioka et al.
(2007). Furthermore, it remains to be answered where and how much sedimentary iron
1s supplied. To give a clue to the answer to this question, we conducted sensitivity
experiments.

Recent biogeochemical models improve ecosystem dynamics; for example,
Moore and Braucher (2008), Misumi et al. (2011) and Galbraith et al. (2010) consider a
few classes of phytoplankton, and Galbraith et al. (2010) consider complex light
limitation combined with iron limitation. In Parekh’s model, on the other hand, they are

simply parameterized. In this study, the high concentration of iron in the intermediate




102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

layer is focused on, where iron that is decoupled from nutrient cycles (e.g. external
sources of iron) is thought to be important (Nishioka et al., 2007; 2014). We consider
that the simple Parekh’s model, where iron interacts with phosphorus but is decoupled
through scavenging, complexation with ligands and external sources, is useful to clarify
the role of iron sources in the continental shelf, although the model is too simple to
represent the detailed iron distribution owing to, for example, uptake by various
phytoplankton.

In the next section, the model is outlined. In section 3, some parameters in the
biogeochemical model are determined through sensitivity experiments. Section 4
describes the iron distribution in the simulation, and section 5 describes the
experiments. Some parameters of the scavenging formulation and effects of sea ice are

discussed in section 6. Section 7 concludes the paper.

2 Model

The model used is a biogeochemical-physical coupled model. The physical part
of the model is the same as that used by Uchimoto et al. (2011a; b). The biogeochemical
part is based on Parekh et al. (2005)’s model, but some parameter values are changed,
and sedimentary iron flux is newly brought in. The attenuation of irradiance by sea ice
1s also considered because sea ice covers large areas of the Sea of Okhotsk in winter.
Parameter values different from or absent in the simulation by Parekh et al. (2005) are
given in Table 1. We shall give a brief description below. For details refer to Parekh et al.
(2005) and Uchimoto et al. (2011a; b).
2.1 Physical part of the model

The physical part of the model is based on Center for Climate System Research
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Ocean Component Model (COCO) version 3.4, which includes a sea ice model (Hasumi,
2006). The model domain extends from 136°E to 179.5°W and 39°N to 63.5°N (Fig. 1),
with 51 vertical levels. The horizontal grid spacing is 0.5°, and the vertical spacing
increases from 1 m near the surface to 1000 m at the deepest level. The isopycnal and
thickness diffusion coefficients (Cox, 1987; Gent et al., 1995) are 1.0x10¢ and 3.0x106
cm?/s, respectively, and the background vertical viscosity and diffusion coefficients are
1.0 and 0.1 cm?/s, respectively. As tides are not included in the model, vertical diffusivity
coefficients increased along the Kuril Islands to represent the vertical mixing caused by
tidal currents over the bottom relief. The increment of the coefficient is set 500 cm?/s at
the bottom and decreases upward. The sea ice model adopts a two category thickness
representation (Semtner, 1976) and an elastic-viscous-plastic rheology formulation
(Hunke and Dukowicz, 1997). The physical part is forced by daily climatological
atmospheric data of the Ocean Model Intercomparison Project (OMIP; Roske, 2001).
Potential temperature and salinity are restored to the values in WOAO1 (Conkright et
al., 2002) at five grid points and the surface elevation is restored to the output of a basin
wide model at three grid points from the open boundaries. Also, potential temperature
and salinity at grid points deeper than about 2000 m and sea surface salinity are
restored to the WOAO1 with 10 days and 60 days of restoring time, respectively. This
physical model is coupled with a biogeochemical model at July after a 116 year spinup.
2.2 Biogeochemical part of the model

The biogeochemical part of the model calculates phosphorus and iron cycles.
Figure 2 represents the phosphorus cycle schematically. The water column is vertically
divided into two parts. The biological process occurs only in the upper layer, which we

refer to as the euphotic layer. The depth of the euphotic layer is fixed at 135 m
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independent of the light condition, and so the definition of the euphotic layer may be
different from a common one. Prognostic variables for phosphorus are phosphate (PO4)
and dissolved organic phosphorus (DOP), while the only prognostic variable for iron is
total dissolved iron (and thus total dissolved iron will be referred to as iron (or Fe)
hereafter). The advection and diffusion of PO4, DOP, and iron are calculated from the
physical part of the model, with source/sink terms calculated by the biogeochemical
model.

The biological uptake of PO4 as a nutrient, represented by I, is limited by POu,

Fe, and light (I: the solar shortwave irradiance) in Michaelis-Menten kinetics;

PO Fe I
[=a—7: — (D),
P04+Kp04 Fe+Kpe [+K|

where o is the maximum export rate, Kx is the half saturation constant of X (X is PO,
Fe, or I), and Kpro4, Kre, and Ki are 0.5 pM, 0.12 nM, and 30 Wm2, respectively. We shall
discuss values of a and Kre in section 3.2. Part of phosphate uptaken in the euphotic
layer (I enters the DOP pool at the same grid point, and the remainder, (1 — V)T, is
exported as particulates to the layer deeper than the euphotic layer. DOP is
continuously remineralized with an e-folding scale of 6 months, independent of light
condition, i.e., in both the euphotic layer and the deeper layer. The vertical flux of the

particulates due to sinking, F(z), is expressed in the Martin et al. (1987)’s power law,
and the remineralization is expressed as the convergence of the flux, %. Particulates

that reach the bottom (the deepest grid points) are remineralized there.
Daily mean irradiance data are used, and irradiance decays exponentially from
the sea surface downward with a 30-m length scale in (1). This length scale makes

irradiance at 135 m (i.e. the bottom of the euphotic layer) about 1.1 % of that at the sea
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surface. The decay owing to sea ice is represented as

Iy = (1 —r)lpe™™M,

where I, and I, are irradiance at the bottom of ice (the surface of water) and the
surface of ice, respectively, r; is albedo, and h; is the thickness of ice. The decay scale,
k™1, is 1.5 cm (Perovich, 1998). When ice is thinner than 20 cm, it is regarded as young
ice and its albedo is set as 0.36. For other ice, albedo is set as 0.7 (Nihashi et al., 2011).
In the water column under sea ice, I, decays with a 30-m length scale.

The iron cycle has both biological and external source/sink terms. The
biological uptake, export and remineralization in the iron equation are proportional to
those in the phosphate equation. The proportionality coefficient, Rre, is fixed as Rre =
0.47 mmol Fe:mol P (Parekh et al., 2005). This ratio is the same as that required by a
dominant Fe limited phytoplankton in the subarctic Pacific (Marchetti et al., 2006). The
external sources of the aeolian dust and the bottom sediment, and sink by scavenging
(scav) are considered, which decouple the iron cycle from the phosphate cycle. The
aeolian dust input data is based on the monthly dust deposition data from a simulation
by Mahowald et al. (2005) (Fig. 3). We assume that iron is 3.5 weight% of dust and that
it dissolves instantaneously at the sea surface with the solubility in seawater 1 %. We
shall discuss the sensitivity to solubility of dust iron in section 3.1. We assume that sea
ice is transparent to the dust iron, that is the dust iron enters the sea even if sea ice
covers the sea. The sedimentary flux of iron is applied at the seabed (the deepest grid
point) shallower than 300 m. Although some biogeochemical models (e.g. Moore and
Braucher, 2008) estimate the sedimentary flux of iron based on Elrod et al. (2004), not
all the sedimentary fluxes match their relationship as reported by Homoky et al. (2013).

In this study, we adopt a constant flux that is used in simulations, for example, by
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Parekh et al. (2008), and we set the constant value 1 pmol Fe m=2 d-! according to
Parekh et al. (2008). Iron input from the Amur River is implicitly included in the model
as part of the sedimentary iron since both suspended matter including iron and
dissolved iron from the Amur River are thought to flocculate and settle near the river
mouth and subsequently be carried to the northwestern shelf region (Boyle and Edmond,
1977; Shigemitsu et al., 2013), which is also supported by Nishioka et al. (2014).
Scavenging acts only on the free form of iron as scav= —tk, C;,p Fe'. Total dissolved iron in
this model is assumed to be the sum of complexed (FeL) and free forms (Fe’), and Cp is
the particle concentration calculated using the relationship, F(z) = C, Wy, where Winy
is a particle sinking rate and is 2900 m/y (Parekh et al., 2005). The scavenging rate, k,,
and a constant ¢ are 0.58 and 0.079, respectively, which are based on the study by
Honeyman et al. (1988), and a scavenging scaling factor, t,is 0.2 according to Parekh
et al. (2005). To calculate Fe’, we use an equilibrium relationship Krer, = [FeLl/[Fe’l[L],
where L represents ligands. We set Krer, the conditional stability coefficient, as 1.0x1011,
and assume that the total ligand concentration, i.e. the sum of FeLL and L., is 1.2 nM by
reference to the study by Misumi et al. (2011).

Phosphate and iron are restored to the boundary condition data at five grid
points from lateral boundaries. The initial and boundary conditions of PO4 are monthly
average data of the World Ocean Atlas 2009 (WOA09; Garcia et al., 2010). DOP is set to
be 0 at the initial condition and along the lateral boundaries. There are no sink or
source of phosphorus in this biogeochemical model, and so phosphorus is preserved if
the model domain is closed. However because of the open lateral boundaries,
phosphorus is not preserved in this model.

The lateral boundary conditions of iron are shown in Fig. 4, 5, which are
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produced in reference to observational data by Takata et al. (2008) for the Sea of Japan,
and Nishioka et al. (2007, 2013) for the Pacific and the results of a simulation by
Misumi et al. (2011) for the Bering Sea. In the Sea of Japan and the southern
boundary in the Pacific, the boundary concentration data are horizontally constant as
shown in Fig. 4. The Misumi et al. (2011)’s data are somewhat revised by reference to
the data observed in the Bering Sea by Takata et al. (2005). The boundary conditions of
iron are temporally constant. We use the southern boundary iron concentration as the
initial condition for the whole model region.

In the following sections, the figures are the monthly mean of the 18th year
after the coupling the biogeochemical model with the physical model as at least, within

the Sea of Okhotsk, the spatial pattern reaches almost an equilibrium.

3 Sensitivity to parameters in the biogeochemical model
3.1 Solubility of dust iron at the sea surface

Dust iron solubility at the sea surface is one of the unknown parameters. There
are too many factors and processes that control the solubility to determine a proper
value for simulations, and not all of those factors and processes have been clarified (e.g.
Baker and Croot, 2010). In fact, the dust iron solubility estimates from iron dissolution
experiments, using sampled dust, range widely. In the northwestern Pacific, for
example, Buck et al. (2006) estimates it as 6+5 %, while Ooki et al. (2009) suggests that
it is around 0.4 %. Although Parekh et al. (2005) set it as 1 %, we should examine the
sensitivity to it. We conducted experiments with the dust iron solubility of 0 %, 1 %, 5 %,
and 10 %. Probably the solubility is not constant over the whole area of the model, as is

seen, for example, in the model experiment by Fan et al. (2006). It is, however, assumed
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to be constant both temporally and spatially in the present study.

The higher solubility leads to the higher iron concentration because of the
increase of total iron input (Figs. 6 and 7). The increase of iron in the intermediate layer
is, however, relatively small (Fig. 7), whereas the increase at the sea surface is
significant (Fig. 6). These imply that the dust iron is less important for the intermediate
layer than the sedimentary iron, at least based on the present model configurations.

It is not easy for us to determine which value of solubility is appropriate only
from the simulated iron concentration in Figs. 6 and 7 because of the lack of
observations, although the iron concentration at the sea surface in the case with the
solubility of 10 % is obviously too high compared with the limited observations (not
higher than 1.0 nM in the northwestern Pacific; e.g. Nishioka et al., 2007). We, therefore,
use the concentration of phosphate to determine the value of iron solubility.

The most notable feature in the observed distribution of phosphate in July in
the WOAO09 (Fig. 8c), when the spring bloom has finished, is a sharp contrast between
the Sea of Okhotsk and the Pacific. The concentration is low in the former and high in
the latter because phosphate is not completely consumed owing to the deficiency of iron
in the Pacific. The contrast also appears in the results of experiments (Fig. 9a-d).
However, the concentration in the Pacific becomes significantly lower than the observed
values as the solubility of iron increases to 5 % or 10 %. Thus, we consider that 1 %,
used by Parekh et al. (2005), is also reasonable in the present model.

These experiments also show that the present model is able to represent the
HNLC feature caused by iron deficiency in the subarctic Pacific. Phosphate is not
depleted in the subarctic Pacific even after the spring bloom, which is a feature of

HNLC areas. It decreases as the solubility of iron increases, which indicates that this
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area is deficient in iron when the solubility is low. In contrast, the concentration of
phosphate in the Sea of Okhotsk is low in July and changes little even when the
solubility of iron increases. This shows that the Sea of Okhotsk in this model is not an
HNLC region nor iron-limited region, which is consistent with an observational study

by Nakatsuka et al. (2004).

3.2 Parameters in biological uptake term

Although the half saturation constant of Fe, Kr., in eq. (1) is set to be 0.12 nM
in the study by Parekh et al. (2005), it may be small for the northwestern Pacific. We set
it as 0.5 nM by reference to the study of Noiri et al. (2005). Although the maximum
export rate, a, is set to be 0.5 in the study by Parekh et al. (2005), we tuned the value of
a, to represent more clearly the difference in the features of an HNLC region; the Pacific
in this model region is an HNLC region while the Sea of Okhotsk is not an HNLC
region.

Figure 10 shows phosphate distribution at the sea surface in July. In the case
with the original Parekh’s Kre and a values (Kre=0.12 nM, and a=0.5), phosphate
concentration (Fig. 9b) is somewhat smaller in the Pacific and somewhat larger in the
Sea of Okhotsk than that in the WOA09 (Fig. 8c). The concentration increases over the
entire region when Kr. increases to 0.5 nM (Fig. 10a). As « increases (Figs. 10b and
10c), the concentration decreases, particularly in the Sea of Okhotsk. Compared with
the WOAO09, the distribution in Fig. 10c is the most reasonable one: the phosphate is
almost depleted in the Sea of Okhotsk and not depleted in the Pacific. Thus, we set Kre
and a as 0.5 nM and 1.0, respectively.

There is also a need to discuss the dependence of the iron distribution on the
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formulation of scavenging and its parameters, which will be discussed in section 6.

4 Standard case

Using the parameter values determined in section 3, we conducted a
simulation, which we refer to as the standard case. Iron distributions on the 26.8 oo
1sopycnal surface in January, April, July, and October are shown in Fig. 11a-d. The high
concentration area extends along the northern and the western coasts of the Sea of
Okhotsk in all seasons. This suggests that iron is transported from the northern part by
the cyclonic circulation, which is the characteristic circulation in a large part of the Sea
of Okhotsk (e.g. Ohshima et al., 2004).

A high concentration of iron is seen in the intermediate layer, between 26.8 oo
and 27.0 os, in the vertical section (Fig. 11e-h) along the red solid line shown in Fig. 12a,
which we call the DSW line hereafter. This line is approximately along the path of DSW.
Since the core density of DSW in this model is 26.9 oo (Uchimoto et al., 2011b), the high
concentrations extending from the bottom of the shelf in Fig. 11e-h corresponds to DSW.
The observational data by Nishioka et al. (2013; 2014) represent very high
concentration of iron in the northwestern part of the Sea of Okhotsk, and the maximum
of the dissolved iron concentration in the intermediate layer within the Sea of Okhotsk.
These features are also seen in the simulated iron concentration in Fig. 11le-h. The
simulated data are in good agreement with the observed data shown in Figure 13. The
above iron distribution is qualitatively similar to that of chlorofluorocarbons simulated
by Uchimoto et al. (2011b). This implies that iron in the intermediate layer is
distributed by ocean currents from the northern shelf and the Kuril Straits.

Figure 14 shows the simulated phosphate distribution at the sea surface.
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Although the concentration is somewhat lower than the WOAQ9 data in Fig. 8, seasonal
variations in the Sea of Okhotsk are represented. During summer to early winter the
phosphate concentration is low and during late winter and spring, it is high. Figure 15
shows the vertical section of phosphate concentration along the DSW line. The
concentration of phosphate in the intermediate layer is similar as that of WOA09 (Fig.
16), although the simulated concentration near the surface is somewhat lower and that
in the deeper layer is somewhat higher than that of WOAO09. Figure 17 shows the
simulated DOP distribution along the DSW line. In contrast with the phosphate
concentration, the DOP concentration in the surface layer is relatively low in January
and April (Fig. 17a, b) and high in July and October (Fig. 17 ¢, d). This is thought to be
due to the time scale of the remineralization of DOP. The concentration of DOP in the
intermediate layer is low. It is about 0.3 pM in the northwestern shelf area and no more
than 0.05 pM in the other areas in Fig. 17. As Rre = 0.47 mmol Fe:mol P, the
contribution of the DOP remineralization term to the iron concentration is negligible in
the intermediate layer.

If sedimentary iron is not given, the high concentration of iron along the path
of DSW 1is not reproduced. Iron concentration is not higher in the western part than the
other areas on the 26.8 o surface (Fig. 12a), and the iron concentration maximum is not
seen in the intermediate layer along the DSW line (Fig. 12b). These results support the
hypothesis that the high concentration of iron in DSW primarily originates from the

sediments, instead of from aeolian dust.

5 Potential source region of sedimentary iron

As shown above, the sedimentary iron is an important source of iron
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concentration in the intermediate layer of the Sea of Okhotsk. Nakatsuka et al. (2002)
reported that a large amount of particles are incorporated into DSW on the
northwestern shelf. Iron would be also entrained into DSW there, and thus the
northwestern shelf is a likely source region of the sedimentary iron, as is suggested by
Nishioka et al. (2007). However it is still an open question whether the northwestern
shelf is the only source area for the iron in DSW. We attempt to estimate the relative
contribution of shelf regions through sensitivity experiments, although future
observations are needed to confirm it.

We divided the continental shelf area within the Sea of Okhotsk into four parts
almost evenly, as shown in Fig. 18, and changed the sedimentary iron flux in each part.
Here, the continental shelf is defined as regions with water depth less than 300 m, and
is divided into the northwestern shelf (denoted as NW), the central and eastern parts of
the northern shelf (NC and NE, respectively), and the others (OT). OT thus consists of
two regions along the eastern and the western boundaries in the Sea of Okhotsk.
Several series of numerical experiments (Table 2) were conducted to clarify the
contribution of sedimentary iron in each part to iron concentration in the intermediate
layer. In a case denoted as AAy, sedimentary iron flux is given in the AA part (e.g. NW)
at a rate of y pmol Fe m—2 d-1. For comparison, no sedimentary iron flux is given in
NoSed case, and 1 pmol Fe m=2 d-! is given in all the shelf in the Sea of Okhotsk in
ALL1 case. Note that the experiments in the present section were conducted without
the sedimentary iron in the Pacific and the dust iron source to clarify the effect of the
sedimentary iron within the Sea of Okhotsk.

Figure 19 shows the iron concentration of NW1, NC1, NE1 and OT1 cases,

after subtraction of that in NoSed case. The figure shows to what extent the
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sedimentary iron from respective sources spreads. The sedimentary iron in each case
spreads cyclonically from the source region, with its concentration decreased. In NW1
and NC1 cases (Figs. 19a and 19b), the concentration is relatively high off the east coast
of Sakhalin (around the path of DSW), but in NE1 case (Fig. 19¢) it is low compared
with NW1 and NC1 cases.

In Fig. 20, iron concentrations in DSW on 50°N are plotted against the
sedimentary iron flux (SedFe) given in each part. Here, we define DSW as a watermass
with potential temperature less than 1.2°C and with potential density between 26.8 and
27.0 oo, excluding OT area. The iron concentration in DSW increases almost
proportionally to SedFe, when SedFe is larger than 1 pmol m2 d! for each part (e.g.
NW2-NW10). However, the concentration in the NE cases increases only slightly. This
result, as well as Fig. 19¢, indicates that sedimentary iron supplied in the eastern part
of the northern shelf hardly contributes to the concentration of iron in DSW. Iron in
DSW originates mostly from the central and the western part of the northern shelf
region, and the path of DSW (.e. the western part of OT).

Figure 21 shows the increment of iron concentration on the 26.8 os surface
when the source flux increases by 1 pmol m2 d! in the NW case, that is, the differences
of iron concentration between NW2 and NW1, NW3 and NW2, NW4 and NW3, and,
NW5 and NW4. Both the magnitude and spatial extent of the increment are similar
when the flux is larger than 3pmol m2 d! (Figs. 21b-d). This is also true in the NC, NE,
and OT cases (not shown). The concentration not only in DSW at 50°N (Fig. 20) but the
other areas increases nearly proportionally to the flux of iron given at the bottom.

Figures 22a and 22b show the differences of iron concentration between

NW201 and ALL1 cases, and between ALL1 and NWO0O1 cases, respectively. The panels
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show an increase of iron concentration resulting from an increase of source iron by 1
pmol m2 d!in NW case, but unlike Fig. 21, with an ambient iron concentration coming
from sedimentary iron in other areas (NC, NE and OT). These figures are reasonably
similar to Figs. 21b-d; particularly Fig. 22a is similar to Fig. 21d, and Fig. 22b is similar
to Fig. 21c. Because the areas of NW, NC, NE, and OT regions are roughly the same, the
total iron input in NW201, ALL1, and NWO0OL1 is roughly the same as that in NW5,
NW4 and NW3, respectively. This suggests that when the total iron input is the same,
the increment of iron input in a certain area leads to roughly the same increment in iron
concentration.

The almost linear increments shown in Figures 20, 21 and 22 are probably
associated with the scavenging. As shown in Fig. Al (c) in the paper by Misumi et al.
(2011), scavenging intensity is proportional to total dissolved iron when the total
dissolved iron concentration is higher than the total ligand concentration. Physical
processes also contribute to the change of iron concentration. In the same current fields,
however, their contribution is only the convergence of iron flux, which is also
proportional to iron concentration. Thus, iron concentration is thought to increase

almost proportionally to iron input.

6 Discussion

In this study, parameters in scavenging formulation are the same as the
simulation by Parekh et al. (2005) except for the total ligand concentration. Here, we
confirm that the high concentration of iron in the intermediate layer along the DSW line
is independent of scavenging parameters, a scavenging scaling factor, t, and a particle

sinking rate, Wy, We conducted 4 numerical experiments with half and double values
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of t and Wy, , respectively, of the standard case, where t 1is 0.2, and W, is 2900
m/y. In each experiment, other conditions are the same as in the standard case. The iron
concentration increases(decreases) overall when t becomes small(large) and Wy,
becomes large(small) (Fig. 23, 24). However, in all cases, the concentration in the
intermediate layer is high. As shown in Fig. 13, the iron concentration in the
intermediate layer is consistent with observations in the standard case, and therefore,
the values 7 =0.2 and W, = 2900 m/y chosen in this study are considered to be
reasonable.

The simple formulation of scavenging in this model may, however, lead to
disagreement of the simulated iron concentration with observational data near the
surface and the deep layer as shown in Fig. 13. Although in this formulation, scavenged
iron is completely lost, that is, scavenging is a sink of iron, the scavenged iron is
actually remineralized within the water column, which is formulated in some models
(e.g. Moore and Braucher, 2008). In addition, only the scavenging by particles is
considered and that by lithogenic materials (Moore and Braucher, 2008; Galbraith et al.,
2010) is not considered in our model. These may cause a lower concentration of iron in
deep layer than the observation. Higher concentration near the surface in our
simulation than the observation may suggest that scavenging there in this model is too
weak. Moore and Braucher (2008) increased the scavenging rate near the surface, and
Galbraith et al. (2010) changed the ligand stability constant vertically, which results in
strong scavenging near the surface. Ye et al. (2011) suggest that colloidal aggregation is
an important factor for eliminating dissolved iron.

In this model, the influence of sea ice is not sufficiently incorporated as it only

includes the attenuation of irradiance and does not include effects of the prevention of
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dust iron entering the sea. In practice, the dust iron is accumulated in the sea ice and
transported southward. The supply of the iron from sea ice in its melting season greatly
affects the iron concentration in the surface layer in the Sea of Okhotsk (e.g. Kanna et
al., 2014). Our model may overestimate the supply of iron at the sea surface covered
with sea ice, and underestimate the supply of iron in the surface layer where and when
the sea ice melts. However, these might not greatly influence the concentration of iron
in the intermediate layer in the present model since the contribution of iron supplied at

the sea surface to the intermediate layer is small in this model as shown in Fig. 7.

7 Concluding remarks

We have developed a biogeochemical-physical coupled ocean model to simulate
the iron transport and distribution in the Sea of Okhotsk, particularly the high
concentration of iron in the intermediate layer, which recent observations have revealed
(Nishioka et al., 2007; 2014). The physical part of the model is that of Uchimoto et al.
(2011a, b), which well represents the ventilation and the circulation of the intermediate
layer in the Sea of Okhotsk. The geochemical part is based on Parekh et al. (2005)’s
model, where the iron cycle interacts with the phosphorus cycle but is decoupled
through external sources and sink terms.

Although the present biogeochemical model is not complex, we have succeeded
in reproducing the important features regarding the iron distribution in the Sea of
Okhotsk and the northwestern Pacific; such as the high concentration of iron in DSW in
the Sea of Okhotsk, the HNLC feature in the northwestern Pacific caused by iron
deficiency, and not HNLC in the Sea of Okhotsk. Through the numerical experiments, it

was suggested that the high concentration of iron in DSW is attributed mainly to the
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bottom sedimentary iron, not to aeolian dust. However, it should be noted that the
present model is not sufficiently complex to be able to represent the detailed iron
distribution owing to, for example, ligand distribution, various biological iron uptake
processes, and transport of iron by sea ice. There is also uncertainty in the amount of
dust iron input and the sedimentary iron input. However, the increase of dust iron input
effects a relatively small change in the iron concentration of the intermediate layer in
the present model configuration as shown in section 3.1. On the other hand, the
sedimentary flux of iron increases the iron concentration of the intermediate layer.

Several series of numerical experiments showed that the iron concentration in
DSW increases as the sedimentary iron fluxes in the western and eastern part of the
northern shelf (NW, NC) and along the DSW (the western part of OT) increase, but that
it hardly increases even if the flux in the eastern part of the northern shelf (NE)
increases. This implies that the eastern part of the northern shelf is so far from the path
of DSW that much of the iron supplied there is scavenged before it reaches the path of
DSW in this model configuration.

Although the present model reasonably reproduced features of the iron
distribution in the Sea of Okhotsk, many important parameters, such as iron dust
solubility, remain uncertain and thus they were determined through sensitivity
experiments. Recently, iron in the Sea of Okhotsk has attracted attention, and many

observations have been and will be conducted, which will help the model improvement.
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Figure captions

Figure 1. Model domain with geographical names.

Figure 2. Schematic representation of the phosphorus cycle in the model.

Figure 3. Dust deposition distribution (g/m2/y) from Mahowald et al. (2005).

Figure 4. The boundary conditions for iron within the Sea of Japan (red) and the

southern boundary in the Pacific (black), which is also the initial condition.

Figure 5. The boundary condition for iron along the eastern boundary.

Figure 6. The iron concentration (nM) at the sea surface in July. The solubility of dust

iron is (a) 0, (b) 1, (¢) 5, (d) 10 %.

Figure 7. The iron concentration (nM) on the 26.8 oo surface in July. The solubility of

dust iron is (@) 0, (b) 1, (c) 5, (d) 10 %.

Figure 8. The surface phosphate concentration (uM) of WOAO9 in (a) January, (b) April,

(¢) July, and (d) October.

Figure 9. The phosphate concentration (uM) at the sea surface in July in experiments

with the dust iron solubility of (a) 0 %, (b) 1 %, (c) 5 %, and (d) 10 %.

Figure 10. The phosphate concentration at the sea surface in July. Kre=0.5. (a) a=0.5, (b)

a=0.75, (¢) a=1.0.

Figure 11. The iron concentration (nM) on the 26.8 oo surface and on the vertical section
along the DSW line (see Fig. 12a) in the standard case in (a)(e) January, (b) (f) April, (c)
(g) July, and (d)(h) October, respectively. Numbers on top of Figs. 11e-h correspond
to those in Fig. 12a.

Figure 12. The iron concentration (nM) on the 26.8 oo surface and on the vertical section
along the DSW line in July in the experiment without sedimentary iron source. Red

line in (a) shows the DSW line.
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Figure 13. Comparison of modeled (red) and observed (black) iron profile. Observed
data were along 52.25°N from 143.5°E to 146°E in August 2006 by Nishioka et al.
(2014), and modeled data are along 52.0°N and 52.5°N from 144.5°E to 145.5°E in
August and September.

Figure 14. The PO distribution (x M) from (a) January to (1) December.

Figure 15. The PO4 distribution in the standard case along the DSW line in (a) January,
(b) April, (c) July, and (d) October.

Figure 16. The PO distribution in WOAO09 along the DSW line in (a) January, (b) April,
(c) July, and (d) October.

Figure 17. The DOP distribution in the standard case along the DSW line in (a) January,
(b) April, (c) July, and (d) October.

Figure 18. The continental shelf in the Sea of Okhotsk which was divided into four

parts; NW (red), NC (green), NE (blue), and OT (yellow).

Figure 19. The difference of the iron concentration (mM) on 26.8 og surface in July

between each experiment and NoSed case. (a) NW1, (b) NC1, (c) NE1, (d) OT1.

Figure 20. The iron concentration in DSW vs. the iron flux in each of the four parts. The

cross 1s no iron source experiment. w: NW, ¢: NC, e: NE, 0:OT

Figure 21. The differences of the iron concentration (nM) in July between (a) NW2 and

NW1, (b) NW3 and NW2, (c) NW4 and NW3, and (d) NW5 and NW4.

Figure 22. The differences of the iron concentration in July between (a) NW201 and

ALL1, and (b) ALL1 and NW0O1.

Figure 23. The iron concentration (nM) on the vertical section along the DSW line in

July in the experiment with t (a) 0.1, and (b) 0.4.

Figure 24. The iron concentration (nM) on the vertical section along the DSW line in
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739  July in the experiment with Wsink (a) 1450, and (b) 5800 m/y.

740

741

742  Table captions

743  Table 1. Parameters of the biogeochemical model in the standard case that are different
744  from values used in Parekh et al. (2005).

745  Table 2. Experimental cases. All the experiments are conducted without the dust iron

746  source, and only sedimentary iron flux is used as an iron source within the Sea of

747  Okhotsk.
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Figure 2. Schematic representation of the phosphorus cycle in the model.
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Figure 3. Dust deposition distribution (g/m2/y) from Mahowald et al. (2005).
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Figure 4. The boundary conditions for iron within the Sea of Japan (red) and the

southern boundary in the Pacific (black), which is also the initial condition.
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Figure 7. The iron concentration (nM) on the 26.8 oo surface in July. The solubility of
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Figure 9. The phosphate concentration (UM) at the sea surface in July in experiments
with the dust iron solubility of (a) 0 %, (b) 1 %, (c) 5 %, and (d) 10 %.
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Figure 10. The phosphate concentration at the sea surface in July. Kre=0.5. (a) a=0.5, (b)
a=0.75, (¢) a=1.0.
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Figure 11. The iron concentration (nM) on the 26.8 os surface and on the vertical section
along the DSW line (see Fig. 12a) in the standard case in (a)(e) January, (b) (f) April, (c)
(g) July, and (d)(h) October, respectively. Numbers on top of Figs. 7e-h correspond to
those in Fig. 12a.
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data were along 52.25°N from 143.5°E to 146°E in August 2006 by Nishioka et al.
(2014), and modeled data are along 52.0°N and 52.5°N from 144.5°E to 145.5°E in
August and September.

14



(a) PO4 on 1 m 18/01 [1M]

60

50

40

(d) PO on 1 m 18,04 [uM]

50

60

140 150 160 170 180

(j) PO4 on 1 m

17/10 [uM]

60

50

40

(b) PO4 on 1 m

60
50

40 |

(e) POgon 1 m 18/05

% 7
50

40
180

18/02 [uM]

[M]

18/03 [uM]

(c) PO4 on 1 m
7 | 8 2.4

60
2.0

1.6
50 1.2
0.8
0.4
40

B’ 0.0
140 150 160 170 180

(f) POoon 1 m 18,06 [uM]

60

50

Figure 14. The PO4 distribution (¢ M) from (a) January to (1) December.

15



1

(a) simulation (18/01)
15

200 | 200 |
400 400 |
600 | 600 |
800 800 |
1000 1000 |
1200 1200 |
1400 — | 1400 |
0 04 08 12 186 2 2.4[uM] 0 04 08 12 186 2 2.4[uM]
200 | 200 |
400 | 400 |
600 | 600 |
800 | 800 |
1000 | 1000 |
1200 | 1200 |
1400 — | 1400 |
0 04 08 12 186 2 2.4[uM] 0 04 08 12 186 2 2.4[uM]

Figure 15. The PO4 distribution in the standard case along the DSW line in (a) January,
(b) April, (c) July, and (d) October.
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Figure 16. The PO4 distribution in WOA along the DSW line in (a) January, (b) April, (c)
July, and (d) October.
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Figure 18. The continental shelves in the Sea of Okhotsk divided into four parts; NW
(red), NC (green), NE (blue), and OT (yellow).
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Figure 19. The difference of the iron concentration (nM) on 26.8 o surface in July
between each experiment and NoSed case. (a) NW1, (b) NC1, (¢c) NE1, (d) OT1.
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Figure 21. The differences of the iron concentration (nM) in July between (a) NW2 and
NW1, (b) NW3 and NW2, (c) NW4 and NW3, and (d) NW5 and NW4.
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Figure 22. The differences of the iron concentration in July between (a) NW201 and
ALL1, and (b) ALL1 and NW0O1.
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Figure 23. The iron concentration (nM) on the vertical section along the DSW line in
July in the experiment with t (a) 0.1, and (b) 0.4.
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Figure 24. The iron concentration (nM) on the vertical section along the DSW line in
July in the experiment with Wiink (a) 1450, and (b) 5800 m/y.
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Table 1. Parameters of the biogeochemical model in the standard case that are different

from values used in Parekh et al. (2005).

Definition Symbol Value

euphotic zone 135 m

irradiation decay scale (sea) 30 m

irradiation decay scale (ice) Kkt 1.5 cm

albedo of sea ice (young ice) v 0.36

albedo of sea ice (others) i 0.7

sedimentary iron flux 1 pmol Fem2d1
maximum export rate a 1.0

iron half saturation constant Kre 0.5 nM

total ligand 1.2 nM




Table 2. Experimental cases. All the experiments are conducted without the dust iron

source, and only sedimentary iron flux is used as an iron source within the Sea of
Okhotsk.

Case name Sedimentary iron flux

NoSed No sedimentary iron flux

NWx, NCx, NEx, OTx x pmol Fe m 2 d tin NW, NC, NE, and OT, respectively
NW201 2 pmol Fe m 2 d tin NW and 1pmol Fe m 2 d 1in the others
NW001 No flux in NW and 1 pmol Fe m 2 d 1in the others

ALL1 1 pmol Fe m2d*in NW, NC, NE, and OT.







