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ABSTRACT

In this study, results are presented from the first operational ocean tracer dispersion model operated by the

National Oceanic and Atmospheric Administration/National Weather Service/National Centers for Envi-

ronmental Prediction (NOAA/NWS/NCEP). This study addresses the dispersion of radionuclide contaminants

after the Fukushima–Daiichi nuclear accident that was triggered by the 11March 2011 earthquake and tsunami.

The tracer capabilities of the Hybrid Coordinate Ocean Model (HYCOM) were used in a regional domain for

the northwestern Pacific, with nesting lateral boundary conditions using daily nowcast–forecast fields from the

global operational Real-Time Ocean Forecast System (RTOFS-Global), a 1/128HYCOM global forecast from

NCEP, based on data-assimilative 1/128 HYCOM Global Ocean Forecast System (GOFS) analyses from the

Naval Research Laboratory/Naval Oceanographic Office (NRL/NAVOCEANO). This regional model,

RTOFSEpisodic Tracers for a region of theNorthWest Pacific (RTOFS-ET_WPA), was in operation until the

beginning of 2014, when the simulated 137Cs concentration was very close to the background level in the Pacific

before the accident, which was about 2 Becquerel m23 [Bq; 1 Becquerel 5 1 (nuclear decay) s21].

1. Introduction

The T�ohoku earthquake that occurred on 11 March

2011 was the most powerful earthquake known to have

hit Japan (moment magnitude Mw of 9.03). The tsunami

triggered by this huge earthquake damaged the Fukushima–

Daiichi Nuclear Power Plant (FNPP) complex (378250N,
141820E); after backup power was lost, three of the re-

actor cores in the power plant partially melted. While

efforts to cool down the reactors were made, the melted

fuel caused explosions, resulting in the emission of sig-

nificant amounts of radioactive materials into the at-

mosphere, transported and dispersed by winds, and

partially deposited into the ocean (Chino et al. 2011;

Stohl et al. 2012; Morino et al. 2011).

Of the radionuclides of concern for humans and the

food chain (131I, 134Cs, and 137Cs), 131I does not have a

long-term presence since it rapidly decays with a half-

life of 8.02 days. The cesium components are important,

due to their half-life of 2.06 yr for 134Cs and 30.17 yr for
137Cs. Deposition of 134Cs and 137Cs into the Pacific

Ocean, and consequently their dispersion/transport,

occurred in an initial activity ratio very close to 1:1
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during the Fukushima accident (Buesseler et al. 2011,

2012). This unit value of the 134Cs to 137Cs ratio at the

source further allows identification of radionuclides as

having Fukushima origin or not.

A number of studies have been conducted recently to

estimate the total amount of radionuclides dispersed in the

atmosphere and later deposited over both land and ocean

in the vicinity of the disaster. By coupling environmental

monitoring data with atmospheric dispersion simulations,

Chino et al. (2011) estimated the rates and total amounts

of radionuclides released into the atmosphere from 12

March 2011 to 4 June 2011, totaling 13 peta-Becquerel

[where 1 Becquerel (Bq) 5 1 (nuclear decay) s21 and

1 peta-Becquerel (PBq)5 1015 Bq] for 137Cs. This work

was the basis for the Nuclear Safety Commission of Ja-

pan (NSC) disclosure for the total radionuclide dis-

charge into the atmosphere (12 PBq of 137Cs reported on

12 April 2011). Morino et al. (2011) simulated de-

position rates from atmospheric radioactive materials

(131I and 137Cs) with a three-dimensional atmospheric

chemical transport model including dry and wet de-

position, in a region of about 88 3 88 centered at the

Fukushima location. Their estimate of 137Cs emission for

only the month of March 2011 was 9.9 PBq, of which

4.4 PBq was deposited over both land and ocean in the

modeled region. Stohl et al. (2012) presented an estima-

tion of radionuclide emissions, obtained from an inverse

method with atmospheric dispersion models and mea-

surements over Japan, NorthAmerica, and other regions.

Their 137Cs inversion results gave a total emission of

36.6PBq (20.1–53.1PBq). This wide range for emission

estimations (9.9–36.6 PBq) can be attributed to limited

data availability and differences in atmospheric modeling

frameworks (resolution, parameterizations, etc.) and are

an indication of the uncertainty in the atmospheric

source. We discuss atmospheric sources in section 3b(4).

Observations of radionuclide concentrations in sur-

face and subsurface waters are crucial for assessing the

local contamination near the accident site, as well as

radionuclide transport by the atmosphere and ocean.

Concentrations of 137Cs in the direct vicinity of the

FNPP after the accident were observed and made pub-

licly available by the Tokyo Electric Power Company

(TEPCO) and by the Ministry of Education, Culture,

Sports, Science and Technology–Japan (MEXT); their

results were discussed by Buesseler et al. (2011). Ac-

cording to Buesseler et al. (2011), the TEPCO data at

two discharge channels and two coastal locations show
137Cs peak concentrations in April 2011 at the channels

(’0.7 3 108Bqm23 in the northern channel). These

concentrations then decrease, reaching values of about

105Bqm23 in the following month. High concentrations

extended to the MEXT locations 30 km offshore, where

they reached values of 105Bqm23 by mid-April.

Buesseler et al. (2012) measured radionuclide concen-

trations during June 2011 in surface and subsurface

waters and in mesopelagic fish and plankton in the re-

gion 30–600 km off Japan at 348–388N, and sampled the

circulation with drifters. The maximum concentrations

were found in a semipermanent nearshore eddy (137Cs

concentrations above 3000Bqm23). They found that the

Kuroshio formed a southern boundary for the transport

of the Fukushima-derived radionuclides, with water

samples to the north of the current containing 134Cs, but

those within the current or south of it showing no sig-

nificant amount of 134Cs. Observations were reported by

Honda et al. (2012) during April–May 2011 for surface

seawater 137Cs concentrations, in sections with end

points at a distance 1800 km northeast and 900km

southeast of Fukushima, and passing 200 and 400 km east

of Fukushima. Observed values ranged between 4 and

284Bqm23. Observations from commercial and cargo

ships and research vessels during April–May 2011 and

March 2011–March 2012 were presented by Aoyama

et al. (2012, 2013), which include Honda et al.’s stations.

In April 2011, surface concentrations of 137Cs larger than

1000Bqm23 were found several hundred kilometers east

of Fukushima. Values larger than 100Bqm23 were also

found in May 2011 near 438N, 1808, more than 3000km

from the source. These measurements indicate that the

main radioactive plume, formed by both atmospheric

deposition and direct discharge, traveled eastward away

from the source, advected and diffused by the Kuroshio

and extension and related mesoscale eddies, with the

Kuroshio playing a role of a barrier and retaining most of

the surface tracer north of the current.

Several modeling studies have addressed the coastal

and large-scale dispersion of contaminants. Regarding

nearshore models, Masumoto et al. (2012) presented an

intercomparison of ocean simulations for the direct de-

position of contaminants near the Fukushima nuclear

complex [including models in Kawamura et al. (2011),

Tsumune et al. (2012), and Estournel et al. (2012)], in

which the total directly discharged activity of 137Cs was

estimated to be 2–15 PBq based on various sources.

These simulations showed an initial southward transport

due to a weak coastal current, followed by transport

and dispersion by mesoscale eddies and the eastward-

flowing Kuroshio. Among the studies for dispersion in-

cluding the ocean interior, Dietze and Kriest (2012)

simulated the evolution of the coastal discharge of 137Cs

using a global model with enhanced resolution near

Fukushima for times up to 1 yr. They estimated a resi-

dence time of 43 (626) days of 137Cs on the shelf;

forecasted an eastward progression of the 137Cs patch,

with enhanced surface activity offshore a few months
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after the release; and predicted the presence of tracer in

the Kuroshio–Oyashio region (a site of North Pacific

Intermediate Water formation) 1 yr after the release.

For time scales of a few months, Rypina et al. (2013)

presented numerical simulations of radionuclides aim-

ing at interpreting the observations of Buesseler et al.

(2012), through simulated Lagrangian particles. They

used both two-dimensional surface velocities (geo-

strophic velocities from altimetry plus Ekman velocities)

and three-dimensional velocities from a high-resolution

(3 km) Navy Coastal Ocean Model (NCOM) simulation

with data assimilation covering a region 158 latitude 3
208 longitude off the coast of Fukushima. They found

better agreement with the observations for a direct

ocean discharge of about 16PBq. The long-term and

basin- to global-scale evolution of the Fukushima tracer

was studied by Behrens et al. (2012) and Rossi et al.

(2013). Behrens et al. (2012) presented long-term (10 yr)

basin- to global-scale simulations of 137Cs after the Fu-

kushima nuclear accident forced with 10 yr atmospheric

reanalysis products (ending in 2007). The tracer spread

through transport by large-scale currents and eddies,

and was vertically mixed by turbulence mostly in winter.

The tracer dispersed in a large region in the central Pa-

cific 21/2 years after the initial release, covering approx-

imately 258–458N, 1608E–1408W; penetrating to depths

ofmore than 400m; and leaving a 208 3 158 region off the
coast of Japan free of tracer. Rossi et al. (2013) indicated

that 137Cs is expected to reach the U.S. West Coast by

early 2014 with concentrations .10Bqm23. The nu-

merical studies predicted a general eastward evolution,

location north of Kuroshio at the initial stages, with later

penetration south of the current, and dilution of the

tracer, from months to decades in advance.

Many of thesemodeling studies focus on the evolution

of 137Cs from direct coastal discharge as it disperses into

the ocean. In the present work we follow the evolution

of 137Cs originating from the Fukushima–Daiichi nu-

clear power plant accident, after it was injected into the

ocean both through atmospheric deposition and coastal

discharge, and for a 2–3 yr time frame. Here, we use an

operational framework. Results of the simulation are

produced in real time after April 2011, and have been

publicly available in real time since a few months after

the accident. The first objective of the simulations is

to obtain results that can be used for quick guidance on

environmental contamination that could be provided

as actionable information to managers and decision

makers. In addition, the tracer simulations at National

Weather Service/National Centers for Environmental

Prediction (NWS/NCEP) serve as a practical example

for future operational implementation of ecobiological

ocean forecasts with realistic currents.

This paper is organized as follows. In section 2, the

regional ocean model and the atmospheric and direct

discharge sources are described. In section 3, the results

of the simulation are presented and discussed. In section

4, we summarize our results and present our conclusions.

2. 137Cs simulations

This study is part of a bigger effort started immediately

after the accident with preliminary estimations of con-

taminant transport made via synthetic particles advected

offline using velocity fields of the global operationalReal-

Time Ocean Forecast System (RTOFS-Global; Tolman

et al. 2013; see appendix A). These preliminary estima-

tions allowed a quick assessment of regions where ra-

dionuclides were transported, and produced a rough

estimation of radionuclide concentrations that was pro-

vided to the U.S. government in near–real time through

an Interagency Working Group (Tolman et al. 2013).

Our present modeling study that traces both atmo-

spheric and oceanic discharge consists of a nested regional

oceanmodelwith one tracer [RTOFSEpisodic Tracers for

a region of the North West Pacific (RTOFS-ET_WPA)]

and no data assimilation. It makes use of different

components, including a global ocean model, an atmo-

spheric dispersion model, and a coastal ocean model.

The simulation and components involved are listed in

Table 1, and are described in detail in the next sections.

RTOFS-ET_WPA is initialized for the day of the accident

from a global hindcast (RTOFS-Global) that does not

contain tracers. The tracer deposited from the atmosphere

is input at the ocean surface as per the estimates by an

atmospheric dispersion model (Draxler et al. 2013) pro-

duced by the National Oceanic and Atmospheric Ad-

ministration (NOAA) Air Resources Laboratory (ARL)

for the days following the accident (through 17 April

2011). The coastal discharge is added to the existing tracer

on 26 April 2011 from a three-dimensional tracer distri-

bution simulated by a high-resolution coastal model

configured by NOAA/National Ocean Service (NOS).

After that, the tracer evolved in RTOFS-ET_WPAwith

no extra sources and no radioactive decay.

a. Regional ocean model for the western Pacific

RTOFS-ET_WPA uses HYCOM in a configuration

with 1/128 resolution in the horizontal, nested in the 1/128
RTOFS-Global model with no tracer running operation-

ally at NOAA/NCEP (http://polar.ncep.noaa.gov/global;

http://www.ncep.noaa.gov/newsletter/january2012; de-

scription in appendix B and Table 1). RTOFS-ET_WPA

makes use of the HYCOM tracer capabilities, which

solve the prognostic tracer equations including turbu-

lence parameterization at each time step. The model
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includes one tracer, with no radioactive decay, for 137Cs,

since its half-life (unlike 134Cs and 131I) is much longer

than the 2–3-yr simulation time. The RTOFS-ET_WPA

HYCOM source (release version 2.2.36) is modified to

include atmospheric deposition of tracers in the fol-

lowing manner. Starting with a zero 137Cs concentration

at the beginning of the simulation, the atmospheric de-

position tracer corresponding to each model time step is

added as a concentration distributed over the model top

layer with a thickness of 1m (see section 2b and Table 1

for details on the atmospheric tracer source). The tracer

is rapidly mixed throughout the mixed layer via the

turbulent parameterizations in the K-profile parame-

terization (KPP) mixed layer of RTOFS-ET_WPA, in

which the tracer is treated like salinity for turbulent

vertical mixing. Themixed layer depth (MLD) is defined

as the depth at which the density difference with respect

to the surface is equivalent to a 0.38C temperature

change (with no change of salinity). The model covers

the western North Pacific region inside 15.38–588N and

133.78E–1508W (Fig. 1). The horizontal grid, a subset of

the global model, is a Mercator grid except north of

478N. The vertical structure is solved in 32 vertical

layers, of which the top 7 layers are generally in z co-

ordinates and cover the upper 30m, with 1- and 2-m

thicknesses for the top two layers. The model is initial-

ized with the nowcast state of RTOFS-Global for 11

March 2011, and is run with no updates to the global

data-assimilated solutions in the interior of the domain.

The lateral boundary conditions are from one-way

nesting, with the external solution being daily nowcast

states of the RTOFS-Global simulation, which include

data assimilation in their daily initialization (appendix

B). The one-way nesting method applies the method

of characteristics for normal barotropic velocity and

pressure, while parallel barotropic velocities are im-

posed. Normal baroclinic velocities and total mass

fluxes are imposed while tangential velocities are

nudged at the boundary. Because data assimilation is

present only in the lateral boundary conditions, which

are not enough to constrain the ocean interior, except

for the first few days from initialization, the model

ocean interior is not expected to reproduce the oceanic

eddy field and the Kuroshio frontal location of the real

ocean.

Keeping the regional model with no updates to the

interior of the data-assimilated global model is a simple

way to have the tracer follow the ocean dynamics at the

model resolution. This procedure was adopted because

at the time of the accident, a tracer correction capability

was not available that worked well in conjunction with

updates of the physical variables to those of RTOFS-

Global and updates on the open model boundaries.

Future developments are expected to include correc-

tions to tracers concordant with data-assimilative cor-

rections in the thermodynamic variables, geopotential,

and velocities.

In operations, each day RTOFS-ET_WPA is ad-

vanced for 1 day (to the present), and in addition one

forecast day is produced. The forcing employed is the

TABLE 1. Model components. The RTOFS-ET_WPA simulated dates, and the dates for the inputs, are listed.

Name Configuration Domain Usage

RTOFS-ET_WPA HYCOM 1/128, one tracer, no

data assimilation, atmo-

spheric forcing: NCEP

GDAS (past) and NCEP

GFS (future)

Northwestern Pacific

Ocean (Fig. 1)

Tracer simulations during 11

Mar 2011–Dec 2013

Input

RTOFS-Global

(appendix B)

HYCOM 1/128, no tracer, daily

analysis (NAVOCEANO),

atmospheric forcing: NCEP

GDAS (past) and NCEP

GFS (future)

Global Initial conditions on 11 Mar

2011 and lateral boundary

conditions for 2011–13

HYSPLIT-NSC HYSPLIT atmospheric disper-

sionmodel, 137Cs fromChino

et al. (2011), 0.258 NOAA

GDAS winds

Global Deposition of tracer applied

during 11 Mar–10 Apr 2011

Coastal model

(NOS-ROMS)

ROMS 1km (NOAA/NOS) Coastal (Figs. 1, 3) Direct discharge applied on 26

Apr 2011

Atmospheric forcing

NCEP GDAS Atmospheric spectral model

(appendix B)

— For hindcasts with data

assimilation

NCEP GFS Atmospheric spectral model

(appendix B)

— For forecasts initialized from

GDAS
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same NCEP forcing as for RTOFS-Global, based on

a global spectral atmospheric model, which includes

satellite and atmospheric data assimilation for times in

the past (Yang et al. 2006; see Table 1 and appendix B;

Saha et al. 2010).

b. Source for atmospheric deposition of 137Cs

NOAA/ARL produced several estimations of the

atmospheric deposition of radionuclides from the FNPP

with their atmospheric dispersion model, the Hybrid

Single Particle Lagrangian Integrated TrajectoryModel

(HYSPLIT; Draxler and Hess 1998; Draxler et al. 2013,

2014). A version close to Draxler et al. (2013), which

included 137Cs sources from the Japan Nuclear Safety

Commission (HYSPLIT-NSC), is used for this study.

The HYSPLIT-NSC source for 137Cs is based on

Chino et al. (2011), who included verification with

environmental monitoring data (see Table 1 for

HYSPLIT-NSC). The total deposition of 137Cs over

land and ocean in HYSPLIT-NSC was approximately

10PBq. This atmospheric dispersion model tested suc-

cessfully (Draxler et al. 2013) in evaluations of 137Cs

depositions over land obtained from different global

meteorological analyses using a common emission

source.

According to this source for 137Cs, the time-integrated

tracer concentration (Fig. 2a) reached a maximum in

a region extending about 100 km around the nuclear

plant. The maximum value was 3.8 3 106Bqm22.

Values greater than 104Bqm22 extended several hun-

dred kilometers from the plant, and some tracer (with

deposition concentrations up to 1000Bqm22) was de-

posited in the Bering Sea. The deposition occurred

during the period 13 March–17 April 2011 (Fig. 2b).

In the first 100 km from the plant, 46% of the total

tracer was deposited, and 25%, 11%, 12%, and 5%

were deposited at distances 100–500, 500–1000, 1000–

2000, and .3000 km from the plant, respectively. The

total 137Cs amount deposited through the atmosphere

over the ocean was 5.4 PBq (Fig. 2b). Of the total

deposition, 83% occurred north of the Kuroshio front,

defined as collocated with the mean for the days of

deposition of the 0.3-m sea surface height (SSH)

contour.

c. Addition of coastal discharge from a coastal ocean
simulation

Weincluded the direct discharge of contaminatedwater

into the ocean by adding the tracer distribution from

a very high-resolution ocean model with the Regional

Ocean Modeling System (ROMS) from NOAA/NOS,

which is one of themodels participating in the comparison

for coastal discharge by Masumoto et al. (2012). This

model covered the region 348–408N, 1388–1458E, with
1-km horizontal resolution and 50 sigma vertical layers

(Figs. 1 and 3), and was nested in the data-assimilating

FIG. 1. Total domain of RTOFS-ET_WPA (indicated as WPA) represented with its points

equally spaced, and the domain of NOS-ROMS (indicated as ROMS) shown with thick lines.

FNPP is indicated.
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FIG. 2. Atmospheric deposition of 137Cs according to HYSPLIT-NSC. (a) Horizontal dis-

tribution of the total deposition (Bqm22), with amax value of 3.83 106Bqm22 (or 6.58 in log10
scale), in the RTOFS-ET_WPA domain. The locations of FNPP (circle) and Table 4 obser-

vations 1–8 (1–5 are numbers; 6–8 are dots at the observed locations and numbers) are in-

dicated. (b) Time dependence of the distribution of the accumulated deposition (accumulated

from the initial time vs time in Julian days since 1 Jan 2011, with dates indicated) over thewhole

domain (PBq) as obtained from the ocean simulation.
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NCOM(Barron et al. 2004). All simulations inMasumoto

et al. (2012) show the tracer initially following a south-

ward coastal surface current. At the end ofApril 2011, the

NOS-ROMS surface tracer concentration is consider-

ably lower than that observed and than those from

other simulations with a similar total source [see

Masumoto et al. (2012), NOAA simulation]. This may

indicate an unrealistically high vertical diffusion for

NOS-ROMS. The coastal source in NOS-ROMS was

a version of the estimate by Kawamura et al. (2011), at

the Japan Atomic Energy Agency (JAEA), which re-

sulted in 4.5 PBq for coastal discharge [this was 4 PBq

in Kawamura et al. (2011)]. In this coastal simulation,

the total tracer begins to decrease in May 2011 due to

advection of tracer out of the modeled region. There-

fore, we interpolated the NOS-ROMS 26 April 2011

tracer distribution to the horizontal and vertical model

grid of RTOFS-ET_WPA for that day. To eliminate

background noise, only tracer values greater than

3Bqm23 were kept, and in addition the tracer was

limited to the region 34.98–38.58N (surface tracer in

Fig. 3). The tracer inventory was then renormalized to

the NOS-ROMS total tracer content of 4.5 PBq. The

tracers from atmospheric deposition and coastal dis-

charge were 5.4 and 4.5 PBq, respectively, which to-

taled 10 PBq.

After the inclusion of the NOS-ROMS direct coastal

discharge (Fig. 4), the combined tracer evolved in the

RTOFS-ET_WPA model with no additional tracer

sources. Our simulation with atmospheric deposition

and coastal discharge covered the period from 26 April

2011 through the beginning of 2014. In the last few

months of the simulation, the 137Cs maximum concen-

trations were less than 5Bqm23, close to the back-

ground concentration of 1–2Bqm23 prevalent in the

Pacific prior to the Fukushima accident, due to natural

processes, nuclear tests performed during the 1960s, and

a very small contribution from the Chernobyl nuclear

FIG. 3. Surface concentration of 137Cs due to coastal discharge (Bqm23), as obtained from

NOS-ROMS for 26 Apr 2011, renormalized and interpolated onto the RTOFS-ET_WPA grid,

shown in the total domain of NOS-ROMS. The location of FNPP (circle), min concentration

(0), and log10 of the max concentration are indicated.
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accident of 1986 (Aoyama et al. 2012, 2013). In addi-

tion, we did not account for the tracer leaving the

RTOFS-ET_WPA model boundaries, for which reason

we consider the simulation meaningful only through the

first half of 2013.

It should be noticed that tracer released from coastal

locations after April 2011 is not included in our simu-

lation, while discharge, though in smaller than the initial

amounts, was reported through 2011 and 2012 (Kanda

2013), and is probably continuing.

FIG. 4. Concentration of 137Cs (Bqm23). The surface concentration fromRTOFS-ET_WPA in the region close to Fukushima is equal to

the total domain of NOS-ROMS: (a) 26 Apr 2011, model forced with atmospheric deposition only, after the end of the deposition period;

(b) 27 Apr 2011, immediately after adding the direct ocean discharge from the coastal model; (c),(d) as in (a),(b), but for the meridional

section at 141.768E; and (e),(f) as in (a),(b), but for the zonal section at 36.658N. In (a),(b), the locations of the FNPP (circle) and the zonal/

meridional sections (thick lines) are indicated.
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3. Results and discussion

a. Simulated ocean circulation in the northwestern
Pacific

The circulation (Fig. 5) in our model, which was ini-

tialized with a data-assimilated solution in March 2011

and was evolved forward with lateral boundary condi-

tions from RTOFS-Global nowcasts with no extra in-

terior reinitialization or data assimilation, begins with

and develops many of the same features seen in the

observations. The annual mean circulation in the Kur-

oshio and Kuroshio Extension (KE) shown in Fig. 5a

compared well with the drifter-derived velocities of

Niiler et al. (2003) for the 1990s (their Figs. 2 and 5; not

shown). Two meanders on the KE formed east of Japan

at 1448 and 1508E (indicated as m1 and m2 in Fig. 5a) as

reported by past observations (Kawai 1972; Mizuno and

White 1983; Niiler et al. 2003), and a third meander (m3)

with a northward deflection at 1588Ewas formed slightly

westward than that reported by Niiler et al. (2003). East

of this last meander, the northern branch is apparent,

located east of 1608E near 368N. In comparison with

Niiler et al. (2003), the model anticyclonic recirculation

region south of the Kuroshio and west of 1408E (a1)

showed good agreement, while the anticyclonic re-

circulation south of the first two meanders of the KE

(a2) showed a somewhat different extent, with a cyclonic

eddy (c1) present south of the first meander (Yasuda

et al. 1996). Part of this difference can be due to the

different time periods used for averaging in the model

and observations. Downstream of the Tsugaru Strait and

located between the islands ofHonsu andHokkaido, the

Tsugaru coastal current, a branch that joins the subpolar

front and contributes to the Subarctic Current, and an

anticyclonic eddy (a3) north of the second KE meander

are in agreement with Niiler et al. (2003). The southward

Oyashio current flows east of the island of Hokkaido.

The model circulation is also in agreement with the

currents and eddies of the circulation schemes reported

in Yasuda et al. (1996) and Yasuda (2003). Overall, the

15-m-depth circulation pattern from the model agrees

very well with Niiler et al. (2003) for the Kuroshio and

KE, with the northern branch at 368N, the southern

branch at 328N, and the subpolar front at 408N.

The surface instantaneous and annual mean velocity

in the western region of the Kuroshio and KE are

compared (Fig. 5) with surface geostrophic velocities

derived from satellite altimetry data provided by Ar-

chiving, Validation, and Interpretation of Satellite

Oceanographic data (AVISO; http://www.aviso.

oceanobs.com). For a qualitative assessment in a re-

gion of strong currents, we consider this comparison

valid even though the Ekman component is missing in

the observations. The contribution of the Ekman com-

ponent to the climatological 15-m total velocity was

visually unnoticeable (not shown), based on the

total and geostrophic velocities from the NOAA/

Atlantic Oceanographic andMeteorological Laboratory

(AOML) drifter climatology by Lumpkin and Garraffo

(2005). For 27 April 2011 (Fig. 5b), the surface velocity in

the Kuroshio front ranges between 1 and 2.5ms21, while

the annual averaged velocity (May 2011–April 2012;

Fig. 5d) shows values on the front between 0.6 and

1.2m s21 (the observed maximum values are about

1.3m s21 in Figs. 5c,e). The modeled and altimeter-

derived velocities compare closely for 27 April 2011

(Figs. 5b,c), with the location of the two semipermanent

meanders discussed above (m1 and m2) in close agree-

ment, except that the secondmodelmeander and the eddy

north of it (a4) are located 18–28 toward the west of the

observed features. The eddy at 398N, 1448E (a5) is also

reproduced by the model. South of the KE, the model

shows cyclonic and anticyclonic eddies. The cyclonic eddy

south of the second southward meander of the KE

(c2, 31.58N, 1538E) is in good agreement with the observa-

tions, while the anticyclonic eddies immediately south of

the KE at 1458 and 1518E (a6 and a7) are more developed

and slightly displaced in the model compared with the

observations. The good representation in the model of the

main observed mesoscale features indicates a lasting im-

pact of the realistic hindcast initialization through April

2011, 1.5 months after initialization. Even after omitting

very narrow currents or filaments unresolved in the 1/38
gridded observations, away from the main current, the

model generally shows an overabundance of high-velocity

features relative to the observed geostrophic velocity field.

The annual mean model velocity shows that the two

meanders of the KE (m1 and m2) are in agreement with

the observed geostrophic velocity (Figs. 5d,e), but the

modeled velocities east of 1528E are weaker than those

observed. The narrower model Kuroshio and KE, with

respect to the observations, indicate weaker modeled

than observed current path fluctuations. The difference

in the model and observed magnitudes, not present for

April 2011, indicates that the circulation weakened in

the KE during the year of the average (Fig. 5d). During

that year, the model was advanced without data assim-

ilation except for the input through the RTOFS-Global

lateral boundary conditions. Simulations at 1/128 resolu-
tion and no data assimilation with HYCOM generally

show weaker western boundary current extensions and

mesoscale variability than is observed, while both the

current magnitude and variability intensify at higher

resolution (Haza et al. 2012; Mensa et al. 2013). West of

1408E the small width, high intensity, and defined
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FIG. 5. Velocity and speed (m s21) (a) simulated as annualmean (May 2011–April 2012) at 15-m depth (depth of drogued in situ drifters)

in the region containing the Kuroshio and KE; (b) simulated for 27 Apr 2011 at 0.5-m depth for the region including the Kuroshio and

western KE; (c) AVISO geostrophic velocities for 27 Apr 2011; (d) simulated as annual mean (May 2011–April 2012) at 0.5-m depth; and

(e) AVISO (geostrophic velocities) as annual mean (May 2011–April 2012). Plotted domains extend to the western model boundary.

Indicated in (a),(b) are semipermanent meanders (m1 and m2), meander and deflection (m3), anticyclones (a1–a7), and cyclones

(c1 and c2).
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position of the annual mean modeled Kuroshio indicate

that the variability due to Kuroshio path fluctuations

(Kawabe 1995; Qiu 2001) is not captured, due to the path

fluctuations not having a strong signal at the western

model boundary (1358E), and also due to the imperfect

nesting (section 2a). Overall, the model starts with a re-

alistic representation of the main currents and eddies, and

may initially produce enhanced mesoscale variability. As

it evolves, the KE weakens, and weaker than observed

variability is produced in the meanders of the Kuroshio

and KE.

b. Tracer evolution

The horizontal (surface) and vertical tracer distribu-

tions close to Fukushima, before and after adding the

coastal discharge, are shown in Fig. 4. Adding the coastal

discharge, the maximum surface concentration (Table 2)

increased from 7200 to 10 200Bqm23, and the surface

region with highest concentrations (Figs. 4a,b) became

more extended to the south and slightly more extended

to the east. The southward extension of the tracer is due

to a current advecting the discharged tracer in the

coastal model (Masumoto et al. 2012). This current is

apparent in the simulation before introducing the

coastal deposition, but is not well resolved. Eastward

extensions of the tracer beyond 1428E result from in-

cluding the coastal model tracer (Fig. 4b), at 388N and

between 368 and 378N. The 388N extension is due

to northeastward currents and anticyclonic eddies in

NOS-ROMS, while a zone with low velocities and

a cyclone are present in RTOFS-ET_WPA between the

coast and 1438E. The eastward extensions of tracer be-

tween 368 and 378N are due to fast advection (during

1 day) of the southward extension of the coastal source

tracer by the simulated Kuroshio, which is located too

close to the coast in RTOFS-ET_WPA (Figs. 5b,c; near

368N, 1418E). After the addition of the coastal dis-

charge, the 137Cs distribution also extended deeper

and had higher subsurface values (141.88E meridional

sections and 36.78N zonal sections; Fig. 4c,d and 4e,f,

respectively).

Vertical and horizontal diffusion parameterization

in NOS-ROMS influenced the distribution of the added
137Cs. By using NOS-ROMS for coastal discharge, we

introduced a realistic horizontal distribution of the

coastal tracer that could not be totally resolved by

RTOFS-ET_WPA. However, NOS-ROMS has high

vertical diffusion/mixing: RTOFS-ET_WPA, which has

KPP mixed layer diffusion parameterization and very

low numerical vertical diffusion, produces a tracer

patch extending to 500-m depth (Figs. 4c,e), while the

NOS-ROMS tracer extends below 1500m. This is

a reason for which the surface tracer concentration in

NOS-ROMS is up to 10 times lower than in the obser-

vations and other models with similar sources consid-

ered by Masumoto et al. (2012). Therefore, low surface

concentrations of coastal source tracer are to be ex-

pected in our simulation.

The total 137Cs amounts in the HYCOM simulation in

the region covered by NOS-ROMS (Fig. 3) were 2 and

6.5 PBq before and after adding the coastal discharge,

respectively, while in the entire WPA model domain

these amounts for the same times were 5.4 and 10PBq,

respectively (Table 2).

1) MAXIMUM SURFACE CONCENTRATION AND

NORMALIZED VERTICAL SLAB TRACER

CONTENTS

After the addition of coastal discharge, the model

evolved with no extra sources. The maximum surface

concentration steadily decreased (Table 2 and Fig. 6).

The absolute maximum value of the surface concentra-

tion (110 000Bqm23; not shown) occurred on 31 March

2011, with tracer from atmospheric deposition only. This

quantity quickly declined to 7200Bqm23 on 25 April

2011 (first row in Table 2). A continuation of the simu-

lation with only an atmospheric source until July 2011

(not shown in this study) showed that without extra

sources themaximum value of the surface concentration

would have decreased to 1000Bqm23 on 2 July 2011,

that is to ,1% of the maximum in 4 months. This is

a relatively faster decline than the approximately 7

months reported by Behrens et al. (2012) to reach 1% of

TABLE 2. Max surface concentration (Bqm23) of 137Cs during

25Apr 2011–15Dec 2012, location of themax surface concentration,

and the total 137Cs amount. The max is listed for the ocean interior;

when the absolute max occurs on the coast, its value is listed in pa-

rentheses. The 137Cs content over the total volume of the model is

5.4PBq for 25 Apr 2011 (with atmospheric deposition source), and

10PBq on and after 27 Apr 2011 (after coastal discharge is added).

The absolute max surface concentration (110 000Bqm23; not

shown) occurred on 31 Mar 2011, with atmospheric deposition

source.

Date

Max surface

concentration

(Bqm23) Location

Total amount

(PBq)

25 Apr 2011 7200 37.88N, 141.28E 5.4

27 Apr 2011 10 200 36.88N, 140.88E 10

15 Jun 2011 3120 38.18N, 141.08E 10

15 Sep 2011 44 40.38N, 150.58E 10

15 Dec 2011 22 (33) 40.98N, 155.08E 10

15 Mar 2012 14 (24) 40.88N, 163.88E 10

15 Jun 2012 9 (16) 43.08N, 156.28E 10

15 Sep 2012 7 (10) 40.08N, 176.48E 10

15 Dec 2012 7 (8) 41.68N, 176.28E 10

15 Mar 2013 6 42.68N, 178.38W 10
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the surface tracer maximum. This difference is expected

due to the larger extent of the tracer patch produced by

atmospheric deposition versus coastal discharge, im-

mediately reaching eddies located off the coast, together

with the Kuroshio and KE that quickly advected and

dispersed the tracer. Other differences with Behrens

et al. (2012) can be attributed to differences in numerical

models and initializations, and also in atmospheric

forcings, parameterizations of mixed layer, viscosity,

and tracer diffusivity.

The maximum surface concentration (Fig. 6) was

10 200Bqm23 on 27 April (the initial day with tracer

from atmospheric deposition and coastal discharge), and

decreased to 110Bqm23 by August 2011, or 1% of the

maximum with both sources, also 4 months after this

relative maximum. It reached values below 20Bqm23

by March 2012, and 6Bqm23 within 2 yr after the acci-

dent, a value that is a few Becquerel above the

;2Bqm23 background level in the 2000s (Aoyama et al.

2012, 2013). The maximum surface concentration de-

clined with time scales of 40 days for the period ofApril–

July, 20 days for July–August, and a much slower 250

days starting in September 2011.

During most of the simulation period, the maximum

concentration remained below levels considered dan-

gerous for human consumers. (The Environmental

Protection Agency gives a maximum contamination

level for drinking water of about 7000Bqm23.)

The tracer content normalized by the total tracer

amount (10 PBq) was computed for vertical slabs at 0–

100, 100–400, 400–700, 700–1000, and below 1000m

(Fig. 7). The subsurface tracer came from tracer origi-

nally deposited at the surface by atmospheric deposition

or on the coast through coastal discharge. The tracer

content at the surface slab (0–100m) steadily decreased,

while the tracer was transferred to deeper depths,

starting with a maximum decrease (April–June 2011,

going from 45% to 30% of the total tracer), followed by

a slower decrease during the rest of 2011, leveling at

18% in May 2012 and beyond. The subsurface slab for

depths of 100–400m showed a tracer increase initially

and then again in September 2011–April 2012 (fall and

winter), while there was a slight decrease in summer

(July–September 2011). The variations in June–September

2011 (around day 200), and small variations after

December 2012 (around day 800), indicate seasonal

tracer exchanges with the 0–100-m slab. The tracer in the

400–700-m slab also shows a maximum initial increase,

gradually leveling off after February 2012, and the 700–

1000-m slab shows an increase, leveling off at the end of

2012. No variations were noticeable for slabs below

1000m. The initial tracer content for 1000m–bottom

FIG. 6. Max surface 137Cs concentration (Bqm23) vs time, after 27 Apr 2011, when both

atmospheric deposition and coastal dischargewere included in the simulation (Julian days since

1 Jan 2011 indicated).
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(10%) resulted from the coastal discharge as provided

by NOS-ROMS.

2) VERTICAL SECTIONS

We present results for two model vertical sections at

37.58N and 1508E (Figs. 8 and 9). A zonal section of the

tracer at 37.58N (Fig. 8) is located north of the Kuroshio

through the maximum of the tracer patch for April 2011

(Fig. 4b), but is south of the surface tracer patch maximum

for latermonths [section3b(3)]. The section shows the tracer

evolving toward the east with time, detaching from the coast

of Japan, with a concentration modulated by meanders and

eddies, and with a subsurface maximum at 200–400m after

June 2012. This maximum is centered at 1608E during June

2012 (Fig. 8e) and at 1708E duringDecember 2012 (Fig. 8f).

The tracer is well mixed from the surface to just above the

subsurface maximum. For March and August 2013 (not

shown) the subsurfacemaximum in the 37.58Nzonal section

can be identified at layers 13 and 14 (s2 35.50–36.04,

where s2 is potential density referenced to 20MPa), 200–

300-m depth, and is located between the northern

branch of the Kuroshio and the KE (see Fig. 5a), at

1658E–1788W and 1758E–1738W, respectively. This is

the reported location of the light central mode water

(LCMW) discussed by Suga et al. (2004) and Oka and

Qiu (2012), but the observed LCMW density corre-

sponds more to layer 12 instead of layers 13 and 14.

Meridional sections across the Kuroshio (1508E;
Fig. 9) show the upper 400-m tracer limited to the north

of the Kuroshio front. The concentration shows a sharp

front coincident with the Kuroshio’s location for times

until December 2011, before the tracer moves east of

1508E. In June 2011, a subsurface tracer maximum is

evident at about 600m (layer 16, s2 36.04) at 358N,

a location south of the surface Kuroshio front (378N).

This layer represents in the model the intermediate

water (Talley 1993) identified by a salinity minimum in

the water column. This subsurface tracer maximum

persisted south of the front through the winter and the

following summer. For both March and August 2013

(not shown) the 1508Emeridional section shows a tracer

subsurface maximum for layers 14–16 (s2 35.50–36.04),

including the intermediate water, at 500–700-m depth

for 308N. This event illustrates the subsidence and ven-

tilation of water masses along the Kuroshio front,

influenced by frontal motions and eddies. Further dis-

cussion on the subsurface tracer evolution is presented

in section 3b(4).

The tracer evolution in our model illustrates a possi-

ble pathway across the Kuroshio front, following the

diving isopycnals with the intermediate water. More

work is needed to assess if this possible pathway is

excited, because we have obtained it in a simulation

initialized by an observed state, and therefore fast

FIG. 7. Mean tracer fraction (%) vs time, computed every 3 months, for depths 0–100, 100–

400, 400–700, 700–1000, and 1000m–bottom (Julian days since 1 Jan 2011 indicated). The total

tracer content is constant and equal to 10 PBq.
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adjustments toward an equilibrium state are to be ex-

pected. The evolution of the subsurface tracer is also

sensitive to the kind of surface boundary conditions

being of fluxes or including relaxation to surface tem-

perature and salinity. You (2003) and You et al. (2003)

discuss the transformation for the North Pacific In-

termediate Water in an extended pathway through the

Kuroshio–Oyashiomixed-water region and the subarctic–

tropical frontal zone, from 1408E to 1408W. Although

there are not enough observations to assess if the pathway

in the western Pacific found in our simulation was active

for the Fukushima tracer, we speculate that part of the

tracer may have followed it across the front.

3) SURFACE TRACER EVOLUTION

The atmospheric deposition is quickly distributed

through the mixed layer. The simulated mixed layer

depth (defined in section 2a) averaged for the first 20 days

of the simulation (Fig. 10) generally compares well with

the late winter MLD climatology of Suga et al. (2004). A

band ofMLD greater than 200m is present around 408N,

extending to 1758E. The warm eddy north of the Kur-

oshio was in our initial state (see also Fig. 5b, eddy a4).

South of the Kuroshio and around 338N, MLD values of

200–400m are present, which are higher than the 250m in

Suga et al. (2004). The maximum extent of the region of

deep MLD around 408N occurs on 17 March. Directly

east from Fukushima, on 11 March 2011 (the day of the

model initialization from RTOFS-Global), the model

MLD has values of about 40m. Tsumune et al. (2013)

pointed out that this value is larger than the 10m esti-

mated by Estournel et al. (2012) from observations. The

MLD increases in the first 70km offshore to about 200m

due to eddies and fronts off the coast.

FIG. 8. Simulated 137Cs concentration (Bqm23) in a zonal section at 37.58N on (a) 27 Apr 2011, immediately after adding the direct

ocean discharge from the coastal model; (b) 15 Jun 2011; (c) 15 Sep 2011; (d) 15 Dec 2011; (e) 15 Jun 2012; and (f) 15 Dec 2012. MLD is

indicated by the thick black line. Significant tracer concentrations at depths greater than 300m near Fukushima after 27 Apr 2011 are

mostly due to the NOS-ROMS realization of local coastal discharge. The long tick mark indicates 1508E (lon of the meridional section in

Fig. 9).
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We have compared our time mean MLD for 11–31

March 2011 with those from both RTOFS-Global and

Naval Research Laboratory/Naval Oceanographic Of-

fice (NRL/NAVOCEANO) GOFS hindcasts (www.

hycom.org; not shown). This last simulation includes

the most recent data in their daily data assimilation

(RTOFS-Global is initialized from NAVOCEANO’s

hindcast of 2 days prior to the present; see appendix B).

The maximum MLD in NAVOCEANO’s hindcast is

245m, in good agreement with climatology. The MLD

from RTOFS-ET_WPA has a similar horizontal distri-

bution when compared to that of NAVOCEANO’s

hindcast, but is deeper. The ratio between the MLD

from RTOFS-ET_WPA and NAVOCEANO is 1.5–2

for the regions of MLD larger than 240m in Fig. 10.

Horizontal surface currents (the Kuroshio and KE)

contributed to a dilution of the surface 137Cs concen-

tration. The surface concentration of 137Cs (Fig. 11,

initial dates also shown in logarithmic scale in Fig. 12)

produced a tracer patch that evolved by moving to the

east with the currents north of the Kuroshio and Kur-

oshio Extension, and dispersed within the rich meso-

scale eddy structure of the KE. The maximum tracer

concentrations occurred north of the Kuroshio, with the

current acting as a barrier for the tracer (clearly shown

in Fig. 11), in agreement with observations by Buesseler

et al. (2012) and modeling studies (Behrens et al. 2012;

Rypina et al. 2013).

West of 1608E, the surface tracer was located north of

the Kuroshio front (15 June and 15 September 2011;

Figs. 11b,c). On 15 September 2011 (Fig. 11c), the tracer

was also mostly limited to the north of the KE northern

branch between 1608 and 1708E, with some tracer leak-

ing into the KE southern branch around 358N, while

a current breaking off north of the northern branch is

present at 1658E–1808 (with approximately 5Bqm23

concentrations). The surface tracer located to the north

of the front (listed as a fraction of the total surface tracer

FIG. 9. As in Fig. 8, but for a meridional section at 1508E. Noticeable is the penetration of the tracer along the isopycnals near the

Kuroshio front, and subsided tracer south of the front after 15 Jun 2011. The long tick mark indicates 37.58N (lat of the zonal section in

Fig. 8).
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in Fig. 11) was identified as being collocated with values

of SSH smaller than 0.3m, except for the eddy at 338N,

1458E, in Fig. 11c, which contributed 2% to the surface

tracer to the south of the front. The fraction of surface

tracer to the north of the front decreased from 0.94 to

0.58 during the 600 days of the simulation in Fig. 11. As

in Behrens et al. (2012), the presence of larger pro-

portions of tracer in the recirculation region to the south

of the Kuroshio Extension occurred when the tracer

patch reached locations in the central Pacific where the

front was less pronounced, as found east of 1608–1658E
for 15 September and 15 December 2011 (Figs. 11c,d).

Cyclonic cold-core rings that formed and pinched off the

KE contained relatively high tracer amounts, trans-

ported tracer south of the KE, and later moved west-

ward in the recirculation region south of the Kuroshio

and KE. From a meander of the Kuroshio (Fig. 11b; 15

June 2011, 358N, 1478E), a ring containing tracer de-

tached on 14 July 2011, stayed near that longitude

through 15 September 2011 (338N, 1448E; Fig. 11c), then
moved westward and was reabsorbed by the Kuroshio

by the end of October 2011 (movies are available online

at http://polar.ncep.noaa.gov/global/tracers/, with the

WPA region labeled as WPAb). The small regions of

tracer-relative minima on the north side of the Kuroshio

front for 27 April 2011 (Fig. 11a), at 368N, 1528E
(eddy a4; Fig. 5b), and 368N, 1578E, corresponding to

anticyclonic warm-core eddies on the north side of the

front, also originated in theKE. The surface tracer for 15

June and 15 December 2012 (Figs. 11e,f) shows a more

mixed tracer field, and a tracer maximum concentration

of 8Bqm23, or about 4 times the pre-Fukushima maxi-

mum concentration. For March and August 2013 (not

shown) the maximum surface tracer has values of 6 and

5PBq, respectively, and the tracer patch is approxi-

mately distributed around 418N, 1808 and 408N, 1708W,

respectively.

4) SUBSURFACE TRACER EVOLUTION

Behrens et al. (2012) discussed how from the initial

time of their simulation, at a time of deep mixed layer

depths at the end of the winter, the tracer penetrated

through O(200m)-deep convection along the Kuroshio

in the western North Pacific due to wintertime cooling

(Suga et al. 2004), resulting in a rapid penetration of

the tracer to 500-m depths in the first weeks of the

simulation.

In our model, at 400-m depth, the tracer initially

appeared on the Kuroshio front (represented by the

35.2-s2 density line; see Fig. 13a, 27 April 2011), with

some tracer leaking to the south. Local atmospheric de-

posits occurred in the region around 348N, 1458E, where
the March 2011 model MLD was ’400m and where the

atmospheric source can contribute 2–5Bqm23 over the

FIG. 10. Model MLD (m), time mean of daily values for 11–30 Mar 2011. The max occurs

south of the Kuroshio (34.38N, 145.78E; values greater than 400m extend less than 100km

around this point); the eddy north of the front has anMLD of about 350m. The FNPP location

and the min and max values of the shaded field are indicated.
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FIG. 11. Simulated surface 137Cs concentration (Bqm23; color shaded), for the dates in Fig. 8. TheKuroshio–KE front is indicated by the

0.3-m contour of the model instantaneous SSH, along with the fraction of the surface tracer to the north of the front (N), west of 1608E
(W), and the total surface tracer as a fraction of its value on 27 Apr 2011 (Fi), as well as the min (0) and max of the shaded field.

White circles indicate the locations of the surface tracer maxima (Table 2). Long thick tick marks indicate 1508 and 1608E [sections 3b(2)

and 3b(3)].
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mixed layer. The patch near the coast west of 1458 was
introduced by NOS-ROMS. Figure 13a is the sub-

surface counterpart to Fig. 4b, and is the horizontal

representation of the 400-m concentrations seen in

Figs. 4d and 4f. The cyclonic eddy located at 338N,

1448E, on 15 September 2011 (Fig. 13c) can be seen as

a relative tracer maximum at 400m, its cold core

reaching 400m but not 700m (Fig. 14c). The 400-m

tracer generally moved to the east, but at a slightly

slower pace than the surface tracer, due to weaker

subsurface than surface currents [quantified later in

section 3b(5)].

The distribution of the 400-m tracer is consistent with

tracer passing through the region of central mode water

(CMW) andLCMWdiscussed by Suga et al. (2004), Oka

and Suga (2005), and Oka and Qiu (2012), and with the

tracer evolution in Behrens et al. (2012).

At 700-m depth the tracer remained mostly located

south of the front (represented by the northern branch

of the 36.0-s2 density line), at all times (Fig. 14). A

comparison with a simulation with atmospheric de-

position only (not discussed here) showed that most of

the June 2011 tracer at 700m (Fig. 14b) resulted from

coastal discharge as provided by the NOS-ROMS

coastal model and is probably unrealistic, but in terms

of horizontal distributions, the 700-m tracers from

coastal discharge and from atmospheric deposition were

similar. The passage of tracer toward the southern part

of the front at depths larger than 500m is illustrated in

Fig. 15, showing the tracer horizontal distribution at

layer 16 (with nominal density s2 36.04). Figure 15 is the

layer 16 counterpart of the 1508E section of Fig. 9b. The

tracer penetrates south of the front in the western part of

the first southward meander of the Kuroshio (338–358N,

FIG. 12. Simulated surface 137Cs concentration (Bqm23) on logarithmic scale for the total model domain and 0.3-m SSH contour: (a) 27Apr

and (b) 15 Jun 2011. (c),(d) As in (a),(b), but for details near Fukushima–Daiichi on 27 Apr and 15 Jun 2011, respectively.
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1458–1468E; m1 in Fig. 5a), and on the second southern

meander (32.58–358N, 1508E; m2 in Fig. 5a). As dis-

cussed in section 3b(2), tracer from the north of the

Kuroshio front penetrates southward along the

isopycnals, below the warm subtropical water pool. In-

stabilities also seem to contribute to the southward

transport of tracer near the front (Pollard and Regier

1992; Follows and Marshall 1994; Marshall 1997).

FIG. 13. Simulated 137Cs concentration (Bqm23) at 400-m depth, and 35.2-s2 density line, for the dates in Fig. 8.
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In summary, the tracer tends to stay to the north of the

Kuroshio front for depths to which the Kuroshio front

penetrates as a strong front, and is south of the front

below those depths. Winter vertical mixing in the mixed

layer, central mode water formation north of the

Kuroshio front, along-isopycnalmixing near theKuroshio

front, eddy transports, and southward transport with the

lower part of the Pacific subtropical meridional cell at

FIG. 14. Simulated 137Cs concentration (Bqm23) at 700-m depth, and 36.0-s2 density line, for the dates in Fig. 8.
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the base of the warm water pool with the intermediate

water (Talley 1993), all contribute to the redistribution

of the tracer toward deeper depths.

5) TRACER CENTER OF MASS

The tracer center of mass moved mostly eastward

(Fig. 16): at the surface the motion was eastward with

a slight northward component changing to eastward

after December 2011, reaching 1788E in December 2012

(Fig. 16a). The tracer center of mass moved eastward at

400m, reaching 1648E (Fig. 16b), and moved south-

eastward (and south of the annual mean front), at 700m

reaching 1558E (Fig. 16c), for the same date.

The horizontal extents of the tracer patch, as indicated

by the standard deviation of the tracer distance to the

center of mass (not shown), were 560 km for the surface,

450 km for 400-m depth, and 250 km for 700-m depth on

27 April 2011. These standard deviations approximately

doubled for the surface, tripled for 400-m depth, and

quadrupled for 700-m depth, from 27April 2011 through

15 December 2012. The eastern boundary of the surface

tracer patch, 1 yr after the accident (not shown), with

values of about 5Bqm23, reached approximately

1758W, and for December 2012 (1.8 yr after the acci-

dent) reached 1608W (Fig. 11f). This evolution of the

surface distribution is approximately consistent with

Behrens et al. (2012).

6) COMPARISON WITH AVAILABLE

OBSERVATIONS, AND MODEL UNCERTAINTIES

AND ERRORS

The model surface tracer concentrations are com-

pared with Buesseler et al. (2012) observations for June

2011 (Table 3). The observations show values of about

1–3BqL21 (1000–3000Bqm23) near 36.58N, 1428E;
values of 20–800Bqm23 south of 388N and west of

1438E; and values of about 100Bqm23 south of 388N
and at 1448–1478E.
In the model, on 15 June 2011, the tracer is more

concentrated near Japan, and the model values are

lower than observed, by a factor of 5 for the average at

all of the observed locations (not shown). Selected ob-

served andmodeled concentrations are given in Table 3:

themodeled tracer has values of about 300–1100Bqm23

FIG. 15. Tracer concentration (Bqm23; color shaded) and layer depth (m; contoured) for

model layer 16 (with nominal density s2 36.04), for 15 Jun 2011. The 700-m depth is marked

with a thick contour line.
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near 368–378N, 141.48E; values of 12–130Bqm23 at

36.28–37.58N and west of 1438E; and values of 10–

70Bqm23 south of 388N and at 144.48–1478E. Lower
model concentrations with values of 0.1–1Bqm23, not

included in the model points in Table 3, are present near

36.58N, 1448E. Earlier, in April 2011, the model shows

values of 1000–3000Bqm23 near 37.58N, 1428E, and

values of 30–50Bqm23 at 388N and 1448–1478E (see also

Figs. 12c,d).

The differences from Buesseler et al. (2012) suggest

that better agreement would be achieved if the coastal

source was more intense, and had a distribution more

extended toward the north and east, similar to those

reported in the simulations by Kawamura et al. (2011),

Tsumune et al. (2012), or Tsumune et al. (2013), which

would produce tracer concentrations closer to the ob-

servations in many details. We notice that in their sim-

ulations Rypina et al. (2013) found that a coastal source

totaling 16.2 PBq better fit the observations, which is

a source about 4 times more intense than ours. In ad-

dition to vertical diffusion, the surface tracer distribu-

tion is influenced by winds, modeled currents, and

eddies, which were first represented through NOS-

ROMS and then through RTOFS-ET_WPA. Farther

offshore at 1478E, the modeled tracer concentration is

less than the observed values north of 35.58N, but

greater than the observed values at 34.58–35.58N, sug-

gesting that the modeled Kuroshio meander, at that

longitude, was about 100 km southward with respect to

the observed location. This error is to be expected since

the model is not constrained by data assimilation. In

addition, a more intense and extended atmospheric de-

position can improve the agreement at that longitude

a few degrees north of the KE, since in our simulation

during June 2011 both coastal and atmospheric sources

contribute in approximately equal amounts to the tracer

values at 388N and at 1478E. This is different from what

is stated in Rypina et al. (2013), who report that their

concentrations at the observed locations and times are

almost entirely due to direct oceanic discharge.

To assess the accuracy of the atmospheric deposition

source, the model tracer distribution was compared with

observations in Aoyama et al. (2012) (Table 4, location

numbers 1–5, observations indicated in Fig. 2a). We

compare these observations with the 1 April model

values (with atmospheric deposition source), when the

surface tracer concentration is very close to the total

local deposition divided by the mean mixed layer in

Fig. 10. In addition we list the concentrations c* that we

estimate would be obtained in a simulation with the

NAVOCEANOhindcastMLD, in the following way: c*

is equal to our concentration multiplied by the ratio

between our MLD and the NAVOCEANO hindcast

FIG. 16. Evolution of the position of the center of mass of the

tracer, for the following dates: 27 Apr 2011, 15 Jun 2011, and every

3 months afterward until 15 Dec 2012. The centers of mass posi-

tions (circles) are superimposed on annual mean May 2011–April

2012 fields (contour lines) of (a) SSH (m) for the surface tracer and

s2 density for the (b) 400- and (c) 700-m tracers. Successive times

correspond to successive eastward locations as the center of mass

moves always to the east. The contour interval (ci), and max

and min of the contoured field are indicated.
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MLD, both averaged during 11–31 March 2011 [see

section 3b(3)]. For the average of all locations (1–8) in

Table 4, our modeled MLD is deeper by a factor of 2.5

than that of NAVOCEANO’s hindcast. Observed

values of 500 and 1000Bqm23 at the end of March and

beginning of April 2011 are reported at about 300 and

600 km, respectively, off Fukushima at approximately

368N, 1448–1478E (location numbers 1 and 2; Table 4). A

contribution of direct discharge at those locations can be

present, but our model of coastal discharge and the

models in Masumoto et al. (2012) show these values

constrained to the west of 141.58E. The first point

(location 1) is located south of the Kuroshio front, as in

the observation-based simulation inRypina et al. (2013),

while the second point (location 2) is north of the front.

Model concentrations are 12 and 13Bqm23. Modi-

fied concentrations that would be obtained with the

NAVOCEANO hindcastMLD are still much lower than

the observed values at those two locations. With our

atmospheric source, modeled values of 1000Bqm23 are

found west of 1428E and values of 100Bqm23 are found

at 378–388N and west of 1458E. Surface tracer concen-

trations from HYSPLIT atmospheric deposition are

listed together, where possible, with values approxi-

mated from the published figures of Stohl et al. (2012)

and Estournel et al. (2012). As noted in Table 4, values

from HYPSLIT are significantly lower than those from

Stohl et al. (2012) at locations 1 and 3. For a scale

analysis, we consider the modified concentrations. If for

those locations we would assume the use of the atmo-

spheric deposition of Stohl et al. (2012), and in addition

the NAVOCEANOhindcast MLD, approximate values

(second value in parenthesis for source b at locations 1

and 3) are close to but higher than the observed values

(Aoyama et al. 2012). This indicates that HYSPLIT se-

verely underestimates (by a factor of about 20) the at-

mospheric deposition at those locations, where Stohl

et al. (2012) show a band of high deposition. Using the

c*, the best fit for locations 1 and 3 would be obtained

with the values in Stohl et al. (2012) divided by 1.5. The

model shows negligible concentrations near the date

line where ’200Bqm23 were observed in May 2011

(Aoyama et al. 2013). According to Kamenik et al.

(2013), values of 10Bqm23 in this region would require

atmospheric deposition of 500–1000Bqm23, which is

not present in our source. A comparison with the mea-

surements in Honda et al. (2012) with values larger than

100Bqm23 is shown in Table 4 (locations 6–8, indicated

in Fig. 2a). For those points, the modeled concentrations

are about a third of those observed. Instead, by using the

modified concentrations with the NAVOCEANO

hindcast MLD, we find good agreement, resulting in the

average for the observed concentrations being 1.2 times

that of the modified model.

The mean concentration from the observations in

Aoyama et al. (2013) prior to the end of May 2011 is

46Bqm23, for the 85 observations in the model domain.

Model values with no direct discharge, sampled at the

observed points over three dates in April–May result in

a mean of 6Bqm23 or a factor of 8 weaker.

We can compare our solution to the observation-

based solution presented by Rypina et al. (2013). The

eastward extents of the tracer patch over the Kuroshio

on 27 April and 15 June 2011 (Figs. 12a,b) are 1658 and
1708E in our model, and 1708 and 1758E (1 May and 16

June 2011) in Rypina et al. (2013).

Given the considerable uncertainty in sources affect-

ing all modeling efforts, we consider this simulation

successful as it has provided further insight into the

dynamics governing the pathways and mixing of

Fukushima contamination. Uncertainties due to model

resolution, model formulation, thermodynamical and

mechanical forcing, and parameterizations all contrib-

ute to errors in the modeled tracer solutions. However,

uncertainties in the strength of the sources seemed to

have had the most significant contribution to the overall

uncertainty in the estimated tracer inventories.

4. Summary

In response to the Fukushima disaster, NOAA/NCEP

was tasked with the responsibility of providing action-

able information to the Department of Energy and de-

cision makers in the U.S. government through an

Interagency Working Group, with the purpose of sepa-

rating ocean areas safe for human activity from

TABLE 3. Observed surface concentrations during June 2011 (Buesseler et al. 2012) and model values, grouped by regions and values.

Min andmax values for each group are listed. Parentheses in the ‘‘Concentration’’ column contain themeans over the group of points; only

observed values north of the Kuroshio front were taken.

Obs Model

No. Location Concentration (Bqm23) No. Location Concentration (Bqm23)

5 ’36.58N, 1428E 1653–3833 (2727) 5 368–378N, 141.48E 336–1147 (639)

23 36.38–388N, 141.48–1438E 23–856 (431) 11 36.28–37.58N, 141.48–1438E 12–130 (54)

9 35.58–388N, 1448–1478E 74–329 (146) 10 34.58–388N, 144.48–1478E 10–70 (39)
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potentially threatened areas, in near–real time, and us-

ing available resources. Initially this information was

provided by using particle-tracking methods, for which

essential collaborations were established with the U.S.

Navy, NOAA/ARL for their HYSPLIT results, and the

Environmental Protection Agency (EPA) in establish-

ing contamination guidelines. A concept of operations

[CONOPS, appendix B in Tolman et al. (2013)] was

later developed for this part of the project.

The initial approach was then replaced with a fully

operational eddy-resolving tracer dispersion model

for the region of the northwestern Pacific Ocean

(RTOFS-ET_WPA). In this model, the 137Cs concen-

tration has been simulated in the western Pacific with

real forcing, in a regional eddy-resolving model initial-

ized from a global eddy-resolving hindcast. The 137Cs

sources were atmospheric deposition totaling 5.4 PBq

and coastal discharge from a high-resolution coastal

model totaling 4.5 PBq.

The tracer dispersed to a patch centered on the date

line (1808 longitude) for the surface on December 2012,

with the tracer located mostly north of the Kuroshio

Extension but also in the recirculation region south of

the Kuroshio, and to depths mostly in the upper 400m

but reaching 700–1000m. The maximum surface con-

centration initially declined rapidly, with the rate slow-

ing down at about 5 months of the simulation, and

resulting in maximum concentrations equal to 7Bqm23

onDecember 2012 and 5Bqm23 after 2 yr of simulation.

The Kuroshio and the Kuroshio Extension, along with

warm- and cold-core eddies, disperse and transport the

tracer, while eddies, subduction along the Kuroshio

front, and vertical mixing contribute to the migration of

the tracer toward the subsurface. Our model suggested

a possible pathway for transferring tracer across the

front with the diving isopycnals corresponding to the

intermediate water, taking surface tracer from the north

of the front toward depths of 700–1000m and locations

south of the front, at longitudes where the surface

Kuroshio front is well defined.

Compared to the observations of Buesseler et al.

(2012) for June 2011, the model shows a reasonably

correct tracer distribution but lower values by a factor of

about 5.We can attribute part of these differences to the

low surface concentrations used as the source for coastal

discharge in our simulation. Incorporating simulated

coastal discharge by the NOS-ROMS coastal simulation

was a choice for us to achieve as much realism as pos-

sible under very time-sensitive circumstances. However,

due to high vertical diffusion, the near-surface tracer

coastal input was low. In addition, our direct discharge

of 4.5 PBq is almost one-fourth of the total estimated by

Rypina et al. (2013) to best fit the observations. With
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respect to the amount and distribution of the surface

tracer, we notice that the observations contain the ef-

fects of continuous discharge that were not included in

our simulation.

In comparison with the observations of Aoyama et al.

(2013), the modeled results also give lower concentra-

tions than observed. Reasons for this could be a hori-

zontal distribution of atmospheric deposition that does

not match the observations well enough. In addition,

the tracer was diluted due to a deep modeled mixed

layer depth, which is approximately twice that of the

NAVOCEANO’s hindcast. Our atmospheric deposition

over land and ocean (10PBq, of which 5.4 PBq were de-

posited over the ocean) is in total about one-third that of

Stohl et al. (2012).

This operational model was decommissioned at the

beginning of 2014, since the maximum surface 137Cs

concentrations were of the same magnitude as back-

ground values (2–5Bqm23), and the tracer patch had

reached the eastern boundary. Future plans include cor-

rection of tracers concordant with incremental updates in

the physical variables, with daily reinitialization of the

model. Information provided to decisionmakers included

gross guidance on areas that could be excluded from re-

gions considered unsafe for human activity, for example

Okinawa, Saipan, and Guam, in addition to Hawaii and

Alaska. More timely observations would have been

helpful for improving our estimations. We recommended

that collaborators in MEXT in Japan take more surface

observations from the region several hundred kilometers

off of Fukushima duringMarch–May 2011. In view of our

simulated results, it would have been useful to obtain

some profiles up to 700-m depth to better assess the re-

distribution of the surface waters into the ocean column.
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APPENDIX A

Estimation of 137Cs of Fukushima Origin through
Synthetic Drifters

Immediately after the accident, but before the esti-

mation of the radionuclide sources became available, we

started estimating the tracer advection by following

idealized synthetic drifters originated near FNPP

(Tolman et al. 2013), using velocities from the now

operational global ocean model at NCEP (RTOFS-

Global hindcasts). This was done as an emergency

procedure, with the aim of identifying regions where

surface particles from the site of the accident migrate,

as a function of time. The synthetic particles were kept

at a depth of 3m. Particles seeded in a 1/88 grid in

a 2.28 3 1.48 region around FNPP (368–37.48N, 140.88–
143.08E) dispersed 72 days afterward, staying mostly

north of the Kuroshio and reaching a longitude about

1688E.
A low-resolution seeding grid (1/48 grid at 348–448N,

1408–1628E) was used together with the first estimates of

atmospheric wet deposition from Nuclear Regulatory

Commission model results (NRC-HYSPLIT-1) to ob-

tain the activity over the ocean. The plume showed

maximum activity of about 1000Bqm23 in the 328–408N,

1408–1558E region 37 days after the accident.

APPENDIX B

RTOFS-Global

RTOFS-Global usesHYCOM(Bleck 2002; Chassignet

et al. 2003; Halliwell 2004) in the same configuration

as the HYCOM GOFS hindcast at NAVOCEANO

(Chassignet et al. 2009). RTOFS-Global has a 1/128
horizontal grid that is rectilinear south of 478N (being

equatorial Mercator except in the high southern lati-

tudes) followed by an Arctic bipolar patch, and a ver-

tical grid with 32 hybrid layers (isopycnal in the deep

ocean, z levels in the ocean interior near the surface,

and sigma coordinates near the coasts). The model’s

top layer is 3m thick for dates earlier than 19 April

2011, while after that date, the top two layers have

depths of 1 and 2m. The potential density is referenced

to the 20-MPa surface. The model’s equation of state

has thermobaric corrections, with potential density

notated as s2* (Sun et al. 1999; Chassignet et al. 2003).

The model has a KPP mixed layer model (Large et al.

1994). Daily initializations are done at NAVOCEANO,

using a multivariate optimal interpolation (MVOI)

method through the Navy Coupled Ocean Data Assimi-

lation (NCODA) system (Cummings 2005), assimilating

available observations in incremental update cycles,

including altimeter sea surface height anomaly; satellite,

ship, and buoy sea surface temperatures; profiles from

XBT, CTD, and Argo floats; and Special Sensor Mi-

crowave Imager (SSM/I) sea ice. For RTOFS-Global,

each day, the hindcast cycle starts from an initial analysis

corresponding to 2 days prior to the present produced at
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NAVOCEANO. The model is advanced for 2 days in

the past using hindcast forcing from NCEP’s opera-

tional Global Data Assimilation System (GDAS) with

data assimilation [http://www.ncdc.noaa.gov/model-data/

global-data-assimilation-system-gdas; see alsoKleist et al.

(2009) and Saha et al. (2010) for the NCEP–NCAR re-

analysis GDAS mentioned therein]. Then, six future

forecast days are produced using NCEP’s operational

Global Forecast System (GFS) forcing [http://www.ncdc.

noaa.gov/model-data/global-forcast-system-gfs;GFSfore-

casts are initialized with GDAS hindcast data; Yang

et al. (2006)]. Daily radiation and temperature varia-

tions are included in the forcing for RTOFS-Global.

A correction of air temperature is done to account for

the difference between observed and GFS-GDAS-

simulated ice coverage.
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