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Abstract. The mechanism behind the dispersion of radionu-ical models and observations (Kawamura et al., 2011; Bailly
clides released from the Fukushima Dai-ichi Nuclear Powerdu Bois et al., 2011; Tsumune et al., 2012; Masumoto et al.
Plant on March 2011 is investigated using a numerical model2012; Miyazawa et al., 2012; Estournel et al., 2012), which
This model is a Lagrangian particle tracking—ocean circula-is comparable to the amount that was released to the atmo-
tion coupled model that is capable of solving the movementsphere (about 15 PBq, NERH, 2011). Recent studies, based
and migration of radionuclides between seawater, particuon more rigorous calculation methods, tend to show an es-
lates, and bottom sediments. Model simulations show the ratimate around 5-6 PBqg. Fukushima-originated radionuclides
dionuclides dispersing rapidly into the interior of the North were also observed in the Kuroshio Extension region of the
Pacific once they enter a meso-scale eddy. However, somiorth Pacific in June 2011 (Buesseler et al., 2012). Observa-
radionuclides also remain near the coast, with spatial distritions show that radionuclides quickly dispersed to the open
bution depending strongly on the oceanic circulation duringocean within a few months after their release from the coast.
the first month after the release. Major adsorption to bottomAt the same time, however, observations show high levels of
sediments occurs during this first month and many of thesegadionuclides remaining in seawater and sediments near the
radionuclides remain on the sea floor once they are adsorbedoast (MEXT, 2011). These observations indicate that some
Model results suggest that weak offshore advection duringadionuclides do not quickly disperse to the open ocean but
the first month will increase the adsorption of radionuclidesstay near the coast (Fig. 2).
to bottom sediments and decelerate the dispersion to the open What are the processes that control the dispersion of ra-
ocean. If vertical mixing is weak, however, fewer radionu- dionuclides near the Fukushima coast? Numerical models
clides reach the sea floor and adsorb to bottom sedimentfhave been used to understand how the dispersion of radionu-
More radionuclides will then quickly disperse to the open clides occurred in more detail, from local to the basin scale.
ocean. Tsumune et al. (2012) used a coastal model and an Eulerian
passive tracer model and showed that the radionuclides likely
dispersed from the Sendai Bay to the coast of Ibaraki and to-
wards the open ocean as far east as 100 km from the FNPP
1 The release of radionuclides from the coast of (Fig. 1). Miyazawa et al. (2012) used a nested high-resolution
Fukushima regional ocean model and an Eulerian passive tracer model to
examine the impact of the wind, river outflow, and tides on
On March 2011, a significant amount of radionuclides wasthe dispersion. They showed the radionuclides dispersing to
released to the ocean from the Fukushima Dai-ichi Nucleathe open ocean by April and suggested that oceanic circu-
Power Plant (hereafter FNPP) (Fig. 1). The amourt®é€s  lation plays the dominant role. The wind is found to have a
released is estimated to be about 3—27 PBq based on numer-

Published by Copernicus Publications on behalf of the European Geosciences Union.



4912 Y. Choi et al.: Oceanic dispersion of radionuclides from the FNPP

I
;z.? 4
g ,
)

)

40°

39.5°

39°

38.5°

38 b

37.5°

37

36.5°

36°

35.5°

35°

34°

Fig. 1. Bottom topography of the region close to the FNPP. Contours are drawn for 100, 200, 400, 600, 800, 1000 m, and every 1000 m
after that. Black star indicates the location of the FNPP. Model domain is the squared region surrounded by the thick black solid line. The
continental shelf break, which can be roughly interpreted from the 200 m contour line, is located close to the coast near Ibaraki but further
off-shore near Fukushima.

strong influence on the dispersion near the coast. Honda etint and observations do show quite a large amount of ra-
al. (2012) used a Lagrangian particle-tracking model basedlionuclides remaining near the FNPP even after few months
on oceanic surface currents and showed that radionuclidestfter its release (Fig. 2). This motivates us to examine how
are capable of travelling as far east as°1Bk5n a month or  phase transfer of radionuclides may have played a role on
Ss0. the dispersion of radionuclides.

While several studies have investigated the mechanism In this paper, we will investigate the processes responsi-
behind the dispersion of radionuclides near the Fukushimale for the dispersion of radionuclides near the Fukushima
coast, studies incorporating the migration of radionuclidescoast using a Lagrangian particle-tracking model, which is
between seawater, particulate matter, and bottom sedimentupled to a high-resolution ocean circulation model. The
have been limited. Péfiez et al. (2012) recently suggested particle-tracking model is capable of solving the migration
that significant adsorption to bottom sediments likely oc- of radionuclides between three phases; dissolved phase, par-
curred near the FNPP. However, the spatial resolution andiculate phase, and bottom sediment phase, which is the main
the coupling timescale with the oceanic model were moderfocus of this study. By coupling the particle-tracking model
ate and thus the role of detailed flow field remains an operto a high-resolution ocean numerical model, we anticipate
question. Migration of radionuclides into different phases is athat the turbulent flow field of the region is realistically re-
major process that could decide how much and where the rasolved as well. The details of the model setup will be de-
dionuclides remain trapped near the coast. The radionuclidescribed next in Sect. 2. The simulation results are then pre-
dissolved in seawater or adsorbed in particulate matter willsented and compared with observations in Sect. 3. The sensi-
likely disperse to the open ocean along with the seawaterivity of the dispersion to the magnitude of vertical mixing is
whereas the radionuclides adsorbed in bottom sediments wikxamined in Sect. 4. Summary and discussion are presented
likely remain on the sea floor near the coast for some timein Sect. 5.

Since many biological activities take place along the coast,
understanding the dispersion of radionuclides there is impor-
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Fig. 2. Concentrations of radionuclides {a) seawater [BqE1] and (b) bottom sediments [Bq kgt dry] observed in June, 2011 (MEXT,
2011). Samplings of seawater were taken from surface to 150 m depth. Note that data from TEPCO are measured @i &gd are
shown in triangles. The values are also converted to [Bd'kgy] by multiplying by 0.75 (MEXT, 2011). Higher levels of radionuclides are

observed near the FNPP and also along the coast from the southern tip of Ibaraki to the Sendai Bay.

2 Description of the particle tracking—ocean circulation

coupled model

Fukushima is located in the Kuroshio—Oyashio Interfrontal

Zone (Yasuda, 2003) where two western boundary currents
collide and intense meso-scale eddies are generated. Bottom
A regional numerical ocean circulation model is used todepths D) are a spatial average of ETOPO1 (Amante and
simulate the flow field near the coast of Fukushima from Eakins, 2009) with 73 levels in the vertical ranging from 3 m

1 December 2010 to 30 June 2011. A Lagrangian particleresolution near the surface to 250 m near the bottom.
tracking model will then use this flow field to solve the move-  The lateral boundaries of the flow field, temperature,
ment of radionuclides from the FNPP as it migrates into dif-and salinity are set to the daily outputs of the Japan
ferent phases. The coupling between the two models occur€oastal Ocean Predictability Experiment (JCOPE)-2, a data-
every 30 min. assimilated product of the region with a resolution p12°
(Miyazawa et al., 2009). JCOPE?2 is known to assimilate the
pathway of the Kuroshio well and we thus believe that its out-
puts are reasonably close to reality. There is a sponge layer
The oceanic component of the Multi-Scale Simulator for the Of about 40 km around the lateral boundaries so that the sim-
Geo-environment (MSSG) is used for the ocean circulationulated flow field is smoothly adjusted to that of JCOPE2 out-
model (Kida, 2011). This model is a z-coordinate model Put- Surface temperature and salinity are also restored to that
with a non-hydrostatic capability but we will use the hydro- ©f JCOPEZ2 outputs with arestoring timescale of 1 day. While
static option here. The model domain covers from 140.2 toV€ understand that this is a rather strong restoring timescale,
143.2 E in longitude and from 34.85 to 39.1M in latitude. W€ chose to match it with that of the JCOPEZ output fre-
A fine-resolution horizontal grid of about 2km (Fig. 3) is dUency:

used in order to resolve the eddy-rich flow field, which is

an essential part of the dynamics in the region. The coast of

2.1 The ocean circulation model

www.biogeosciences.net/10/4911/2013/ Biogeosciences, 10, 42P5-2013
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(a) coordinate system is natural to the movement of particles
in the ocean. This model is originally developed to simulate
the dispersion of spilled oil (Choi et al., 2011, 2012) and we
have modified the equations so that they are appropriate for
radionuclides. The dispersion and phase transfer of radionu-

Source (Q)

Dissolved clides are solved three-dimensionally based on the following
equations:
dCyi
3 tlss = 0—k1Cyiss+ k2C pm — k3Ciss+ Pk2Csed (1)

Large Particulate
Settling Matter phase dCrpm
dr

= +k1Cqiss— k2CLpm — Set+ Ero  and (2)

rosi
Erosion dC_sed
[Ba/s] (o) [Bq/L] dr
010 105 Cdiss CLpm, andCsegare the concentration of radionuclides
e : that are dissolved in seawater, adsorbed in large particulate
matter (LPM) (particulates with a diameter between 0.5 and
62.5um), and adsorbed in bottom sediments, respectively.
We will refer to these three phases as radionuclides in dis-
solved phase, LPM phase, and bottom sediment phase, here-
after. d/d is the total derivative following the motion of the
particle,u, and the impact of the oceanic flow and mixing
) is included in this termQ is the source term. Terms with
7 10° k, are the phase transition terms. “Set” is the settling from
LPM phase to bottom sediment phase and “Ero” is the ero-
sion from bottom sediment phase to LPM phase. These two
e ; processes occur only at the sea floor. Equations (1-3) are
[ S S S ST S S S B T) B roughly equivalent to that used in P&#tez and Elliott (2002)
11020 110 200 S0 200 610 20 7 and the schematic of the processes involved are shown in

Fig. 3a. Note that we have neglected the decaying process

Fig. 3. (a) A schematic showing the three phases solved by the " T
particle-tracking model along with the timescale of the phase trans-because the half-life of 30yr fd"Cs is significantly longer

than the model integration time pursued in this study.

fer in [days]. Radionuclides are first introduced in dissolved phase. . . Lo .
(b) Time series of the-3’Cs source term based on Tsumune et Radionuclides in dissolved phase follow the oceanic flow

al. (2012) are shown in a black solid line ([BaY, left axis).  field (wo) so its pathway isu = (uo, vo, wo). Radionu-

Observed concentrations at the outlet of Dai-ichi FNPP (TEPCO,clides in LPM phase have an additional settling velocity

2011) are shown in a black circles ([BqL], right axis). (ws) term so its pathway ist = (uo, vo, wo + ws). ws IS
set to —2 x 100*ms1 assuming that the mean radius of
LPM is about 15um. While the settling velocity of sus-

Surface wind stress is based on 10m wind of the GrigPended particles is often expressed as a function of sus-
Point Value of Meso-Scale Model (GPV/MSM) that is pro- pended matter poncentration or diameter of particles (e.g.
vided by the Japan Meteorological Agency. This product hagVlehta, 1989; Nicholson and O'Connor, 1986; Sternberg et
outputs every 6h and high horizontal resolution of about&!-» 1999), we have chosen to use a single value following
0.05. The formula of Large and Pond (1981) is used to Kobayashi et al. (2007). Radionuclides in bottom sediment
estimate the wind stress from the wind. Smagorinsky-typePhase are not advected.

Laplacian viscosity and diffusion is used for the subgrid scale  The oceanic flow and mixing will be representeduay=
parameterization in the lateral direction with a coefficient of #m +# , Whereunm is the flow simulated in the ocean model
0.4. Noh—Kim vertical mixing scheme is used for vertical vis- @ndu is the turbulent flow in the subgrid scale.is added

= +k3Ciss— PkoCgoq+ Set— Ero. 3)

107 L 4 104

108 |

cosity and diffusion (Noh and Kim, 1999). because the ocean circulation model does not explicitly solve
the subgrid scale motion (mixing) and uses eddy diffusivity
2.2 Lagrangian particle-tracking model instead. Herey' will be represented in the form of a random

walk following Perafiez and Elliott (2002):

A Lagrangian particle-tracking model is used to solve the , 12A4
movement and the migration of radionuclides since such & = R €OSV -/ —==, (4)
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near the coast with large freshwater input. We therefore chose
194 a value that is about one order less than the English Channel,
v/:Rcosﬁ-,/ H and
At

(5)  where concentration on the order@{1)-0(10) is observed
(1 to 6mg L=t also by Lafite et al., 2000; 3.4 mgt by van
Alphen, 1990)k; is set to (1.0 day)!. Adsorption from dis-
/ 24y solved to bottom sediment phase occurs when radionuclides
w =R, —. (6) reach the bottomks is expressed as an inverse function of
A depth & 4.2 x 10-°/D[s]) so its magnitude would be about
R is a random number betweenl and 1.6 is a random (5 days)! at 20 m depth, but more than (30 dayswhere
angle between O te. The horizontal diffusivity coefficient, deeper than 100 m. The correction parametewhich rep-
Ay, and vertical diffusivity coefficientA,, are set to those resents that not all the sediment particles are in contact with
that are calculated in the ocean model. water, is set to 0.1. Settling occurs once the radionuclides in
The source termQ, is prescribed based on the ideal- LPM phase land on the sea floor. Erosion occurs as the bot-
ized discharge time series suggested by Tsumune (201apm flow speed increases: .4 x 104 |u|34).
(Fig. 3b). However, the total input is adjusted to 5.5PBq so The numerical experiments based on the setup as de-
that it is within the range estimated in recent studies (e.gscribed above will be referred to as CTRL hereafter. To test
Masumoto et al., 2012). This idealized source term has ahe sensitivity of the dispersion to the magnitude of vertical
constant rate of 3.3 TBq day from 26 March to 6 April  mixing, we have further pursued an experiment where the
but decreases exponentially to 0.033 TBq dagfter 6 April vertical mixing coefficient used in Eq. (6) is an order smaller
and then remains constant up to 31 May. Source term is zergalue from that used in CTRL. The magnitude of the verti-
beyond 31 May. Radionuclides are added to a 1.0 km (meridcal mixing coefficient can vary significantly due to the ac-
ional) x 500 m (zonal)x 5 m (from the surface) boxed region tual weather, seasons, and biological conditions and thus we
next to the FNPP with each particle representind’ By of would like to learn how sensitive the simulation results are
radionuclides. We did not include atmospheric fallouts be-to such factors. This experiment will be referred to as SMIX
cause we wanted to focus on understanding the impact ofiereafter. As we will show later on, the magnitude of verti-
phase transfer on the radionuclides that were directly re-cal mixing has a strong impact on the adsorption of radionu-
leased to the ocean. clides to bottom sediments as well as the rapidness of their
Because the specific parameters appropriate for the regiodispersion to the open ocean.
around the FNPP are unknown, the parameters and expres-
sions for the phase transfer, settling, and erosion are bas2.3 Observational products
cally based on past studies (R#ez (2000), Peafiez and
Elliott (2002), and Kobayashi et al. (2007), except for the Model simulations are compared with the monthly averages
LPM concentration as described below. There are obviouslyof in situ observations for radionuclides in seawater and bot-
detailed differences in the parameters for every sea as well a®m sediments near the Fukushima coast. Observed data are
spatial variability within. However, we consider the values provided by TEPCO, the Ministry of Education, Culture,
reasonable for capturing and understanding the processes igports, Science and Technology (MEXT), the Ministry of the
volved in the dispersion of radionuclides to its first order.  Environment (ME), and Fukushima Prefecture (FP) through
The phase transition terms are calculated based on the MEXT website [ittp://radioactivity.mext.go.Jp(MEXT,
stochastic method: Radionuclides are transferred from on011). Concentration of radionuclides in bottom sediments
phase to another with a probability of-dexp™**%’. Terms  shown in Fig. 2 are drawn from this data set and most of
with k1, k2, k3, and¢ky represent the adsorption from dis- the observations are near the coast of the FNPP. Observa-
solved to LPM phase, desorption from LPM to dissolved tions by TEPCO are measured by [BqKgwet] while oth-
phase, adsorption from dissolved to bottom sediment phasesrs are [Bqkg! dry]. Data provided by TEPCO are there-
and desorption from bottom sediment to dissolved phase, refore shown in triangles to clarify this difference. The val-
spectively.k; is set to about (200 day} and is estimated ues are also converted to [Bakbdry] by multiplying 0.75,
assuming that the mean LPM concentration is 0.1 my IA which is the average dry/wet ratio observed near the coast
constant value is used for its simplicity. Because the concenef Fukushima (MEXT, 2011). Such ratio obviously differs
tration value is unclear for the oceanic region surroundingfor each location but our aim is to get the first-order picture
the FNPP, we decided to use a value based on studies in then the magnitude and the spatial variability of radionuclides
North Sea. This sea is shallower and has larger freshwatesdsorbed to bottom sediments. Satellite imageries of surface
input but is an open sea like Fukushima and has similar magtemperature by the Moderate-Resolution Imaging Spectrora-
nitude of tidal currents. Van Raaphorst et al. (1998) show thediometer (MODIS) are also used for evaluating the spatial
suspended particulate matter concentration in the oceanic restructure of the flow field in the region. This product has a
gion of the North Sea to be about one order smaller than thaspatial resolution of 4km and has better spatial resolution
in the English Channel or the narrow and shallow regionsthan the sea surface height from AVISO. Although MODIS
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data is sometimes contaminated by the clouds, it shows goodpatial resolution than the model. The region warms up by
spatial coverage roughly every week. late June and the SST front near the coast weakens (Figs. 4f
and 5f).

3 The simulated oceanic flow field and the dispersion of 3-2 The dispersion of radionuclides

radionuclides Radionuclides in dissolved phase and LPM phase move

roughly along with seawater so their spatial distribution will

We will first describe the surface flow field simulated in be d ibed together. The behavi fth di lid
CTRL. The dispersion of radionuclides will be described . € described fogether. The behavior of these radionuclides

next. What we find is that in the presence of migration be-'S the one that can be compared with past studies where ra-

tween dissolved phase, LPM phase, and bottom Sedimergionuclides are treated as a passive tracer and phase transfers
' ' 0 not occur.

phase, a significant amount of radionuclides remains clos

to the coast even after few months after its release. 321 Radionuclides in seawater

3.1 The oceanic flow field Soon after the major release of radionuclides, radionuclides

in seawater (dissolved phase and LPM phase) are advected

The flow field near the Fukushimg coast shows a weak north—south for a few days. However, they are eventually advected
eastward flow from March to April roughly along the 100 m

: X : 4 north, following the average northward flow field from
bathymetric contour line (Fig. 4a—c). This northward flow \;5.ch to April (Fig. 6a and b) and establish a significant

appears to strengthen gradually in April, bring warm SST ,4h_south asymmetry in its spatial distribution. Many of

water from the south, and create a SST front west and eashe radionuclides also spread inside the Sendai Bay (Fig. 6c),
side of this flow. Such SST fronts are found in observatlonswhere the topography is shallow. The northerly wind from
as well (Fig. 5a—-c). While the weekly averaged flow field y1arch to early April is likely behind such dispersion because
shoyvs a ggnergl r?qrtheastvyarq.ﬂow near the coast, it IS 834 northerly wind forces a westward surface Ekman transport.
sociated with significant variability and a southward flow is g northerly wind weakens by late April and the radionu-
occasionally found along the coast of FNPP in late Marchijes then appear to spread following the northward oceanic
(Fig. 4). This southward flow advects cold SST water fromgq, that exists along the bathymetric lines of about 100—
the northern Sendai Bay and creates a SST front near thggg By the end of April, the wind turns south and the

coast. The flow field much offshore of Fukushima shows ag,iface Ekman transport reverses towards the east. The ra-
southeastward flow from March to April but the flow field i5nyclides begin to spread to the open ocean as they move
in this region is also highly variable and is associated W'thanticyclonically towards the Kuroshio Extension (Fig. 6d).

many meso-scale eddies. The meridional asymmetry weakens abruptly at the end

The_ﬂow fiel_d near the Ibaraki coast sh.ows. the presence of May when an extra-tropical cyclone crosses over Japan
an anti-cyclonic eddy from March to April (Fig. 4a-C). This gnq induces a strong southward flow along the coast of

eddy is centered around 3618 and 141.4E with a size of |harai (Fig. 6e). The strong southward flow brings a sig-

about 100 km. The presence of such an eddy, which is asSGyiicant amount of radionuclides towards the south of the
ciated with a warmer SST than that near the coast, is also ob=npp, However, the majority of these radionuclides appear
served although its signal is slightly weaker (Fig. 5a—C). Thepq; 15 reach the southern tip of Ibaraki where the radionu-
anti-cyclonic eddy begins to merge with the Kuroshio EX- ¢jiges can enter the Kuroshio Extension and disperse to the
te_nS|on In Igte April (Fig. 4c) gnd then cpmpletely merge by North Pacific. Dispersion to the interior of the North Pacific
mid-May (Fig. 4d). It reestablishes again in late May when iq s;ill found to occur mostly east of the FNPP, where an anti-

the Kuroshio Extension shifts south. This anti-cyclonic eddy ¢y cjonic eddy advects the radionuclides southeast and toward
in June is centered around 368 and 141.7 E, which is the Kuroshio Extension region (Fig. 6d, e, and ).

slightly northward and eastward than that found in April.

When an extra-tropical cyclone passes over the region a8.2.2 Radionuclides in bottom sediment phase
the end of May, the flow along the coast of Fukushima and
Ibaraki abruptly becomes a strong southward flow for a fewWe find the majority of the radionuclides adsorbed in bottom
days (Fig. 4e). A strong wind event forces an accumulationsediments where it is shallow<(100 m) (Fig. 7a—f). While
of water near the coast and induces a southward flow that bethe transfer rate from dissolved to LPM phase is small, the
comes as fast as 1.8 m’s This flow advects cold SST water magnitude of the source is large and thus can create a decent
from the north and creates a cold SST region along the coasgmount of radionuclides in LPM phase. When these radionu-
which is found in observations as well (Fig. 5e). The use ofclides in LPM phase reach the bottom, they will settle on the
SST nudging, however, may have weakened its narrow andea floor and transfer to bottom sediment phase. Note that
cold structure in the model (compared to observations) bein order to make the comparison between the model results
cause the SST is nudged towards SST values that have lowand observations easier, model results are converted from

Biogeosciences, 10, 4914925 2013 www.biogeosciences.net/10/4911/2013/
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(a) Mar 25-31 (b) Apr8-14 (c) Apr 23-29
141 142E 14.1 IE 141 142E

141 142E

(d) May 14-20 (e) May 29 - June 1

Fig. 4. Simulated surface flow fields and the SST for CTRA).25-31 March(b) 8-14 April, (c) 23—-29 April,(d) 14—20 May(e) 29 May—
1 June, andf) 23-29 June 2011. Color contours are shown on the top rigl{afar) but bottom right for(f). The color contour is different
for (f) so that it is similar to Fig. 5f.

[Bgm~2] to [Bqkg~? dry] in the figures. We have assumed For a water column of more than 200 m deep, however, the
that the bulk density of bottom sediments is 900 kgfrand radionuclides need more than a month to reach the bottom.
that the radionuclides are trapped within the top 10 cm fromThis is assuming that the vertical mixing coefficient is as
the sea floor, thus [Bq kg dry] = 1/(0.1x 900) [Bq nT2]. large as Ix 1072m?s~1 from top to bottom. Since the sur-

Phase transfer from dissolved to bottom sediment phase diace mixed layer with a vertical mixing coefficient of the or-
LPM to bottom sediment phase occur only at the bottom soder 102 m? s~ is mostly limited to the top 100 m, we con-
the radionuclides that are released at the surface need sonséler it reasonable that not much adsorption to bottom sedi-
time to reach the bottom before they are adsorbed to bottorments is found where the bottom is more than a few hundred
sediments. For a water column of about 50 m deep and withmeters deep. We find the changes in the magnitude of the
a vertical mixing coefficient of about 2 102m?s™1, the  settling velocity to increase the amount of radionuclides in
radionuclides need only 2—-3 days to reach the bottom. Sdoottom sediment phase but not to change their basic spatial
the adsorption to bottom sediments can occur rather quicklydistribution qualitatively.

www.biogeosciences.net/10/4911/2013/ Biogeosciences, 10, 42P5-2013
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Fig. 5. The SST observed by MODIS from March to June 2011. Dark regions are where clouds exist. Color contours are shown on the top
right for (a—e)but bottom right for(f).

The spatial distribution of radionuclides in bottom sedi- persion of radionuclides in dissolved and LPM phases occur
ment phase shows high values near the source with a meridewards the open ocean in June (Fig. 6¢c—f). This behavior
ional asymmetry, similar to those in dissolved phase andalso matches well with the general increase in the concen-
LPM phase; more radionuclides are located in the Sendairation values found in observations offshore (Fig. 6h and i).
Bay than along the coast of Ibaraki (Fig. 7a—d). An increaseThe concentration of radionuclides in dissolved phase near
of radionuclides in bottom sediment phase is found alongthe Kuroshio Extension region is also of similar magnitude
the coast of Ibaraki at the end of May, when a strong south+to those observed (Buesseler et al., 2012). Higher concentra-
ward flow advects the radionuclides from the north (Fig. 7e).tion values found in both seawater and bottom sediments are
However, the duration of this southward flow is only for a generally located to the north of the FNPP but an increase
few days. The time necessary for adsorption to bottom sediin concentration is also observed to the south of FNPP from
ments to occur is small and so the increase of radionuclide$/ay to June (Fig. 7h and i). Such increase is in accordance
in bottom sediment phase is also limited compared to thewith the southward advection of radionuclides that is simu-
Sendai Bay (Fig. 7f). lated along the Ibaraki coast at the end of May because of an

Although the number of observation points is limited, extra-tropical cyclone (Figs. 6e and 7e). High concentration
the magnitude and the spatial distribution of radionuclidesvalues observed about 30 km offshore of the FNPP in sea-
in seawater (Fig. 6g—i) and bottom sediments (Fig. 7g—i)water during April (Figs. 6g and 7g) is not simulated in our
agree reasonably well with those observed. Enhanced disnodel. However, as past studies have shown (e.g. Tsumune
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[PBq] LPM phase is slow, significantly large initial concentration
6 I the near the source as well as the strong vertical mixing near the
(CI) Total in Seawater open ocean coast enables the radionuclides to migrate to LPM phase and

then settle as bottom sediment phase.

By late April, a month after the major release of the ra-
dionuclides, most of the migration to bottom sediments has
taken place and about 0.43 PBq are found in bottom sedi-

Total in Seawater
for shallow seas

3t : , ment phase near the coast. Accumulation in bottom sediment
phase is observed in the shallow regiors50 m) in May
o . . but desorption from bottom sediment to dissolved phase also
occur and limits their further increase. A strong but short ero-
1k .. LPM . , sion event is also simulated at the end of May when a strong
//_\r\idimL southward flow is induced by the extra-tropical cyclone. A
0 Nk rapid transfer of radionuclides from bottom sediment phase
3/20 4/1 4/10 4/20 5/1 5/10 5/20 6/1 6/10 6/20 to dissolved and LPM phases occur during this event. How-
[PBq] ever, these radionuclides rapidly return to bottom sediments.
6 Dispersion of radionuclides towards the open ocean begins
(b) Total in Seawater from May and by late June, about 1 PBq of radionuclides are
5 In the found in the open ocean-(200m). Those in bottom sedi-
Iopen ocean ment phase remain along the coast and only a slight decrease

is found from May—June.

The majority of the accumulation of radionuclides to bot-
tom sediments and their spatial distribution along the coast
appear to be decided during the first 30-40 days or so. This

Total in: Seawater
for shallow seas

2 suggests that the oceanic flow field during the first month
has a profound impact on the amount and the spatial distri-
1 LPM bution of radionuclides in bottom sediment phase that will
Sediment affect the coast for a much longer timescale. For the radionu-
o e N clides released from the FNPP, the northward flow and the
3/20 4/1 4/10 4/20 5/1 5/10 5/20 6/1 6/10 6/20 northerly wind during March to April are likely responsible

for creating the meridional asymmetry in the distribution of
Fig. 8. (@) Time series of radionuclides in CTR([b) Time series of ~ radionuclides and preventing radionuclides from being ad-
radionuclides in SMIX. Green and blue lines show the radionuclidesvected eastward to the open ocean (Figs. 6 and 7). When
in LPM phase and bottom sediment phase, respectively. Black soli¢he offshore motion is weak during the first month, radionu-
line is the sum of radionuclides in dissolved and LPM phases in-clides remain in the shallow seas. Such conditions will en-
cluding those that exited from the model domain. Red line is thehance their accumulation to bottom sediments. Once the ra-
sum of radionuclides in dissolved and LPM phases that are locategjionuclides are accumulated in bottom sediment phase, they
i.n Sha.'now seas<{ 200m). The differer)ce between the laCk and red are likely to remain along the coast for some time and :chen
lines is the number of radionuclides in the open oceadq0 m). delay their dispersion to the open ocean significantly. If the

offshore motion is much stronger during the first month, the
et al., 2012), these high values are not only due to oceaniéadionuclides will be advected to a deep region. Then the ac-
processes but also due to atmospheric deposits. cumulat_lon_ to bo'_[tom sediments is Ilkely t(_) be much limited

and their dispersion to the open ocean is likely to accelerate.

3.2.3 Time dependence

The time series showing the number of radionuclides in eactft 1€ impact of vertical mixing

phase show radionuclides in bottom sediment phase increa%TRL showed a significant amount of radionuclides remain-
ing soon after the radionuclides are introduced on 26 March

(Fig. 8a). The accumulation in bottom sediment phase begin'sng In the bottom sediments along the coast of Fukushima

) ) . . even after few months after their release. We will next ex-
in a few days, which matches well with the timescale of ra- . . o i

: . ; . o amine how these modeling results are sensitive to vertical
dionuclides in seawater reaching the bottom where itisonly . . . .

. . mixing by comparing CTRL with SMIX.

a few tens of meters deep through vertical mixing. As men-
tioned earlier, when the vertical mixing coefficient is on the
order of 10°m?s™1, the timescale is only a few days for a

50 m-deep ocean. While the transfer rate from dissolved to
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Fig. 9. Model results of SMIX. Depth-averaged radionuclide concentration in seawater phase (dissolved and LPM (phadeajril, (b)
20 May, (c) 29 June 2011(d—f) Radionuclide concentration in bottom sediment phé&bel4 April, (€) 20 May, (f) 29 June 2011.

4.1 The spatial structure of the dispersion 9b). For those in bottom sediment phase, the differences are
quite complex. The values found near the FNPP show dra-
We find the basic spatial pattern of the dispersion in SMIX matic decrease from CTRL to SMIX, while offshore values
(Fig. 9a—f) similar to CTRL (Fig. 6a—f and Fig. 7a—f). are slightly enhanced; concentrations found in Sendai Bay
Northward advection occurs in April and offshore disper- in May—June are higher in SMIX than in CTRL. Such dif-
sion strengthens in May and June. This is because the diderences arise because the radionuclides take longer to reach
persion of radionuclides for dissolved and LPM phases arghe bottom when vertical mixing is small. The radionuclides
determined mostly by the oceanic flow and the wind, whichare then capable of being advected further away from the
is the same for CTRL and SMIX. The distribution of the ra- source before they reach the bottom, making transfer to bot-
dionuclides in bottom sediment phase depends on those itbm sediment phase limited near the source but enhanced fur-
dissolved and LPM phases in the shallow regions so SMIXther away.
also shows similar behavior. However, more radionuclides
in dissolved and LPM phases are found in the open ocean
and they are more widely spread than in CTRL (Figs. 6e and
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4.2 Time dependence hanced the adsorption to bottom sediments and decelerated
the rapid dispersion of radionuclides to the open ocean.
The time series showing the number of radionuclides in Vertical mixing can significantly affect the amount of the
each phase shows those in bottom sediment phase increasingdionuclides that transfer to bottom sediment phase. Smaller
around mid-April in SMIX (Fig. 8b), which is about a week mixing leads to less accumulation of radionuclides in bottom
later than CTRL (Fig. 8a). The accumulation speed is abousediments because it slows the time the radionuclides need
half and the total number of radionuclides in bottom sedi-to reach the bottom, where deposition occurs. On the other
ments is also half, 0.24 PBg. When the magnitude of verticalhand, the dispersion of radionuclides to its surroundings and
mixing is small, it takes longer time for the radionuclides to the open ocean will accelerate because more radionuclides
reach the bottom. So the oceanic flow field is capable of adremain near the surface.
vecting more radionuclides offshore, where the topography is It is worth noting here at the end that there are obviously
much deeper. Because it requires more time for radionuclideimitations to the model results we presented in this paper.
to transfer to bottom sediment phase where the topography ifirst, there should be some differences between the flow
deep, the amount of deposition further decreases. fields simulated in our model from reality, although we con-
Not only do more radionuclides remain in dissolved phasesider its general features reasonable. We do find the flow field
in SMIX compared to CTRL, but the dispersion to the open sensitive to the lateral boundary condition, since the region is
ocean is also accelerated. The amount of radionuclides imnder the strong influence of the Kuroshio, one of the most
seawater that have escaped to the open ocean (where tle@ergetic currents in the world. For example, the southward
bathymetry is deeper than 200 m) is about 2.8 PBq by Juneflow along the coast of Ibaraki that is simulated during the
This is more than twice as much as that found in CTRL. last few days of May in our model could be stronger and
Such rapid dispersion occurs when vertical mixing is smalllonger. Such a flow field will enable more radionuclides to in-
because there is less transfer to bottom sediment phase amdide to the southern coast of Ibaraki, enter the Kuroshio Ex-
more radionuclides remain near the surface, where the flowension, and disperse to the open ocean. Observations show
is much faster. More radionuclides are then capable of beingome Fukushima-origin radionuclides in bottom sediments
advected offshore. A decrease in vertical mixing therefore renear the southern tip of lbaraki and suggest the occurrence
duces the number of radionuclides that are adsorbed in botef such flow. Second, the amount of radionuclides that are
tom sediments near the coast and accelerates the number aflsorbed to bottom sediments are somewhat sensitive to the
radionuclides that disperses to the open ocean. parameters used in the particle-tracking model. The qualita-
tive behaviors of the radionuclides shown in this study will
likely to hold to its first order. For further realistic model-
5 Summary and closing remarks ing, however, the model needs to incorporate temporal and
spatial varying concentration for LPM, multiple classes for
In this study, we investigated the impact of phase transfemparticulate matters, or two-step transfer models for bottom
on the dispersion of radionuclides that were released into theediments. Third, we have neglected the impact of freshwa-
ocean from the FNPP. A Lagrangian patrticle tracking—ocearter inputs from local rivers, which could limit the magnitude
circulation coupled model was used with the migration of ra- of vertical mixing through enhanced stratification. Inclusion
dionuclides to different phases solved based on the stocha®f rivers may make the dispersion of radionuclides along the
tic method of Pedhez (2000), Peanez and Elliott (2002), coast of Fukushima resemble SMIX more than CTRL. Fur-
and Kobayashi (2007). Three phases of radionuclides weré¢her investigation on the impact of these features mentioned
considered; those dissolved in seawater (dissolved phase3bove on the behavior of radionuclides is beyond the scope
those adsorbed in large particulate matter (LPM phase)pf this study. Nonetheless, our study suggests the need to use
and those adsorbed in bottom sediments (bottom sedimemhodels that incorporate the migration of radionuclides into
phase). Many of the past studies have investigated the mechdifferent phases for more detailed understandings of their
nism responsible for the dispersion of radionuclides from thedispersion from the FNPP near the coast.
FNPP using a numerical model but in absence of phase trans-
fer. Here we summarize two major outcomes of our study.
The majority of the adsorption to bottom sediments likely
occurred within the first month or two. Since many radionu-
clides remain trapped in bottom sediments once they are
adsorbed, the oceanic flow field during the first month has
a profound influence on the spatial distribution of radionu-
clides near the coast that will continue for some time. For
March 2011, a weak northward flow along the shelf break
and a westward surface Ekman transport kept many radionu-
clides to remain near the coast. Such a flow field likely en-
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