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ABSTRACT

We applied a three dimensional ecosystem - physical coupled model including iron
effect to the Okhotsk Sea. In order to clarify the sources of iron, four dissolved iron
compartments, based on the sources of supply, were added to Kawamiya et al. (1995)’s model
(KKYS) to create our ecosystem model (KKYS-Fe). We hypothesized that four processes
supply iron to sea water: atmospheric loadings from Northeastern Asia, input from the Amur
River, dissolution from sediments and regeneration by zooplankton and bacteria. We
simulated lyear, from 1 January, 2001 to 31 December, 2001, using both KKYS-Fe and
KKYS. KKYS could not reproduce the surface nitrate distribution after the spring bloom,
whereas KKYS-Fe agreed well with observations in the northwestern Pacific because it
includes iron limitation of phytoplankton growth. During spring bloom, the main source of
iron at the sea surface is from the atmosphere. The contribution of riverine iron to total iron
utilized for primary production is small in the Okhotsk Sea. Atmospheric deposition, iron flux
from sediment and regeneration of iron in the water column play an important role in
maintenance of high primary production in the Okhotsk Sea.

MODEL DESCRIPTION

Material flows in our ecosystem model are shown in Fig. 1. This model is based on
Kawamiya et al. (1995) (referred to as KKYS hereinafter), which is a nitrogen-based model
with 6 compartments (phytoplankton; Phy, zooplankton; Zoo, nitrate; NO3;, ammonium; NHy,
Detritus; D, dissolved organic matter; DOM). Four iron compartments were added, separated
according to source as shown in Fig.1 (KKYS-Fe), in order to clarify the sources of iron. We
assumed that the process of dissolved iron-supply to the Okhotsk Sea are: 1) atmospheric
loadings from Northeastern Asia (FEsRR), 2) riverine input from the Amur River (FEgryy), 3)
dissolution from sediments (FEsgp), and 4) biological regeneration by zooplankton and
bacteria (FEgj0). Dissolved iron fraction the source of which cannot be identified is also
included in this compartment (FEg;0). We assumed that all dissolved iron is bioavailable and
that particulate iron is not bioavailable (and therefore neglected in the model). We also
suppose that the phytoplankton and zooplankton have the same iron/nitrogen ratio 0.044 in
[nmol : pmol], assuming a carbon/nitrogen ratio of 106: 16 for phytoplankton, based on
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Gregg (2002) and Gregg et al. (2003). We used the same iron/nitrogen ratio in the other
compartments (Detritus, DOM).
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Figure 1: A schematic view of ecosystem model

FORMULATION OF ECOLOGICAL PROCESSES

Time evolution of each compartment is described as follows;

%G =—v-VC, +V(KVC) + (biological term)

o

where C; is arbitrary compartments, v current velocity, and K diffusion tensor. The
mathematical formulations for the nitrogen flow followed those of Kawamiya et al., (1995).
The new and modified formulations are as follows;

Photosynthesis: Michaelis-Menten formula was adopted for iron uptake by phytoplankton.
Noiri et al., (2005) reported that the half-saturation constant for iron is 0.59 nM (at 5 °C) and
0.58 (at 8 °C) for photosynthesis (>10 micro m size fraction) in the western subarctic Pacific.
In this model, 0.58 was used for (Kgr.). Ammonium inhibition was taken into account
(Wroblewski, 1977) in the original KKYS. We modified the half saturation constants (Moore
et al., 2002) to account for the increased preference for ammonium under iron limitation. The
half-saturation constant for nitrate uptake was increased to as much as 150% of its original
value (Egs.8 and 9) with increasing iron stress. Likewise, the half-saturation constant for
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ammonium was decreased to 50% of its original value with increasing iron stress (Eqgs. 8 and
9).

(Photosynthesis) = GPP(Phy, NH ,, NO;, Fe,T,1) =V, {min(LIMITN, LIMETFe)}x exp(kT)ILexp[l —IL]Phy (2)

opt opt

1=1, exp(— A|z|) (3)
A=a,+a,xPhy (4)
LIMITN = {L} x exp(— WNH, )+ _nd, 5)
N03 +KN03 NH4 _’_1<NH4
LIMITFe =— 1€ ©)
FFe+ KFe
TF@ = FEAIR + FERIV + FESED + FEBI() (7)
TFe < K["e : KN03 = KNO} (8)
Koia = Ky
TFe> K, + vor = Kooy x15 o

Kyia = Ky 0.5
where 7 is temperature, z is depth, positive upward (zero at the sea surface), 7 light intensity,
1,, optimum light intensity, 7, photosynthetically active radiation (PAR) at the sea surface, A

the light dissipation coefficient, and 7Fe total dissolved iron concentration. Notation for
parameters is given in Table 1 with their values. Parameters used to describe other processes
are also given in this table. Here, the fraction of iron uptake from each compartment
(FE 44 » FE 4, , FEy, , FE,,, ) 1s defined as follows to simplify later discussion.

FE FE FE FE
RAFE =—4%  RRFE=—2" RSFE=-—3%2 RBFE=-—2%2 (10)
TFe TFe TFe TFe

Atmospheric iron flux: The main source of dissolved iron to surface water in most areas of
the open ocean is dust deposited at the sea surface (Duce and Tindale, 1991). Atmospheric
iron flux is added to the first layer of the model at each time step of the ecological calculation.
Duce and Tindale (1991) estimated global atmospheric iron flux based on Donaghay et al.
(1991), assuming that 3.5% (w/w) of the atmospheric dust contributes as iron flux. Fung et al.,
(2000) estimated an iron budget for the upper ocean using solubilities of 1% and 10 %. We
assumed that 1 % of atmospheric iron is dissolved into the dissolved iron pool. We considered
seasonal variation of iron flux by using the Gaussian function after Littmann (1991) .

Iron flux from the Amur River: The Amur River is one of the largest rivers in East and
North-East Asia. It supplies significant freshwater to the Okhotsk Sea, is 4440 km long, and
drains an area of 1,885,000 km®. The minimum discharge is about 1,000 m’s™! in March. Its
discharge starts to increase in April, reaches a maximum (up to 200,000 m’ s™') in September,
gradually decreases in October, December, and then remains near the minimum level. The
major part of the drainage area is underlain by boreal forest, mixed forest and swamps.
Dissolved iron concentration of the Amur River is 0.56(+0.17) mg L™ (Shibata, 2005). It is
well known that salinity plays important role in the aggregation process of dissolved iron at
an estuary. Colloidal iron definitely plays a leading role in controlling the iron behavior in the
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mixing process at estuaries, and its flocculation is responsible to the removal of the dissolved
iron. Sholkovitz (1976) pointed out that 100% of riverine iron is precipitated by flocculation
under the influence of oceanic salinities. On the other hand, about 93% of dissolved iron in
Lena River was removed at the mouth of the Laptev Sea (Guieu et al, 1996). Predue et al.
(1976) found a strong correlation between dissolved organic matter (fulvic acid) and iron
concentration in natural waters. Figures et al. (1978) reported that organically-bound iron in
river water can remain without sinking and is diffused into coastal water. Now, we assumed
that 99 % of the riverine iron is lost in the estuary, so that 1 % of the riverine iron was the
fluvial iron, and the dissolved iron concentration supplied to the Okhotsk Sea from the Amur
River is 100 nM.

PHYSICAL MODEL

POM (Blumberg and Mellor, 1987; Galperina and Mellor, 1990) was used for the ocean
model. This model is a three-dimensional, free surface, ocean model with a second moment
turbulence closer scheme (Mellor and Yamada, 1982) to provide vertical mixing coefficients.
The model domain extends from 34°N to 63°N and from 127°E to 166°E, which does not
include the Japan Sea. The Soya and Tsugaru straits are closed, and grids shallower than 30 m
depth are masked. The horizontal grid scale is 1/6°. POM uses a sigma coordinate system in
the vertical. In deep area, sigma coordinate system cannot resolve adequately near the surface,
because the layer thickness becomes large. Therefore, the fixed z-levels coordinate system is
used for upper 10 levels, while lower 10 levels are sigma levels.

Sea ice effect: In this study we used the NCAR Climate System Sea ICE Model (Bettge et al.,
1996). The momentum dynamics in the above model are based on the model by Flato and
Hibler (1992). The thermodynamics of ice growth and melting processes are taken from
Semtner (1976), Parkinson and Washington (1979), Harvey (1988), and Pollard and
Thompson (1994). Sea ice affects the momentum in the ocean model and the light under ice
in the ecological model. The estimated momentum flux and light intensity under ice are as
follows.

(Momentum flux under sea ice); Under the existence of sea ice, there is a momentum flux
from the atmosphere to the surface water, via the sea ice. Momentum flux in the ocean model
1S 7, =7, +7,, 7, 1S the moment flux from the atmosphere to surface water, r,is the moment flux

from sea ice to surface water. Momentum flux from the atmosphere to surface water is
described as: 7, = pC, W |W.> + Wy2 (1-1C/100) (23) where, pis sea water density, c, is
drug coefficient w, is zonal wind speed, w, is meridional wind speed, and IC is sea ice

concentration in per cent. Momentum flux from the sea ice to surface water is described as:
7, = p,Cpfu, —u, |, —u,)(1C/100) (24) where p, is surface water density, C,, is drug coefficient

(4*107), u, is sea ice velocity, u, is surface water velocity.
(Light condition under sea ice): The incident light strength under sea ice (7,) is described as

follows;
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1, =1,(1-r)e " x(1-1C/100) (25)
where, 1, is the incident light strength at the surface of sea ice, r is the reflectivity at the sea

ice surface, 4 is thickness of sea ice and « is the extinction coefficient of sea ice. Gilgert and
Buntzen (1984) reported that the extinction coefficient in sea ice of 10 cm thickness was
0.025 cm. We used this value. Ishikawa et al. (2003) reported the value of 0.04 as the
reflectivity at the sea ice surface, and this value is used in our model. The thickness of sea ice
is estimated by the sea ice model described above.

MODEL RUN

The simulation was conducted for one year from 1 January, 2001 to 31 December, 2001.
In 2001 a large ice-coverage was observed in the Okhotsk Sea; maximum ice area was about
99% in the winter. The momentum fluxes are calculated with the zonal and meridional wind
speeds from National Centers for Environmental Prediction and National Center for
Atmospheric Research (NCEP / NCAR) reanalysis data (Kalnay et al., 1996). The model can
reproduce the seasonal prevalence of sea ice in the Okhotsk Sea in 2001.

RESULTS AND DISCUSSION

Nitrate, Chl-a and iron concentration

Saitoh et al., (1996) showed that the spring bloom usually occurred between April and
May in the Okhotsk Sea based on the monthly coastal zone color scanner (CZCS)-
chlorophyll (Chl) imagery from 1978 until 1986. Figure 3 shows the time-dependent features
of Chl-a concentrations and nitrate concentrations in the surface layer (0-20 m) at five stations
(see Fig.2).
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Figure 2: Staions for output of the model
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Figure 3: Time-dependent features of Chl-a and nitrate concentrations at the surface layer (20 m) in five
study points shown Fig. 1. Left figures show Chl-a concentrations from SeaWiFS data, KKYS-Fe, KKYS.
Right figures show nitrate concentrations from World Ocean Atlas data, KKYS-Fe, KKYS

Chl-a concentrations both by KKYS-Fe and by KKYS coincide to the time variation of
SeaWiFS features in all stations. But the spring bloom peak by KKYS-Fe occurs slightly later
than in SeaWiFS except for Sta. A. Nitrate concentrations by KKYS-Fe and KKYS also agree
with the seasonal variation of WOAOI’s nitrate concentrations in all stations except at Sta.E.
At Sta.E (northwestern Pacific) nitrate concentration by KKYS is underestimated, and Chl-a
concentration is overestimated during the spring. Fig 4 shows sea surface nitrate distribution
simulated by KKYS and KKYS-Fe together with the observed value from WOA 2001 in
March. In March, before the spring bloom, results of KKYS-Fe agree well with the
observation, but those of KKYS do not in the northwestern Pacific. As shown in Fig. 4 (a, b),
nitrate concentration is relatively high in the northwestern Pacific. After the spring boom
(July), the sea surface nitrate is depleted in almost all areas of the Okhotsk Sea and remain
more than 5nM in the northwestern Pacific (Fig. 5a). KKYS-Fe’ (Fig. 5b) shows almost the
same features as the WOA 2001 data in both the Okhotsk Sea and the northwestern Pacific.
On the other hand, KKYS can never reproduce this surface nitrate distribution either-(Fig. 5c),
but the sea surface nitrate is depleted in almost whole areas.
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Figure 4: Monthly mean nitrate concentration in March from (a) World Ocean Atlas data, (b)

KKYS-Fe and (c) KKYS in surface water (averaged from Om to 20m).
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Figure 5: Same as Fig.4 but for July.
CONCLUSION

This study is the first to examine the iron sources in the Okhotsk Sea by using an
ecosystem model including iron effect. Our results suggest that atmospheric deposition, iron
flux from sediment and biologically regeneration of iron in water column play an important
role in maintaining high primary production in the Okhotsk Sea. Contribution of atmospheric
deposition of iron for primary production during the spring bloom in the Okhotsk Sea is
extremely large, and biologically regenerated iron (FEgjo) is as well through the year.

Table 1. The ecological model parameters values.

Vomax M ax Photosynthesis Rate at 0°C 0.5 /day

k k Temperature Coefficient for Photosynthetic R ate 0.063 /°C
Topt Optimum Light Intensity 80 W /m ?
K Half saturation coefficient for light intensity. 0.0336 W /m?
oy Light Dissipation Coefficient of Sea W ater 0.035 /m

[ Self Shading Coefficient 0.0281 I/um oIN m
v Ammonium Inhibition Coefficient 1.5 I/pm ol
Knos Half Saturation Coefficient for N itrate 3.0 pm ol/l
Kxns Half Saturation Coefficient for Am monium 0.5 pmol/l
K re H alf Saturation Coefficient for iron 0.58 nm ol/l
FENR Fe/N Ratio to Phytoplankton 0.044 nmol/pmol
M Phytoplankton M ortality Rate at 0°C 0.0281 1/umolIN day
kup Tem perature Coefficient for Phytoplankton M ortality 0.069 /C

M ;o Zooplankton M ortality Rate at 0°C 0.0585 1/pmolN day
kyvz Temperature Coefficient for Zooplankton M ortality 0.0693 /C

v Ratio of Extracelluler Excretion to Photosynthesis 0.135 -

G R .« M ax Grazing Rate at 0°C 0.30 /day
k, Tem perature Coefficient for Grazing 0.0693 /°c

A Ivlev Constant 1.4 1/pm oIN
Chl* Threshold Value for Grazing 0.043 pm olIN /1
o A ssim ilation E fficiency of Zooplankton 0.7

B G rowth E fficiency of Zooplankton 0.3 -
Voo D tritus Decom position Rate at 0° C (to Inorganic Nitrogen) 0.030 /C
Vopir Tem perature Coefficient for D tritus Decom position (to Inorganic Nitrogen) 0.0693 /day
Viepo D tritus Decom position Rate at 0° C (to DON) 0.030 /C
Voepr VPDT Temperature Coefficient for D tritus Decom position (to DO N) 0.0693 /day
Voo VDIO DON Decomposition Rate at 0° C 0.030 /C
Voprr VDIT Temperature Coefficient for DON Decomposition 0.0693 /day
kno kN 0 Nitrification Rate at 0°C 0.030 /C
knt kKNT Temperature Coefficient for N itrification 0.0693 /day

S Sinking velocity of D tritus 10 m/day
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