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[1] Ventilation of waters in and around the Sea of Okhotsk was investigated using
simulations of chlorofluorocarbons (CFCs) in the northwestern North Pacific. We used an
ocean general circulation model coupled with a sea ice model. The model reproduces the
distributions of CFCs similar to observed values and indicates the importance of tidal
mixing along the Kuril Islands and brine rejection to ventilation of waters in and around
the Sea of Okhotsk. To clarify the role of each process, numerical experiments excluding
one of the two processes were carried out. Results show that brine rejection transports
CFCs into the intermediate layer as deep as 200-400 m along the path of dense shelf water
in the western Sea of Okhotsk, but hardly to other areas and layers. On the other hand,
tidal mixing transports CFCs into the intermediate and deeper layers throughout the Sea

of Okhotsk. We conclude that the tidal mixing has a greater influence than brine
rejection on the ventilation of layers below the winter mixed layer.

Citation: Uchimoto, K., T. Nakamura, J. Nishioka, H. Mitsudera, M. Yamamoto-Kawai, K. Misumi, and D. Tsumune (2011),
Simulations of chlorofluorocarbons in and around the Sea of Okhotsk: Effects of tidal mixing and brine rejection on the
ventilation, J. Geophys. Res., 116, C02034, doi:10.1029/2010JC006487.

1. Introduction

[2] The Sea of Okhotsk is a marginal sea located in the
northwestern corner of the Pacific (Figure 1). It is an
important region for ventilation of the intermediate layer in
the North Pacific [ZTalley, 1991], and thus has significant
influences on the water properties, biogeochemical cycles
and climate in the North Pacific [e.g., Ono et al., 2003;
Nakanowatari et al., 2007; Nishioka et al., 2007]. There are
two processes contributing to the ventilation of the inter-
mediate layer in the Sea of Okhotsk. One is the rejection of
extremely salty water, called brine, during sea ice formation,
and the other is diapycnal mixing around the Kuril Islands
[e.g., Talley, 1991]. Sea ice is mainly produced on the
northwestern shelf in the Sea of Okhotsk [e.g., Martin et al.,
1998; Ohshima et al., 2003; Nihashi et al., 2009] as a result
of cold winds from the Siberian continent and freshwater
discharge from the Amur River [Ohshima et al., 2005]. As a
result of brine rejection, cold, saline and well-ventilated
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water is formed on the shelf [Kitani, 1973; Shcherbina et al.,
2003]. This water is called dense shelf water (DSW). DSW
flows out from the shelf southward along Sakhalin Island
and eventually enters the intermediate layer in the deep areas
of the Sea of Okhotsk [Yamamoto et al., 2002; Fukamachi
et al., 2004]. A strong diapycnal mixing occurs along the
Kuril Islands owing to strong tidal currents [Nakamura and
Awaji, 2004; Ono et al., 2007]. This tidal mixing is caused
mainly through the generation and breaking of internal
waves, and it thus reaches significant heights above the
bottom boundary layer [Nakamura et al., 2000]. Strong tidal
mixing due to internal waves also occurs in the Atlantic
Ocean [e.g., Polzin et al., 1995] and in other oceans, though
the dominant generation processes of internal waves are
different: lee wave processes in the Kuril case and internal
tide processes in the Atlantic case. This mixes the surface
waters into deeper layers and ventilates these layers. Further,
tidal mixing pumps salty water from the deeper layers up to
the surface, and then the salty water is transported to the
northwestern shelf. Tidal mixing along the Kuril Islands,
therefore, contributes to the density and volume flux of DSW,
because the density and volume flux depend on salinity in its
production area [Nakamura et al., 2006a; Matsuda et al.,
2009]. The well ventilated intermediate water formed by
these processes in the Sea of Okhotsk flows out to the North
Pacific and ventilates the intermediate layer in the North
Pacific. In particular, the impact of the tidal mixing on the
ventilation of the North Pacific Intermediate Water was dis-
cussed by Nakamura et al. [2006b].
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Figure 1. (a) Model domain. Model results are compared with observations along sections indicated as a
solid line (Figure 7) and open squares (Figure 8). Large vertical diffusivity coefficients are given as tidal
mixing effects at grid points denoted by crosses (along the Kuril Islands). The rectangular region with a
broken line corresponds to Figure 1b. (b) Geography and bathymetry of the Sea of Okhotsk. Contours are
drawn for 200 m (broken), 1000 m (dashed), and 2500 m (solid).

[3] Chlorofluorocarbons (CFCs) are among the most ideal
chemical tracers to study ventilation processes. They are
relatively recent (1930s) anthropogenic gasses and the his-
tory of atmospheric concentrations is known [Walker et al.,
2000]. They are inert gasses entering the ocean through air-
sea gas exchange and are distributed in the ocean only by
advection and diffusion. Consequently, distributions of CFCs
in the ocean indicate the distribution of ventilated water.
Thus, CFCs have been measured to study ventilation and
circulation of the ocean (e.g., in the Pacific [ Watanabe et al.,
1994, 1997, Tokieda et al., 1996; Warner et al., 1996; Fine
et al., 2001; Mecking and Warner, 2001] and in the Sea of
Okhotsk [Wong et al., 1998; Yamamoto-Kawai et al., 2004,
hereafter YKO04]).

[4] In the Sea of Okhotsk, CFC concentrations are high
in the intermediate layer around the 26.8 o, density surface
along the pathway of DSW from the northwestern shelf
of the Sea of Okhotsk and along Sakhalin Island (YKO04).
This indicates that CFCs enter subsurface seawater on the
northwestern shelf when DSW is formed, and are trans-
ported southward with DSW. In a deeper layer (27.4 oy), the
highest CFC concentrations were measured near Bussol’
Strait. YKO04 inferred that the deep layer was ventilated
locally by tidal mixing. Wong et al. [1998] also mentioned
that diapycnal mixing is necessary for CFCs to be trans-
ported into the deep layers.

[s] CFCs have also been used to evaluate ventilation
processes in ocean models [e.g., Dutay et al., 2002]. CFCs
simulations for the North Pacific need improvement. In both
global [e.g., Dutay et al., 2002; Ishida et al., 2007] and
regional ocean models [e.g., Sun et al., 2004], simulated
CFCs do not penetrate as deep as observed in the North
Pacific. Because the deepest ventilation in the North Pacific

occurs in the Sea of Okhotsk, the failure in the North Pacific
may be attributed to insufficient parameterization of venti-
lation processes in the Sea of Okhotsk in these models.

[6] In the present study, we simulated CFCs in the
northwestern North Pacific using an ocean general circula-
tion model (OGCM) including the effects of brine rejection
and tidal mixing in the Sea of Okhotsk. The purpose of this
study is to clarify the effects of tidal mixing along the Kuril
Islands and brine rejection on ventilation of the intermediate
and deeper layers. The OGCM is coupled with a sea ice
model so that the sea ice formation/melting cycle is incor-
porated in the model. We apply a large diffusivity along
the Kuril Islands to represent a strong tidal mixing in this
region. As a result, the model has successfully reproduced
CFCs distributions similar to those from cruise observa-
tions. In addition to the control simulation, we conducted
two experiments each without one of the two processes,
to evaluate the role of each process in the ventilation of
the intermediate layer. Section 2 describes the model and
hydrography in the model. Sections 3 and 4 show the results
of the control simulation and the two experiments, respec-
tively. A brief summary and concluding remarks are pre-
sented in section 5.

2. Model

2.1. Ocean and Sea Ice Model

[7] The OGCM used in the present study is the same as that
used by Matsuda et al. [2009]: Center for Climate System
Research Ocean Component Model version 3.4 coupled with
a sea ice model (COCO [Hasumi, 2006]). COCO is a free
surface model with the Boussinesq and hydrostatic approxi-
mation. We improved the model of Matsuda et al. [2009] to
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cover a larger area and to have a better vertical resolu-
tion. The model domain spans the northwestern North
Pacific, from 136°E to 179.5°W and from 39°N to 63.5°N
(Figure 1a). The horizontal resolution is 0.5° in both zonal
and meridional directions. There are 51 levels in the vertical
direction with the thickness increasing from 1 m at the sea
surface to 1000 m at the deepest level. The o-coordinate
system is applied for the top 11 levels, and the z-coordinate
system is applied below them. The partial step formulation is
adopted for the bottom topography [Adcroft et al., 1997]. For
the tracer advection, a uniformly third-order polynomial
interpolation algorithm [Leonard et al., 1994] is used, and
isopycnal and thickness diffusion are used [Cox, 1987; Gent
et al., 1995]. The isopycnal and thickness diffusion coeffi-
cients are 1.0 x 10° and 3.0 x 10° cm?/s, respectively, and
background vertical viscosity and diffusion coefficients are
1.0 and 0.1 cm?/s, respectively. The turbulence closure
scheme of Noh and Kim [1999] is used.

[8] The sea ice model comprises thermodynamic and
dynamic components. The thermodynamic part is the zero
layer model by Semtner [1976]. The ice rheology in the
dynamic part is an elastic-viscous-plastic formulation
[Hunke and Dukowicz, 1997] with the eccentricity of the
yield ellipse e = 2 and the ice strength parameter P* = 5.0 x
10° N/m*. A two-category thickness representation is adop-
ted, where the ice concentration and mean thickness
are predicted in each grid. Sea ice is assumed to have salinity
of 5 in the present study except one experiment (NObrine
experiment in section 4).

[s] The model is forced at the sea surface by daily cli-
matological atmospheric data concerning heat, freshwater,
and momentum fluxes, which are taken from the Ocean
Model Intercomparison Project (OMIP) data set [Rdske,
2001]. Heat flux is calculated from the surface radiative
fluxes, air temperature, humidity, and wind speed. Fresh-
water flux is formed from evaporation, sublimation, pre-
cipitation, and river runoff.

[10] Following Matsuda et al. [2009], we modified the
freshwater data. In the northwestern shelf, the freshwater
flux in the original OMIP data is high throughout the year
with little seasonal variation. This is probably because the
Amur River runoff is set to be almost constant throughout
the year in the data. The Amur River runoff in winter is,
however, only ~10% of runoff in summer because it freezes
[Ogi et al., 2001]. In order to add seasonality to the fresh-
water flux, we subtract the annual mean of the Amur River
runoff from the freshwater data during the winter (from
December to April) and evenly redistribute the subtracted
amount in the other seasons to keep the total freshwater
flux unchanged.

[11] Sea surface salinity (SSS) is restored to the monthly
climatology of the World Ocean Atlas 2001 (WOAO1
[Conkright et al., 2002]) with 60 days of restoring time. The
restoration is not applied in the northern half of the Sea of
Okhotsk (> 52°N) in wintertime (from December to April),
for the winter SSS of WOAO1 in the Sea of Okhotsk is too
low and is not reliable because of the lack of observations.

[12] Potential temperature (referred to as “temperature”
hereafter) and salinity are restored to the WOAOI at a layer
five grid points wide along the boundary. The surface ele-
vation is restored to the output of a basin wide model at
three grid points from the open boundaries. In addition,
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temperature and salinity are restored all over the Sea of
Japan during the CFC experimental period. Also, at grid
points deeper than about 2000 m, temperature and salinity
are restored to the WOAO1 with 10 days of restoring time
in order to reduce the spin up time. This has insignificant
effects on the equilibrium state, because the deep stratifi-
cation is formed in the global thermohaline circulation.

[13] To incorporate tidal mixing effects into the model, a
large vertical diffusivity coefficient is added to the value
obtained by turbulent closure scheme around the Kuril Islands
(crosses in Figure la) because the present model does not
include tides.

[14] Although many numerical studies, for example, the
main experiments by Nakamura et al. [2006a, 2006b] and
Matsuda et al. [2009], used a vertically constant value of
200 cm*/s, we applied a vertically varying coefficient; the
value is set to be 500 cm?/s at the bottom grid irrespective of
the bottom depth, and decreases upward as shown by the thin
solid line in Figure 2. The profile of vertical diffusivity
coefficient in Figure 2 is based on the results that tidal mixing
is stronger near the bottom in both a numerical experiment
[Nakamura and Awaji, 2004] and an observational estimate
(K. Ono, personal communication, 2010), and the use of this
diffusivity profile improves the model hydrography.

[15] Reasonable values for the diffusivity are under dis-
cussion, because observations of vertical diffusivity along
the Kuril Islands are limited. According to some Japanese
reports [Yagi and Yasuda, 2008; Itoh, 2008], vertical dif-
fusivities there are O(100) cm?/s. In addition, Nakamura
et al. [2010] reported that the maximum vertical diffusivity
caused by tides exceeds 10 cm?/s in the Aleutian passes.
This intense mixing is caused through the breaking of
internal lee waves, which also occurs in the Kuril Straits.
The estimated values based on numerical simulations are
0(10)-0(100) cm?/s and exceed 1000 cm?/s at limited regions
such as over shallow sills [Nakamura et al., 2000; Nakamura
and Awaji, 2004]. In the estimate of Tanaka et al. [2007],
although the averaged diffusivity around the Kuril Straits is
8 cm?/s, values are O(100) cm?/s along the Kuril Islands.

2.2. Method for CFC Experiments

[16] The CFC experiments were carried out from July
1931 to June 1997 after a 116 years spin-up. The ocean is
initially at rest with constant temperature and salinity.
During the first 2 years, temperature and salinity at all grid
points are restored to the monthly climatology of WOAOI.
The CFC experiments were performed according to the
protocols of the second phase of the Ocean Carbon Model
Intercomparison Project (OCMIP-2), where the net CFC
flux Q into the sea is given at the sea surface as

Q:k(FPCFCP%fCS), (1)

where k is the air-sea gas transfer velocity, F' is the CFC
solubility function, which is a function of the sea surface
temperature (SST) and SSS, Pcgc is the CFC atmospheric
partial pressure, P is the air pressure at sea level, Py is 1 atm,
and C, is the concentration of CFCs at the sea surface. The
method is specified in detail by Dutay et al. [2002]. In
calculation of (1), we used temperature, salinity and the
concentration of CFCs at the first level in the model as SST,

30f 17



C02034

[m]
I
; A
|i B—-—
1500 k| C -oooee

£ iy D——

2 130014

0 |':

m :

: k

o |

S |

0 i

c |

S 700 Vo

% AN

& i\\ N
i M
AN
EAVER
NN

Bottom Li— : —
20 100 200 500

diffusivity [em?/s]

Figure 2. Vertical profiles of vertical diffusivity coefficient
as a function of distance from the bottom, used in the model
to represent the tidal mixing along the Kuril Islands (thin
solid line). For the other lines (lines A, B, C, and D), see
Appendix A.

SSS and C,. For the other variables, we used the data pro-
vided by OCMIP-2. Generally speaking, when sea ice
covers the sea, air-sea gas exchange hardly occurs there.
This effect is included in air-sea gas transfer velocity, £, in
the formulation of (1). We use the sea ice fraction data
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provided by OCMIP-2, not the outputs from the model
itself, because the global mean of & is calibrated using those
data [Dutay et al., 2002]. Hence, the calculation of (1) does
not depend on whether the sea surface in the model is
covered with sea ice or not. As there is little ice in the Sea of
Okhotsk in the OCMIP-2 ice data, we shall discuss effects
of the ice concentration on the distributions of CFCs in
section 5. CFCs are restored to O at the five grid points from
the side open boundaries, and the CFCs fluxes at the sea
surface are not given there, to prevent an artificial recircu-
lation of CFCs in the model domain. Note that the physical
part of the model is driven by atmospheric daily climato-
logical data (see section 2.1) throughout the simulation
period. Although we simulated both CFC-11 and CFC-12,
we shall show only the results of CFC-12 below because
almost the same results were found for CFC-11 except for
the quantitative difference in the values of the concentration.

2.3. Circulations and Hydrography in the Model

[17] The model reproduces the physical oceanographic
properties in the Sea of Okhotsk reasonably well, consid-
ering its 0.5° resolution. Ice distribution in the model
(Figure 3a) is similar to an observational climatology esti-
mation by Ohshima et al. [2006] (Figure 3b), but the con-
centration in the model is somewhat higher than in the
climatological observation.

[18] Although the ice concentration is higher than 95%
over the northern and the northwestern shelf areas in the
model, we find somewhat low ice concentration (<95%)
areas along the northern and the northwestern coastal areas
in the model even in midwinter. This shows that coastal
polynyas, where the formation of sea ice and the associated
rejection of brine actively occur [Kimura and Wakatsuchi,
2004; Nihashi et al., 2009], are represented in the model.

[19] The cyclonic gyre that features in the Sea of Okhotsk
forms as shown in the barotropic stream function in March
(Figure 4a). The strength of the gyre weakens in summer
(not shown), indicating that seasonal variation is also repre-
sented in the model. The model also captures the following
properties of the intermediate layer found in observations
[ltoh et al., 2003]. Low-temperature water on the 26.8 oy
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Figure 3. Ice concentration in March. (a) Model results and (b) observational climatology that is the
monthly mean during 1978-2001 derived from SMMR and SSM/I [Ohshima et al., 2006] (courtesy of
S. Nihashi and K. I. Ohshima).
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Figure 4. (a) Barotropic stream function (Sv = 10° m*/s) in March. Dotted areas denote positive values.
The shaded region denotes the Kuril Basin (bottom depths greater than 2500 m). (b) Potential temperature
and (c) depth on the 26.8 o surface in September. Dense (light) shade in Figures 4b and 4c indicates areas
with temperature higher than 2°C (lower than 0°C) and areas with depths deeper than 210 m (shallower

than 120 m), respectively.

density surface extends from the northwestern shelf south-
ward along Sakhalin Island, and high-temperature water
extends from Kruzenshterna Strait to the north (Figure 4b).
The depth of the 26.8 o4 surface is deep around the Kuril
Islands and along the Kamchatka peninsula, while it is rela-
tively shallow in the northern area and along Sakhalin Island
(Figure 4c).

[20] Compared to the simulation by Matsuda et al. [2009],
the present model better reproduces temperature along the
Kuril Islands and the seasonal variation of the cyclonic
gyre. Vertical profiles of temperature, salinity, and density in
Bussol’ Strait in the present study resemble those of obser-
vations by Ono et al. [2007] (Figure 5) better than those
in the simulation by Matsuda et al. [2009]. This improve-
ment of temperature along the Kuril Islands is due to a better
parameterization of tidal mixing. The seasonal variation of
the cyclonic gyre in the simulation by Matsuda et al. [2009]
was much weaker than the present result and observations.
In our model, we made Kruzenshterna Strait deeper and
wider than in the model of Matsuda et al. [2009] to help
water exchange between the Pacific and the Sea of Okhotsk.
This may result in intensifying the seasonal variation of the
circulation in the Sea of Okhotsk.

3. Standard Experiment

[21] We compare the simulated CFC-12 distribution with
the data by YKO04 and the data from the NODC Cruise SU-
14129 in the World Ocean Database [Johnson et al., 2009],
which we refer to as “WOD data” hereafter. The WOD data
include data observed in September 1993 on the World
Ocean Circulation Experiment line P1W (the line from
Bussol’ Strait to the northwestern corner of the Sea of
Okhotsk) [Wong et al., 1998] and data at two points near the
northern edge of the Kuril Basin (Figure 6a). These obser-

vational data give us a picture of the distribution of CFCs in
the Sea of Okhotsk, their observations are spatially limited
in the western part. Numerical simulations can compensate
for the observational limitation and enable us to extend
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Figure 5. Vertical profiles of temperature (), salinity (S),
and potential density (o). Model results (solid lines with
dots), observation by Ono et al. [2007] (broken lines), and
WOAO1 (dashed lines) are shown. Model results and
WOAOI1 are data of September, and the observation by Ono
et al. [2007] was carried out in September.
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Figure 6. (a) Stations of the NODC Cruise SU-14129 in WOD, with the contors of isobaths, 500 m and
2500 m. (b) Scatterplot between the data of the NODC Cruise SU-14129 and of the standard experiment
in the northwestern shelf (crosses), the central and Kuril Basins (triangles), Bussol® Strait (asterisks), and
the Pacific (pluses). (c—f) CFC-12 concentrations at Stations 2, 7, 16, and 26 (see Figure 6a) as a function
of the potential density. Solid lines with pluses and broken lines with crosses denote the standard exper-
iment and the WOD, respectively. Dashed line denotes the difference between the two data sets.

our discussions to the areas where observations have not
been conducted.

3.1.

[22] Before comparing the results of the standard experi-
ment with the observational results, we should note the
difference in the year between the YKO04’s data and the
experiment. While the data of YKO04 are of 1998, 1999, and
2000, the experiment results shown in the present paper are
of 1996 because of the limitation of the OCMIP-2 data
period. We consider that this difference has no significant
influence on the CFC-12 distribution discussed here since
the rate of increase in the atmospheric concentration of CFC-

Comparison With Observations

12 was very small in the late 1990s [Walker et al., 2000]. The
comparison between the WOD data and the standard
experiment is made using data of the same year, 1993.

[23] First, we compared the vertical distributions of the
CFC-12 between the model results and the observations.
Figure 6b shows a scatterplot of the WOD data and the
model results at the points denoted in Figure 6a. The
agreement between them is good with a correlation coeffi-
cient of 0.96. Vertical profiles of CFC-12 are also well
simulated in the model as shown in Figures 6¢—6f in which
vertical profiles of the CFC-12 concentration are shown as
a function of the potential density (o) at Stations 2, 7, 16,
and 26 denoted in Figure 6a, as an example of four regions:
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Figure 7. Vertical section of CFC-12 concentration along
the line denoted by the solid line in Figure la. Areas with
CFC-12 concentrations more than 3.5 pmol/kg are shaded.

the Pacific, Bussol’ Strait, the central part of the Okhotsk Sea
and the northwestern shelf. Based on the data in Figure 6b,
we find that the model tends to underestimate the CFC-12
concentration in the Pacific (pluses in Figure 6b; see also
Figure 6¢) and to overestimate it in the northwestern shelf
(crosses in Figure 6b; see also Figure 6f). The underestimate
in the Pacific is probably due to the influence from the eastern
boundary where CFCs are restored to 0. The overestimate
in the northwestern shelf is possibly caused by using the
OCMIP-2 ice concentration data in the calculation of the
CFC flux at the sea surface, because the concentrations
decrease when we use the simulated ice concentration data
(see section 5).

[24] The model successfully simulates the CFC-12 con-
centration along the line observed by YKO04 (Figure 7). The
maximum concentration larger than 3 pmol/kg is found in
the subsurface layer except for the shallow shelf. This
subsurface layer corresponds to the dichothermal layer,
which is the temperature minimum layer in the subsurface
and is a remnant of the winter mixed layer. Below the
dichothermal layer, the concentration decreases with depth
to about 0.5 pmol/kg at a depth of 750 m. The concentration
in this section is highest on the shelf. These features are
similar to observations by YKO04 (see their Figure 3). The
model also captures well the observational features along
the 56°N line on the northwestern shelf (open squares in
Figure 1): the maximum concentration of about 3.75 pmol/kg
in the west and a relatively low concentration wedge of about
3 pmol/kg in the east in both the model results and the
observation by YK04 (Figure 8).

[25] Next, horizontal distributions of CFC-12 on the
26.8 oy and 27.4 oy density surfaces are compared (Figure 9).
Observed features by YKO04 (Figure 10) are well represented
in the model results. On the 26.8 o surface, the highest CFC-
12 concentration is found on the northern and the north-
western shelves. Relatively high CFC-12 extends from these
shelf areas southward, being squeezed along Sakhalin Island,
and spreads over the Kuril Basin. The concentration of CFC-
12 decreases from the northwestern shelf toward the Kuril
Basin. On the 27.4 o4 surface, high CFC-12 is localized
around the Kuril Islands with the highest concentration near
Bussol’ Strait. Overall, the distribution of CFC-12 in the area
observed in previous studies are satisfactorily represented in
our model simulation. Hence we expect that our model gives
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a reasonable representation of the CFC-12 distribution in the
entire Sea of Okhotsk.

3.2. CFC-12 in the Sea of Okhotsk

[26] The simulated concentration of CFC-12 is generally
higher in the Sea of Okhotsk than in the Pacific on the 26.8 oy
surface (Figure 9a). This implies that the source of CFC-12
on this density surface is mainly in the Sea of Okhotsk. High
concentration of CFC-12 is found on the northern and the
northwestern shelves in the Sea of Okhotsk. The distribu-
tion of CFC-12 is similar to that of low-temperature water
(Figure 4b), suggesting that transport of CFC-12 on this sur-
face is related to the formation of sea ice in winter. Concen-
tration of CFC-12 is highest along the coast where coastal
polynyas are found in Figure 3a. This is consistent with the
observational studies showing that DSW is formed in coastal
polynyas [e.g., Nihashi et al., 2009] and DSW is enriched
with CFCs (YKO04). In the Kuril Basin, CFC-enriched water
from the north mixes with inflowing low CFC water from the
Pacific and flows northward in the eastern part of the Sea
of Okhotsk. Some portion of CFC-enriched water also flows
into the Pacific through Bussol’ Strait. In the Pacific, this
high CFC signal extends both southward along the Kuril
Islands and eastward along the 45°N line. We do not, however,
discuss the distribution in the Pacific, where the influence of
the open boundaries of the model is considerable. We will
study it separately with a more extensive model in the future.
On the 27.4 o, surface (Figure 9b), CFC-12 is highest around
Bussol” Strait. This illustrates that CFC-12 enters this layer
around the strait. The northern part of the Sea of Okhotsk is

0
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Figure 8. (a) Vertical section of CFC-12 concentration in
the standard experiment along the line denoted by open
squares in Figure la. Areas with CFC-12 concentration
less than 3.25 pmol/kg are shaded. (b) Observational results
along the near section as Figure 8a quoted from YKO04.
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Figure 9. Spatial distributions of CFC-12 concentration in
the standard experiment on the (a) 26.8 oy and (b) 27.4 oy
density surfaces in September. Hatched regions are occupied
with water lighter than each density. The color scales are
different in Figures 9a and 9b.

occupied with water lighter than 27.4 o,. These imply that
brine rejection exerts little influence on this deep (dense) layer.

[27] Vertical distribution of CFC-12 along the 55.5°N
is quite different between the west and the east of the front,
i.e., a sharp gradient in the concentration, found around
144°E (Figure 11). On the western side, which is the north-
western shelf and the slope, the CFC-12 concentration is
relatively high throughout the water column. On the eastern
side, the concentration is low below the depth of the winter
mixed layer (about 100 m). On the northwestern shelf, winter
cooling and brine rejection transform CFC-enriched surface
water into DSW, dense enough to sink to the shelf bottom.
This water is, however, not heavy enough to sink below a
depth of about 450 m on the slope (143°E-144°E). This is
consistent with observations that DSW flows around a depth
of a few hundreds meters on the slope [e.g., Nakatsuka et al.,
2002; Mizuta et al., 2003; Fukamachi et al., 2004]. In the
eastern part of the front, on the other hand, diffusion is the
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only process to transport CFC-12 directly into the layer
below the winter mixed layer. Therefore, the concentration
is highest at the dichothermal layer and low in the layer below
a depth of 100 m.

[28] YKO4 introduced ApCFCs to clarify the ventilation
processes unique to the Sea of Okhotsk. According to them,
we define ApCFC as

ApCFC(x,y, p,t) = pCFC(x,y, p, t) — pCFC¢(p, 1),

where pCFC is the partial pressure of CFC in dry air
equilibrated with seawater containing CFC, x, y is the
location, p is potential density of seawater, ¢ is time, and
pCFC,er i1s pCFC at a reference point. The atmospheric
concentration of CFC-12 is monotonically increasing during
the present simulation period. Therefore, high pCFC-12
indicates that the water was recently in contact with the
atmosphere. Thus ApCFC-12 is regarded as an index of the
ventilation relative to the reference point. When we chose
the reference point in the Pacific, ApCFC-12 can be a tracer
of water ventilated by unique processes to the Sea of
Okhotsk. Although in the calculation by YKO04 the reference
point is set near Bussol’ Strait on the Pacific side, this
location may not be ideal. Because water flows out from
the Sea of Okhotsk to the Pacific through Bussol’ Strait
(Figure 4a), points near the strait may be influenced by
outflowing water from the Sea of Okhotsk. We thus chose
a point near Kruzenshterna Strait as the reference point,
denoted with a solid star in Figure 12, since Kruzenshterna
Strait is an entrance point for waters into the Sea of Okhotsk
(Figure 4a). It is noted that the simulated ApCFC values
need not be comparable with those of YK04’s because the
reference points are different and the simulated pCFC at the
reference point should be too low because of the eastern
boundary conditions.

[29] Figure 13a shows the vertical section of ApCFC-12
along the line denoted in Figure 12. This line is roughly
along a path of water with high CFC-12 concentration;
it starts from the northwestern shelf where DSW forms,
enters the Kuril Basin, reaches the Kuril Islands, and returns
to the northwestern shelf in the cyclonic gyre.

[30] Three distinct features are present in Figure 13a:
(1) ApCFC-12 is high (> about 100 pptv) in the interme-
diate layer (from a depth of a few hundred meters to a depth
of about 600 m) throughout this vertical section, (2) a wedge
of high ApCFC-12 (> about 200 pptv) extends in the
intermediate layer from the northwestern shelf to the Kuril
Islands (from the point No. 1 to No. 36, and from No. 56 to
No. 71), and (3) the value is small in the deeper layers but
it is not negligible (higher than 25 pptv even at a depth of
1400 m, and ~25 pptv below 1400 m to the bottom (not
shown)).

[31] Items 1 and 2 indicate that the intermediate layer is
ventilated well (item 1), particularly along the path of DSW
(item 2). Item 3 indicates that the deep layers are also
weakly ventilated. As Wong et al. [1998] and YKO04 have
discussed, the highest CFC concentration in the dichother-
mal layer (Figure 7) is due to the open water convection in
winter, so that the difference in pCFC of the dichothermal
layer between the Sea of Okhotsk and the Pacific is infini-
tesimal. The difference near the surface is smaller than that
in the deeper layer.
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Figure 10. Spatial distributions of CFC-12 observed by YKO04 on (a) 26.8 o, and (b) 27.4 o4 density

surfaces, quoted from YKO4.

[32] Figure 14a shows the distribution of ApCFC-12 on
the 26.9 o4 surface, which is the core density of the wedge
(Figure 13a). The value of ApCFC-12 is highest on the
northwestern shelf, and it is relatively high along Sakhalin
Island decreasing southward. Figures 13a and 14a indicate
that a ventilation source of this intermediate layer is DSW
formed on the northern and northwestern shelves.

[33] In the calculation by YKO04 (Figure 8 in their paper),
the wedge of the high ApCFC-12 does not extend to the
Kuril Basin, but another maximum of ApCFC-12 is found
there. Regarding the relatively low ApCFC-12 between the
wedge and the maximum, YKO04 suggested two possible
explanations; one is that the section does not follow the flow
of DSW, and the other is the presence of eddies in the Kuril
Basin [e.g., Wakatsuchi and Martin, 1991; Uchimoto et al.,
2007]. Figure 14a suggests that the former explanation is
more likely to be correct. In fact, when we calculate ApCFC-
12 along the line denoted in Figure 1 (or Figure 14a), a similar
distribution to that of YKO04 is obtained (not shown).

[34] The values of ApCFC-12 are relatively high in the
region around the Kuril Islands. Tidal mixing should also
contribute to the high ApCFC there. It is, however, difficult
to distinguish the influence of tidal mixing from the
advection of DSW in the results of the standard experiment
alone. This shall be clarified in section 4.

[35] The CFC cumulative flux at the sea surface is the
time-integrated flux of the CFC into the sea during the
simulation period of about 66 years. The most prominent
uptake of CFC-12 occurs around the Kuril Islands, and
another prominent uptake occurs near the northern coast
(Figure 15a). These uptakes seem to be due to tidal mix-
ing and brine rejection, respectively. Even in experiments
with smaller vertical diffusivities along the Kuril Islands
(Appendix A), CFC cumulative flux is larger around the
Kuril Islands than the northern shelves. Although the flux is
also large in the Sea of Japan, the influence of the open
boundary is likely to be considerable and thus we do not
discuss the Sea of Japan here. In section 4, we discuss the

results from experiments without tidal mixing or brine
rejection, to separately investigate the effect of each process
on the distributions of CFCs.

4. Effects of Tidal Mixing and Brine Rejection

[36] In this section, we discuss two important processes
for transporting CFCs into the intermediate and deep layers:
tidal mixing around the Kuril Islands and brine rejection.
To investigate the role of each process, we conducted two
additional experiments; one was an experiment without
the tidal mixing parameterization along the Kuril Islands,
and the other was an experiment in which brine rejection
is suppressed. We refer to these experiments as the NOtide
and the NObrine experiments, respectively. In the NObrine

100
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\l \\W\\\_

600 vl b b v e b b b b by
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Figure 11. Vertical section of the CFC-12 concentration at
55.5°N in the standard experiment. Areas with values more
than 2.8 pmol/kg are shaded. The dashed line indicates the
26.8 oy density surface.
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Figure 12. Location of the vertical section shown in
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used for the plotting. Numbers along the line correspond to
those on top of Figures 13a—13c¢. The solid star in the Pacific
(156°E, 47.5°N) denotes the reference point used in the
calculation of ApCFC.

experiment, we set salinity of sea ice to be 30, so that
injection of brine from growing sea ice is about 10% of that in
the standard experiment. Note that sea ice itself is produced
even in the NObrine experiment. Accordingly, dynamical
and thermodynamical effects of sea ice are retained.

[37] Figure 16 shows the differences in the CFC-12 con-
centrations along the 55.5°N section between the standard
experiment and the two experiments. The difference is defined
as the concentration in the standard experiment minus that
in each experiment. Positive (negative) values in Figure 16
indicate that water is ventilated less (more) in the NOtide or
NObrine experiments compared to the standard experiment.

[38] The difference between the standard and the NOtide
experiments (Figure 16a) is small on the northwestern shelf
(in the west of ~ 143°N). This indicates that the CFC-12
sinks to the bottom on this shelf irrespective of the tidal
mixing along the Kuril Islands. The difference is, how-
ever, large at depths deeper than about 300 m on the slope
(143°E—144°E). This indicates that DSW in the NOtide
experiment is less dense than produced in the standard
experiment and not heavy enough to sink down to depths
deeper than 300 m. The difference in density of DSW is due
to the change in the SSS on the shelf; tidal mixing along
the Kuril Islands pumps salty water from deep layers up to
the surface, and the salty water is then transported to the
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northern shelves to produce saltier and heavier DSW, as dis-
cussed by Nakamura et al. [2006a] and Matsuda et al. [2009].

[39] Difference in CFC-12 concentration between the
standard and the NObrine experiments is negative in the
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Figure 13. Vertical section of ApCFC along the line
denoted in Figure 12. (a) The standard, (b) the NOtide, and
(c) the NObrine experiments. Broken lines indicate the
26.8 gy, 26.9 0y, and 27.0 oy density surfaces, respectively.
Numbers on top of Figures 13a—13c correspond to those in
Figure 12. NW, Sk, KB, and Cn indicate regions of the
northwestern shelf, along Sakhalin Island, the Kuril Basin, and
the center of the Sea of Okhotsk, respectively.
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Figure 14. Spatial distribution of ApCFC on the 26.9 o,
surface in September in (a) the standard, (b) the NOtide,
and (c) the NObrine experiments. Hatched regions are occu-
pied with water lighter than 26.9 oy. The line in Figure 14a
is the same line as in Figure la, and the solid star denotes
the reference point.
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Figure 15. Cumulative CFC-12 flux at the sea surface in
(a) the standard, (b) the NOtide, and (c¢) the NObrine experi-
ments. Contour intervals are 0.5 x 10~ mol/m? in less than
4.5 x 10° mol/m?, and 3.0 x 10~ mol/m? in larger than
4.5 x 107° mol/m?,
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Figure 16. Differences in the CFC-12 concentration
between (a) the standard and NOtide experiments, and
(b) the standard and NObrine experiments, along the 55.5°N
line in September. Positive (negative) values indicate that
water is ventilated less (more) in NOtide or NObrine experi-
ments than standard experiment. Negative areas are hatched.
Areas with absolute values larger than 0.45 are shaded densely
(positive) or lightly (negative).

shallower layer and positive in the deeper layer on the whole
of the section (Figure 16b). Without brine rejection, DSW is
hardly formed, resulting in less ventilated deeper layers on
the shelf and the slope. On the other hand, the winter mixed
layer in the NObrine experiment becomes somewhat deeper
than in the standard experiment, because brine rejection
lowers SSS by transporting salt to deeper layer. This is the
reason of the negative difference centered at a depth of
about 100 m, around which is the bottom of the winter
mixed layer.

[40] Further south at 50°N, a large difference between the
standard and the NObrine experiments is localized around a
depth of 300 m along the western boundary (Figure 17b).
Differences are small at the other depths and regions. The large
positive difference found in the eastern part of Figure 16b
is not seen here. This suggests that DSW formed on the
northern shelf with the direct effects of brine rejection extends
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to 55.5°N in the eastern part, but does not flow further
southward. This is also shown in Figure 9a. High concentra-
tion of CFC-12 extends southward convexly to ~54°N at
around 151°E on the 26.8 o surface.

[41] In contrast, the difference between the standard and
the NOtide experiments is horizontally nearly homogeneous
(Figure 17a). The influence of the tidal mixing around the
Kuril Islands extends widely into the intermediate layer in
the entire Sea of Okhotsk. At the eastern edge of Figure 17a
(155.5°E, 50°N) is an island of the Kuril Islands, and the
relatively large difference in the subsurface layer (shallower
than 200 m) reflects the direct effects of tidal mixing. Since
surface CFC-enriched water continuously mixes with CFC-
depleted water in the deep layers there in the standard
experiment, the CFC concentration tends to be low.

[42] The difference between the standard and the NOtide
experiments extends over larger areas than that between the
standard and the NObrine experiments (Figures 16 and 17).
This indicates that tidal mixing along the Kuril Islands plays
the major role in ventilation of the intermediate and deep
layers, and that brine rejection has a secondary role. The
influences of brine rejection are found only in limited areas
and depths: on the northern and northwestern shelves and

200 |

Depth [m]
[ee] [} L
o o o
o o o
T T T

—_

o

o

o
T

1200 |

1400 [ (&)
L L | L L L L | L L L L |

145 150 155
Lon.(E)

standard minus NObrine 96,09

R |

50.0N
200
400 |

600 [

<A\

800 [

Depth [m]

1000 |

1200 £
1400 F (b)

sl b b b b b b

| | | | | | | | | | |
145 150 1565
Lon.(E)

Figure 17. Same as Figure 16, except for along the 50°N line.

12 of 17



C02034

CFC12 on 26.80

UCHIMOTO ET AL.: CHLOROFLUOROCARBONS IN THE OKHOTSK SEA

C02034

3.60

3.20

it
s
7
’

|
~

I

7,
b

/

2.80

2.40

2.00

1.60

1.20

0.80

0.40

0.00

145
contour int=0.20 pmol/kg

140 150 155

160

165 170 175

Figure 18. Spatial distribution of CFC-12 concentration on the 26.8 o, density surfaces in September in

the Model-ice experiment.

the intermediate layer along Sakhalin Island that corre-
sponds to the path of DSW.

[43] Effects of the two processes on the ventilation are
clearly represented in sections of ApCFC in the NOtide and
NObrine experiments (Figures 13b and 13c). Note that
Figures 13b and 13c show the simulated ApCFC in the
NOtide and NObrine experiments, not differences from
the standard experiment. They illustrate the effects of brine
rejection (NOtide; Figure 13b) and tidal mixing along the
Kuril Islands (NObrine; Figure 13c¢), respectively. Only one
of the three features in the standard experiment (items in
section 3.2) remains in the NOtide experiment: the wedge of
high values in the intermediate layer (item 2). Further, the
value is extremely small in all areas except in the wedge.
Conversely, the other two features (items 1 and 3) remain
and the wedge (item 2) disappears in the NObrine experi-
ment. Even though the wedge disappears, ApCFC there is
not small in the NObrine experiment. In the horizontal
distribution of ApCFC-12 on the 26.9 oy surface ApCFC is
generally small in the NOtide experiment, and decreases
from the west to the east (Figure 14b). In the NObrine
experiment, on the other hand, ApCFC is relatively high
throughout the Sea of Okhotsk (Figure 14c).

[44] These results suggest that tidal mixing along the
Kuril Islands is responsible for the ventilation of almost the
whole region and layers in the Sea of Okhotsk, and that
brine rejection is only responsible for the ventilation of the
intermediate layer along the path of DSW. We also found
that the density and the depth of the maximum ApCFC-12
layer in the wedge in the NOtide experiment are lighter and
shallower than those in the standard experiment; they are
about 26.8 gy and at about 200 m in the former and 26.9 oy
and 300 m in the latter, respectively (Figures 13b and 13a).
This is because DSW formed on the northwestern shelf in
the NOtide experiment is lighter than that in the standard

experiment (Figure 16a). In addition, Figure 14 implies that
tidal mixing along the Kuril Islands is more effective for
ventilation of the intermediate layer in the North Pacific than
brine rejection is. We avoid discussing this area because of
the influence of the open boundaries as noted in section 3.2.

[45] The cumulative flux of CFC-12 in the two experi-
ments (Figures 15b and 15c¢) clearly indicates the ventila-
tion sources of the Okhotsk Sea water. The very large flux
found around the Kuril Islands in the standard experiment
(Figure 15a) is absent in the NOtide experiment (Figure 15b).
The other large flux around the northwestern shelf in the
standard experiment disappears in the NObrine experiment
(Figure 15c¢). Therefore the large uptake of CFCs in regions
around the Kuril Islands and on the shelves in the north is
related to tidal mixing and the brine rejection, respectively.

[46] The larger cumulative CFC flux around the Kuril
Islands means that the CFC uptake by tidal mixing is larger
than that by brine rejection. Vertical CFC transport from
the surface to the deep layers decreases surface CFC con-
centrations and leads to further oceanic CFC uptake into the
surface layer from the atmosphere. Tidal mixing vertically
transports CFCs throughout the year, though brine rejection
transports them only in winter. This durational difference
is a reason of the larger CFC uptake by tidal mixing.
In addition, tidal mixing keeps SST low even in summer.
The low SST increases surface CFC solubility and facili-
tates oceanic CFC uptake. The combined effect of the all-
year CFC transport and larger CFC solubility around the
Kuril Islands explains the larger cumulative CFC flux by
tidal mixing.

5. Effect of Ice Concentration Data in CFC Flux

[47] In this study, the CFC flux between the atmosphere
and the ocean is calculated with the ice concentration data
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the Model-ice experiment. Contour intervals are 0.5 X
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provided by OCMIP-2, not the data calculated in the
model. Therefore CFCs enter the model ocean in the ice
covered regions where little gas exchange should occur.
This may have significantly influenced the concentration of
CFCs, so that we performed again the standard experiment
calculating the CFC flux with the model’s own ice con-
centration data. The other conditions are the same as in the
standard experiment. We refer to this experiment as the
Model-ice experiment.

[48] Figure 18 shows the concentration of CFC-12 on the
26.8 oy surface in the Model-ice experiment. We found that
the CFC-12 concentrations in the standard experiment
(Figure 9a) are estimated higher than in the Model-ice
experiment. The increase on the 26.8 o4 surface is largest
over the northwestern shelf, where it varies between 15%
and 25%, depending on the month. Elsewhere, increases <
15% are found along the coast of Sakhalin Island. We also
calculated the increase at the sea surface. It is large in the ice
covered season but it is not more than 25% in the north-
western shelf and not more than 15% in the other areas.

[49] The CFC cumulative flux at the sea surface in
the Model-ice experiment is shown in Figure 19. The flux
decreases especially in the northwestern shelf. Still, the local
maximum of the flux, although it is weak, is seen in the
northwestern shelf.

[s0] More CFC-12 enters the sea through gas exchange in
the ice covered regions in the standard experiment than in
the Model-ice experiment. However, the ice concentration
in the model is somewhat higher as described in section 2.3
(Figure 3). This suggests that using the model’s own ice
concentration data does not necessarily lead to a better
simulation than using the OCMIP-2 ice data, and that it
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may underestimate the CFC-12 concentration. Therefore,
we may regard the discussions in the former sections as
reasonable, although the effects of brine rejection may be
somewhat overestimated.

6. Summary and Concluding Remarks

[51] We successfully simulated the distribution of CFCs
in the Sea of Okhotsk. Our simulation clearly illustrates that
ventilation sources of the intermediate layer are two areas,
on the northwestern and northern shelves and around the
Kuril Islands. The area around the Kuril Islands is also the
ventilation source of the deep layers. The mechanisms of
the ventilation in these two areas are convection due to brine
rejection and tidal mixing, respectively.

[52] We conducted two additional experiments, in which
one of the two mechanisms is excluded. Through these
experiments, we evaluated the effects of each mechanism
separately and revealed the following.

[53] 1. Brine rejection on the northwestern and northern
shelves leads to the ventilation of the intermediate layer
but its effect is limited to areas near the northern coast
and in the western part of the sea along the flow of DSW
from the northwestern shelf to the Kuril Basin along
Sakhalin Island.

[s4] 2. Tidal mixing around the Kuril Islands ventilates
the intermediate layer throughout the Sea of Okhotsk. The
intermediate layer along the east coast of Sakhalin Island
is ventilated without brine rejection, although the strength
is weaker. Tidal mixing also affects the depth and density
of DSW formed on the northwestern shelf owing to pre-
conditioning [ Nakamura et al., 2006a], and thus those of the
layer of the maximum ApCFC.

[55] 3. The tidal mixing also ventilates deeper layers of
the entire basin.

[56] The present study shows that tidal mixing and brine
rejection are indispensable for the ventilation of layers
deeper than the winter mixed layer in the Sea of Okhotsk.
Because density surfaces denser than 26.8 oy do not outcrop
in the North Pacific, the Sea of Okhotsk is the ventilation
area for intermediate layers of the North Pacific. Therefore,
these mechanisms in the Sea of Okhotsk should be incor-
porated in models to better represent water properties in
the North Pacific intermediate layer. Although we do not
discuss details of the distributions of CFCs in the North
Pacific where the model boundaries have significant influ-
ences, CFCs from the Sea of Okhotsk spread over the
subarctic gyre (e.g., Figure 9). With a model covering a
larger area, we will be able to study the distribution of well-
ventilated Okhotsk Sea water in the North Pacific. Never-
theless, through simulations of CFCs, the present model
proves to be reasonably good to represent processes in the
Sea of Okhotsk.

[57] Observational studies have shown that the outflow
from the Sea of Okhotsk plays a role in transportation of
biogeochemical materials in the North Pacific [Nakatsuka
et al., 2002, 2004a, 2004b; Chen et al., 2004; Nishioka
et al., 2007]. The outflow from the Sea of Okhotsk
also transports a large amount of anthropogenic CO, into
the North Pacific [Ono et al., 2003]. The present study
implies that the two ventilation mechanisms should be
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incorporated to simulate those materials in and around the
Sea of Okhotsk.

Appendix A: Simulations With Different Tidal
Mixing Parameterizations Along the Kuril Islands

[s8] We have carried out four simulations with smaller
vertical diffusivities applied along the Kuril Islands than for
the standard experiment (cases A, B, C, and D in Figure 2).
In two profiles (cases A and B), the values from the bottom
to 700 m above the bottom are smaller than for the standard
experiment. In the cases C and D, vertical diffusivities are
one fifth and two-fifths of that of those for the standard
experiment, respectively.

[s9] As the diffusivities decrease, the cumulative flux of
CFC-12 along the Kuril Islands becomes smaller. How-
ever, even in the case of the smallest diffusivities (case D),
the cumulative flux is much larger around the Kuril Islands
than in the northwestern shelf region (Figure Al). There-
fore, our conclusion that tidal mixing along the Kuril
Islands incorporates more CFCs into the sea surface layer
than brine rejection is not due to the use of too large dif-
fusivity values.

[60] On the other hand, the CFC concentration in the deep
layers decreases as the diffusivities decrease. Even in the
largest diffusivity case (case A) of the four, the CFC-12
concentration on 27.4 o4 surface (Figure A2) is not as high
as that in the standard experiment that is equivalent to the
observation (Figure 9b). In the other three cases, the maxi-
mum concentrations on the 27.4 oy surface are lower (0.32,
0.16 and 0.08 in order from cases B-D, respectively).

[x1076mol/m?]
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Figure A1l. Cumulative CFC-12 flux at the sea surface
in case D. Contour intervals are 0.5 x 10® mol/m? in less
than 4.5 x 10~® mol/m?, and 3.0 x 10 ® mol/m? in more than
4.5 x 10°° mol/m>.
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Figure A2. Spatial distributions of CFC-12 concentration
on the 27.4 o4 density surface in case A.

Therefore, to simulate a CFC distribution similar to the
observed one, such large diffusivities as in the standard
experiment are necessary at least in coarse resolution models
like the present one.
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