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Abstract. The horizontal distribution of radioactive cesium 1 Introduction

(Cs) derived from the Fukushima Dai-ichi nuclear power

plant (FNPP) in the North Pacific is still unclear due to the

limitation of direct measurement of the seawater in the opemafter the Tohoku earthquake of magnitude 9.0 and tsunami
ocean. We present the result of direct observation of radioacon 11 March 2011, a loss of electric power at the Fukushima
tive Cs in surface seawater collected from a broad area irDai-ichi nuclear power plant (hereafter FNPP) resulted in
the western and central North Pacific in July 2011, Octo-overheating of the reactors and hydrogen explosions. Ra-
ber 2011 and July 2012. We also conducted a simple pardioactive materials were released into the ocean not only as
ticle tracking experiment to estimate the qualitative spatialatmospheric fallout but also as the direct release and leak-
distribution of radioactive Cs in the North Pacifié’Cs was  ing of the heavily contaminated coolant water (cf. Buesseler
detected at 94 stations out of 123 stations, ¥i@s was de- et al., 2011). Radioactive cesium (Cs), with a relatively long
tected at all stations. High**Cs and!*’Cs concentrations  half-life (2.07 yr for134Cs and 30.07 yr fot37Cs), is a se-
more than 10mBgkg' were observed in the area of the rious concern as it contaminates oceanic environments and
northern part of Kuroshio Extension at P42 and 158E  marine biota, especially for fishery products as a food (cf.
in July 2011, in the area 147-175 around 40N in Oc-  Buesseler et al., 2012; Honda et al., 2012; Madigan et al.,
tober 2011, and the northern part of Kuroshio Extension a2012).

155’ E and 17830 E in July 2012. Combining the result of  The Japanese government conducted intensive monitoring
direct observations and particle tracking experiment, the ragn 131, 134Cs and3’Cs in seawater near offshore of the
dioactive Cs derived from the FNPP had been dispersed easENPP (MEXT, 2012), and those in fishery products in the
ward to the central North Pacific during 2011. It was consid- proad area around Japan (Fisheries Agency, 2012). However,
ered from the horizontal distribution that radioactive Cs wasthe information on radioactive contamination covering the
dispersed not only eastward but also north- and southward iroad area in the North Pacific is still quite limited (Aoyama
the central North Pacific. Pronounced dilution process of raet al., 2012, 2013). In some model experiments, the disper-
dioactive Cs from the FNPP during study period is suggestegion of radioactive Cs from the FNPP is discussed (cf. Kawa-
from temporal change in the activity ratio &#*Cs/*3’Cs,  mura et al., 2011; Bailly du Bois et al., 2012; Dietze and
which was decay-corrected on 6 April 2011, and relation-Kriest, 2012; Tsumune et al., 2012; Miyazawa et al., 2012),
ships between radioactive Cs and temperature. and estimated amounts 51Cs discharged directly into the
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ocean were ranged from 2.3 to 14.8 PBq, with considerable _1osv e s 1508 1ss® arr  aesw  gor 75w we
uncertainties (Masumoto et al., 2012). el g e Wy
In this study, we focus on the horizontal distribution of
134cs and13’Cs in the western and central North Pacific
based on the direct observation of surface seawater collecte
during 29 June 2011 and 1 August 2012 and discuss the hol
izontal distribution patterns of radioactive Cs in the North .
Pacific with a simple particle tracking experiment based on :
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2 Materials and methods 0N
2.1 Sample collection 5N

Surface seawater samples were collected on board with .1
bucket from a broad area of western and central North Pa
cific. In June—July 2011, three north—south transects Were S¢ 1355 10r  wsE  150F  155E  160F 165 170E  175E  180°
along 144 E, 155 E and 17830 E, and seawater samples “N "7 T e [N
were collected at 32 stations (Fig. 1a). A total of 34 samples :
were collected in the area within 30-44 and 140-176E oN
during October and November 2011 (Fig. 1b), and 57 sam:-
ples were collected in the three north—south transects alon
144 E, 155 E and 17830 E during July and August 2012
(Fig. 1c). The seawater sample was unfiltered, transferre™ "
into a 20L plastic bag and acidified to a pH of ca. 1.6 by
adding 40 mL of concentrated nitric acid. The differences in
the concentrations of radioactive Cs after the FNPP acciden
between filtered seawater and unfiltered seawater were neg-
ligible (Honda et al., 2012; Buesseler et al., 2012). Thus, thdig. 1. Sampling locations for surface seawater in the western

results of this study based on unfiltered seawater could bémd central North Pacific. Closed circles indicate the sampling sta-
comparable with previous studies. tions. Color of the closed circles indicates concentratioh33€s

in the surface seawater. Blue arrows indicate the estimated tempo-
ral mean velocity vectors for the period betwga) 30 June and
29 July 2011(b) 14 October and 7 November 2011, gei2 July

The 134Cs and™37Cs in seawater samples were concentratec?"d 1 August 2012.
by adsorption onto ammonium phosphomolybdate (AMP)
using a modified method described elsewhere (cf. Aoyama et
al., 2000; Aoyama and Hirose, 2008; Aoyama et al., 2012).paring the photopeak area (corresponding to the energy of
The seawater sample was transferred to the container an@05keV and 796 keV fot3‘Cs and 662 keV fot3’Cs ob-
weighed 18kg. As a carrier, 0.52g of CsCl was added totained by more than 7200s of counting of the sample)
18kg of sample and stirred for at least 1h. Then 8.0g ofwith that of the standard sample, which had the same ge-
AMP were added to sample and stirred for at least 1 h. Afterometry and was tagged with known radioactivity. The de-
settling the AMP (almost 14-16 h, but no longer than 24 h),tection limit of 3’Cs by the 7200s counting was nearly
decanted supernatant and AMP/Cs compound with a smah.0 mBgkg . When the!3’Cs was not detected with the
amount of supernatant (up to 2 L) was transferred into a 517200 s measurement, longer time measurement)000 s)
beaker. The AMP/Cs compound was collected onto a glasavere carried out. The detection limits t'Cs by the more
fiber filter (GA-100, Advantec Co. Ltd.) by filtration and than 40000s measurements .4 mBgkg?) had almost
washed with nitric acid. The AMP/Cs compound was dried the same level of the concentrationt8fCs in the sea surface
at 60-70°C for more than 48h. Then, the dried AMP/Cs water in the North Pacific before the accident of the FNPP
compound was weighed to determine the weight yield of the(2.4 m Bgkg%; cf. Povinec et al., 2004).
AMP/Cs compound. The weight yield of AMP/Cs compound
exceeded 95 %. 2.3 Particle tracking experiment

The 134Cs and'3’Cs radioactivities in the AMP/Cs com-
pounds were measured by Ge semiconductor detectors. Th& numerical particle tracking experiment was carried out
134cs and13’Cs radioactivities were determined by com- to investigate the sea surface horizontal distribution pattern

"N i

2.2 Analysis of'34Cs and®'Cs in seawater
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Fig. 2. Sampling locations for surface seawater around the anticy-so:N:,
clonic eddy observed in July 2011. Color of the closed circles in- *™ ]

dicates concentration 887Cs in the surface seawater. Blue arrows

indicate the estimated temporal mean velocity vectors for the period 19 3- The result of particle tracking experiment at the median date
between 30 June and 29 July 2011. of each sampling period. Red circles indicate pseudo-particle, and

black circles indicate sampling locatior(s) 13 July 2012(b) 24
October 2011, an(t) 15 July 2012.

of radioactive Cs released from the FNPP. The time series

of sea surface velocity field we used was estimated every,, the gceanic mesoscale motions on an instantaneous field.

7 days gn_d 0.25 d_egree_ for large- and mesoscale moFion’Fhe estimated distributions were compared with the direct
by combining satellite altimeter data and sea surface driftery,,carvations in July 2011, October 2011 and July 2012.
data (Ambe et al., 2010). The estimation method was based ’

on that of Uchida and Imawaki (2003); estimation processes

for the two types of data were improved by matching thosez Results

two representative spatiotemporal velocity scales to reduce

the data-missing regions, geostrophic velocity component.1 Concentrations of:34Cs and13’Cs in surface

and noise. A horizontal advective equation was solved by the seawater

fourth-order Runge—Kutta method. A horizontal diffusion ef-

fect is also adopted by the random-walk method based onn July 2011, the concentrations éf*Cs and13’Cs in

a Smagorinsky-type parameterization. A total of 2000 par-the surface seawater were highly elevated by more than
ticles were released at a point near the FNPPZ82ZN  10mBqkg?, up to 140mBqkg! and 153mBqgkg?! at
and 1424.8 E) everyday for the period from 26 March to stations C43—C50, located in the northern part of Kuroshio
6 April 2011, when most of the discharge from the FNPP into Extension (KE) along 144E, estimated from satellite al-
the ocean was estimated (Tsumune et al., 2012). Because thiisneter data, and all stations at P35 (Fig. 1a and Table 1).
experiment does not consider the atmospheric deposition, that station C48 (3830 N, 14400 E), 134Cs was not de-
degree of vertical mixing, adsorption onto particles and ab-tected & 1.4mBqkg?1), and 13’Cs was lower than those
sorption due to biological processes, it cannot provide theof adjacent stations, although station C48 was located in the
quantitative concentration field of the radioactive Cs. But it northern part of KE (Fig. 2). The concentrations!8fCs in
can reveal a certain qualitative tendency of horizontal dis-central North Pacific (1780 E transect) ranged from 3.2
persion of radioactive Cs directly discharged into the ocearto 9.3mBqgkg?! and were lower than those in the western
by using the realistic velocity data. For example, because thgart of the studied area (12& and 155 E transects), still
spatial motion scale of meteorological phenomena is generhigher than those of the background level (2.4 m Bokgf.

ally much larger than that of oceanographic phenomena, thi®ovinec et al., 2004). Furthermoré*Cs was detected at 3
experiment provides the tendencies of horizontal dispersiorof 11 stations, clearly indicating the existence of radioactive

www.biogeosciences.net/10/4287/2013/ Biogeosciences, 10, 42852013
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Table 1.Concentrations of34Cs and!37Cs in the surface seawater collected during 30 June and 29 July 2011.

Station  Latitude  Longitude  Sampling date'3’Cs (mBqkg1) 134Cs (mBqkgl)

Al13 4C°00.8N 175°30.9E 2Jul 2011 515 <4.0
Al4 3930.2ZN 175°30.3E 2 Jul 2011 4.20.7 4.2+0.6
A15 3%900.0N 175°30.7E 2Jul 2011 6.61.7 <3.9
Al6 3829.6N 175°29.7E 1Jul 2011 3.30.6 <15
Al7 3800.YN 175°30.7E 1Jul 2011 5.%0.7 <16
Al18 3730.2ZN 175°30.0E 1Jul 2011 8.418 7.6£15
Al19 3701.ZN 17530.7E  30Jun 2011 9321 7.2+1.8
A20 36°30.YN 175°30.0E 30 Jun 2011 3.20.6 <17
A21 36°00.0N 175°30.7E  30Jun 2011 4914 <3.7
A22 35°30.ZN 17529.9E 29 Jun 2011 4414 <34
A23 3#599N 17529.9E 29 Jun 2011 3.%0.6 <16
B30 3800.3N 155°00.3E 14 Jul 2011 4234 49+2.9
B31 3830.ZN 155°00.0E 14 Jul 2011 4@ 3.5 32+2.6
B32 3900.4N 15459.6 E 14 Jul 2011 3&34 36+2.9
B33 39314N 155°06.9E 13 Jul 2011 523.8 41+2.8
B34 4(°00.YN 155°00.0 E 13 Jul 2011 86:-4.8 74+ 3.6
B35 4029.9N 155004 E 13 Jul 2011 5%4.1 54+ 3.4
B36 40°59.0N 154594 E 12 Jul 2011 4% 3.5 39+2.7
B37 4130.2ZN 155004 E 12 Jul 2011 745 60+£3.5
C43 4P00.3N 143594 E 29 Jul 2011 7H4.6 57+ 3.5
C4a4 4030.0N 14400.17E 29 Jul 2011 6&:4.0 514+3.0
C45 4000.0N 14359.9E 29 Jul 2011 6%4.3 49+ 3.1
C46 3930.4N 14401.7E 28 Jul 2011 8% 5.0 78+3.9
ca7 3%900.IN 14400.2E 28 Jul 2011 153-6.8 140+5.2
C48 3829.9N 14400.2E 28 Jul 2011 2.£0.6 <14
C49 3800.2ZN 14#400.2E 27 Jul 2011 36&3.3 31+2.4
C50 37P30.2ZN 14400.17E 27 Jul 2011 5& 3.6 42+ 2.7
C51 3700.0N 14359.9E 27 Jul 2011 3.&0.6 3.6£0.5
C52 3629.9N 14400.3E 26 Jul 2011 1.204 <12
C53 3600.2N 14400.2E 26 Jul 2011 2205 <12
C54 35%30.YN 14400.7E 26 Jul 2011 5&14 <3.6
C55 3500.2ZN 14400.3E 26 Jul 2011 4.80.5 3.1+:0.5

Cs derived from the FNPP accident at these three stations itwo years or slightly increased in July 2012 compared to
the central North Pacific. those in July 2011 (Tables 1 and 3).

At the northern part of KE, an east-west gradient6€s
and137Cs in the surface water was observed at the stations.2 Particle tracking experiments
around 40N in October 2011 (Fig. 1b and Table 2). More ) ) )
than 10mBgkg® of 13405 and3’Cs were observed be- The pseudo-part_lcles a_s tracers of rad!oactlve Cs from the
tween 147 E and 17505 E, and the highest concentrations FNPP were distributed in a broad area in the western North
were observed at 1831 E (Table 2). On the other hand, at Pacific in July 2011 (Fig. 3a). The particles were mainly
the southern part of KE, the concentrationdBs were rel-  distributed in the northern area of the KE (35*ABand
atively lower than those in the northern part of KE. A slight 143-170 E). In October 2011, the particles were distributed
increase ofi3’Cs was observed at the eastern stations (staM°ré broadly than those in July 2011, and three dense ar-
tions W16-W20)134Cs had not been detected at most sta-82S Were observed within 41-4¥, 158-166 E; 40-44 N,
tions located at the southern part of KE mainly due to the167 E-180 W; and 36-39N, 180-165W (Fig. 3b). Six-

short time measurement: the detection limitsi¥iCs were (€N months after the FNPP accident, the dense area
mostly 3—4 m Bq kg’ by 7200's counting. moved eastward, and was observed between 3IM™N4hd

One year after the observation in July 2013/Cs and 155-178 W. The relatively dense area was also observed be-

137Cs decreased drastically at 242 and 155E transects Ween 40-45N and 143 E-160 W (Fig. 3c).
(Fig. 1c and Table 3); the concentrations'#Cs and'3’Cs
at 175 E transect were almost the same level between the

Biogeosciences, 10, 4282295 2013 www.biogeosciences.net/10/4287/2013/



H. Kaeriyama et al.: Direct observation of 13“Cs and13’Cs in surface seawater 4291

Table 2. Concentrations of34Cs and!37Cs in the surface seawater collected during 14 October and 7 November 2011.

Station  Latitude  Longitude  Sampling date'3’Cs (mBqkg1) 134Cs (mBqkgl)

Wwo01 40°05.9N 14700.0E 14 Oct 2011 152.4 11+1.8
W02 40°54.7N 147054 E 14 Oct 2011 24-2.6 16+1.9
W03 40°00.0N 150°03.6 E 15 Oct 2011 533.9 39+2.7
W04 40°00.YN 1531.3E 15 Oct 2011 1068-5.0 72+ 3.5
W05 3959.9N 156°25.7E 16 Oct 2011 74-4.6 53+3.1
W06 40°00.YN 158455 E 16 Oct 2011 7245 56+ 3.1
WO07 4°00.0N 162°32.7E 17 Oct 2011 49-3.9 41+ 3.0
W08 40012.2N 16452.0E 17 Oct 2011 734.4 54+ 3.1
W09 4001.ZN 169224 E 18 Oct 2011 5& 3.8 35+2.7
W10 3959.9N 170°57.6E 18 Oct 2011 2%-3.0 25+ 2.3
W11l 4°00.0N 175°04.7E 19 Oct 2011 122.2 9.8+1.7
W12 3930.0N 175°40.0E 19 Oct 2011 7417 44412
W13 39214N 17553.9E 20 Oct 2011 3.20.6 <1.2
W14 39234N 17552.8E 21 Oct 2011 4.40.6 2.6£0.5
W15 3839.4N 176°01.8E 22 Oct 2011 3.60.5 <1.2
W16 3410.7N 17529.5E 23 Oct 2011 56&1.6 <4.3
W17 3413.8N 17524.0E 24 Oct 2011 6.%+1.7 5.8+1.3
W18 3326.7N 175°529E 25 0Oct 2011 1#+1.9 5.8+1.3
W19 3329.'N 17536.8E 26 Oct 2011 162.0 59+1.3
W20 3P04.9N 17547.8E 27 Oct 2011 5415 <31
w21 32228N 17241.3E 29 Oct 2011 7.62.0 <35
W22 315.0N 171°39.7E 30 Oct 2011 5417 7.1+15
W23 30°33.2ZN 16909.2E 1 Nov 2011 4.8:-1.4 <3.3
W24 30°32.0N 165°24.3E 2 Nov 2011 6.8:1.8 <3.0
W25 30°35.8N 163244 E 2 Nov 2011 55%1.6 <3.2
W26 29524N 161°12.9E 3 Nov 2011 4.51.4 <3.0
W27 2922 8N 15900.3E 3 Nov 2011 5115 <31
w28 2926.ZN 15454.0E 4 Nov 2011 4.2£1.3 <3.1
W29 29357N 152355E 4 Nov 2011 4.81.6 <35
W30 2926.2N 14830.2E 5 Nov 2011 3.2£0.5 2.3+0.4
W31 2935 7N 146°05.8E 5 Nov 2011 4.5 0.6 3.0+0.5
W32 2953.8N 14208.3E 6 Nov 2011 3.9-0.5 <1.3
W33 30°28.2ZN 140°21.0E 6 Nov 2011 5.6:1.4 <3.7
W34 309.6N 140°21.0E 7 Nov 2011 3.50.5 <1.3
4 Discussions W21-W34 south of KE were lower than those at stations

WO01-W10 north of KE in October 2011 (Fig. 1b, Table 2 and
The FNPP is located in the southern part in the Kuroshio—Fig. 3b). The lower concentration of radioactive Cs south of
Oyashio transition area, which represents the area betweeKE was also reported based on direct observations of seawa-
the extensions of the subtropical Kuroshio and the subarctiger (Buesseler et al., 2011; Buesseler et al., 2012; Aoyama et
Oyashio. Since the FNPP is close to the Kuroshio Extensioral., 2012) or based on simulation models (Masumoto et al.,
(KE), which is the strongest jet off the east coast of Japan (cf2012). Thus the majority of radioactive Cs directly released
Mizuno and White, 1983), KE could play an importantrole in into the ocean from the FNPP would not be dispersed south
the dispersion of the radioactive Cs derived from the FNPPof KE near the east coast of Japan until October 2011. On
far eastward in the North Pacific. In July 2011, the north- the contrary, the detection #“Cs at three stations along th
ern edge of the KE estimated from sea surface height wag75°30 E transect and stations located south of KE (such as
distributed near 37N at 144 E, where the radioactive Cs station C55 in July 2011 and stations arouné 8Gn Octo-
was lower & 3.6mBgkg?! for 13%Cs and<5.0mBgkg?  ber 2011) may indicate the effect of atmospheric deposition,
for 137Cs) than those at the northern part of the same secalthough no or fewer particles were observed around these
tion (Fig. 1a and Table 1). Such a result suggests that thetations by the particle tracking experiment (Fig. 3a and b),
radioactive Cs from the FNPP was transported eastward byvhich was taken into account for only the direct discharge

KE before dispersing south of KE (as shown in Fig. 3a). from the FNPP. The atmospheric deposition occurred mostly
Similarly, the concentrations df“Cs and'3/Cs at stations

www.biogeosciences.net/10/4287/2013/ Biogeosciences, 10, 42852013
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Table 3.Concentrations of34Cs and!37Cs in the surface seawater collected during 2 July and 1 August 2012.

Station  Latitude Longitude  Sampling date'37Cs (mBqkgl) 134Cs (mBgkgl)
A23 35°00.0N 175°29.6E 2 Jul 2012 9.6-0.5 5.4+0.4
A22 3529.85N 175°26.9E 2 Jul 2012 8.6:0.6 5.6+0.4
A21 36°00.YN 175°30.3E 3 Jul 2012 8.10.5 5.1+04
A20 36°30.YN 175°30.0E 3 Jul 2012 6.4-0.5 4.0+£0.4
Al19 3P00.0N 175°304E 3Jul 2012 8.50.5 4.3+0.4
Al8 3730.0N 175°30.0E 4 Jul 2012 9.4-0.7 5.8+0.5
Al7 3800.YN 175°30.0E 4 Jul 2012 12-0.7 7.7£0.5
Al6 38°30.4N 175°30.3E 4 Jul 2012 12-0.7 7.3+£0.5
Al15 39°00.YN 175°30.0E 5Jul 2012 15-0.4 7.4+0.4
Al4 39°30.YN 175°29.9E 5 Jul 2012 16-0.8 9.5+0.5
Al13 40°06.83N 175°43.3E 5Jul 2012 14-0.7 8.3+ 0.5
Al2 40°30.0N 175°29.9E 6 Jul 2012 13:0.6 7.8+£0.4
All 41°00.0N 175°30.0E 6 Jul 2012 18-0.7 114+0.5
A10 41°30.7N 175°29.6 E 6 Jul 2012 19-0.8 12+0.5
A09 4200.IN 175°30.0E 7 Jul 2012 19-0.8 11+0.5
A08 4230.IN 175°29.9E 7 Jul 2012 18-0.7 12+0.5
AQ7 4300.ZN 175°30.2E 7 Jul 2012 19-0.8 12+ 0.5
A06 4330.0N 175°30.TE 8 Jul 2012 16-0.7 10+0.4
A05 44°00.0N 175°30.0E 8 Jul 2012 1#0.7 11+ 0.5
A04 4430.6N 175°30.6 E 8 Jul 2012 15-0.7 9.3+ 0.5
B42 4£00.0N 155004 E 12 Jul 2012 6.60.5 3.8+0.4
B41 4330.0N 15459.9E 13 Jul 2012 6.20.5 3.6+0.3
B40 4300.7N 155°00.3E 13 Jul 2012 5.60.5 2.7+£04
B39 4231.8N 15506.0E 13 Jul 2012 1% 0.7 6.6+ 0.5
B38 4200.3N 154°59.8E 14 Jul 2012 1&0.7 11+0.5
B37 41°30.YN 15459.7E 14 Jul 2012 140.7 11+ 0.5
B36 40°59.8 N 155°03.8E 14 Jul 2012 1& 0.7 9.4+ 0.4
B35 40°30.7N 155004 E 15 Jul 2012 1% 0.7 8.1+ 0.5
B34 40°00.YN 155°00.3E 15 Jul 2012 9.20.5 5.0+0.4
B33 3930.3N 155029 E 15 Jul 2012 11#+0.6 6.8+0.4
B32 3900.0N 154°59.7E 16 Jul 2012 4.x0.6 <1.2
B31 3830.0N 154°59.3E 16 Jul 2012 4.&0.5 1.7+-0.4
B30 3800.6N 155°04.9E 16 Jul 2012 3.605 2.0+ 0.38
B29 37P30.0N 155°00.TE 17 Jul 2012 3404 <0.98
B28 3P00.86N 155°00.8 E 17 Jul 2012 2.20.4 <0.97
B27 3627.7N 155°03.5E 17 Jul 2012 2.20.4 <0.95
B26 36°00.3N 155°00.5E 18 Jul 2012 2.60.4 <0.90
B25 3529.9N 154°59.9E 18 Jul 2012 4.20.5 2.2+0.30
B24 3500.N 155°00.4 E 18 Jul 2012 7.20.6 4.2+0.39

B24X 3429.9N 155°00.3E 19 Jul 2012 2.304 <0.86

B24Y 3359.9N 155°00.0E 19 Jul 2012 2304 <0.81
C58 3230.0N 144°00.0E 27 Jul 2012 1.20.3 <0.71
C57 3400.YN 144004 E 28 Jul 2012 2.50.3 <0.77
C56 3430.YN 14400.0E 28 Jul 2012 2404 <0.87
C55 35%02.3N 14358.5E 28 Jul 2012 2.%0.4 <0.69
C54 3%30.0N 144°00.0E 29 Jul 2012 1.20.3 <0.79
C53 3559.9N 14400.7E 29 Jul 2012 1.&04 <0.90
C52 3630.3N 14359.9E 29 Jul 2012 6.50.5 3.3+0.31
C51 3700.YN 144°00.0E 30 Jul 2012 6.30.5 2.9+0.33
C50 3729.9N 14359.9E 30 Jul 2012 4,304 1.5+0.31
C49 3%00.5N 14359.5E 30 Jul 2012 4404 1.7+£0.34
C48 3829.9N 14400.0E 31 Jul 2012 5204 2.1+0.30
Cc4a7 3900.0N 14400.0E 31 Jul 2012 5%05 2.5+0.32
C46 3930.6N 144°00.9E 31 Jul 2012 4.%0.5 2.7+0.33
C45 3959.9N 14400.0E 1 Aug 2012 5.6:0.5 3.2£0.35
C44 4029.9N 14400.0E 1 Aug 2012 3.3:0.4 1.5+0.30
C43 4P01.7N 14400.7TE 1 Aug 2012 1.404 <0.84
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(cf. Tsumune et al., 2012). Aoyama et al. (2013) reported the s ¢ %o ¢
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high radioactive Cs concentration area around the Interna
tional Date Line in April-July 2011. They estimated the east-
ward speed of the radioactive plume to be 8 cthisom di- Latitude ("N)
rect obsgrvatlon data, trajectories Of. Argo flolalts and Sat.e"lteFig. 5. (a) Relationship between concentrationsl8fCs and sea-
observations. Moreover, atmospheric deposition of radioac- )
. S ater temperature at 5m depth during July 2011 and July 2012.
tive Cs and iodine-131 south of KE near the east coast o b) Relationship between concentrations'8fCs and latitude.
Japan were strongly suggested by the numerical simulations
(Kawamura et al., 2011; Kobayashi et al., 2013). Thus, the
high radioactive Cs area observed in the central North Pacific
in July 2011 and south of KE near the east coast of Japan magight be dispersed along these jets in about this observation
be derived from atmospheric deposition. period also (as shown in Fig. 3b). Judging from Fig. 3c, dis-
In the observation of July 2011, the local minima of persion of radioactive Cs from the FNPP along with these
concentration of!3’Cs and 13“Cs were seen at station jets seemed to continue until July 2012.
C48, whereas the adjacent stations had high concentrations The concentrations of radioactive Cs at 1&4and 158 E
(Fig. 2). Judging from the sea surface velocity field, stationtransects in July 2012 were much lower than those in the
C48 was located at the edge of an anti-cyclonic eddy (Fig. 2) previous year (July 2011). These differences strongly suggest
Since surface water of anti-cyclonic eddies originated fromthat the water with a high concentration of radioactive Cs was
KE (Itoh and Yasuda, 2010a; Yasuda et al., 1992), the watetransported eastward 16 months after the FNPP accident, and
at C48 would not contain much water derived from the FNPP.the concentrations of radioactive Cs in the western North Pa-
As there are a lot of mesoscale eddies that originated frontific aimost decreased to 10mBgkg ™. On the contrary,
both the KE and Oyashio in the western Kuroshio—Oyashiothe concentrations of radioactive Cs at the BIGE tran-
transition area (cf. Itoh and Yasuda, 2010b), the concentrasect were almost comparable between the two years. In July
tion of radioactive Cs would be patchy corresponding to such2011, radioactive Cs would have been derived as atmospheric
eddies there. deposition (see Fig. 5 of Kobayashi et al., 2013). In contrast,
An area with high concentration over 50 m BqKgof the concentration of radioactive Cs observed at thé30&
137Cs was distributed around 48l between 150E and  transect in July 2012 would have been a result of a dilu-
17 E in October 2011 (Table 2). Since Isoguchi et tion process during 16 months after the FNPP accident in the
al. (2006) showed the existence of two quasi-stationary jetsvestern North Pacific. Since the KE jet is weakened eastward
that flow northeastward from KE to the subarctic front be- and its streamlines spread northward or southward by E75
tween 150 E and 170 E, the radioactive Cs from the FNPP (see Fig. 1 of Qiu and Chen, 2011), the high radioactive Cs
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waters would be stagnant around the central Pacific and diswithin one year, and then it would be diluted broadly not only
persed not only eastward but also northward and southwareéastward but also north- and southward with a decrease in its
slowly. Then the water would be transported further north-concentration.
ward and southwestward by the recirculations of subarctic
and subtropical gyres, respectively (Fig. 3c).
The 134Cs /237Cs ratio was calculated using the data that5 Conclusions
were decay-corrected on 6 April 2011, when the maximum
direct radioactivity discharged into the ocean (Buesseler eRadioactive Cs derived from the FNPP was distributed
al., 2011). The ratios were calculated only for the samples fobroadly in the western and central North Pacific, especially in
which both!34Cs and!37Cs were detected and had measure-the northern part of the Kuroshio Extension during July 2011
ment errors smaller than 10 %. The ratios were varied fromand July 2012. The dense radioactive Cs water masses moved
0.5540.17 to 1.14+0.15 throughout the studied periods away from the western North Pacific until October 2011, and
(Fig. 4). The mean values &#“Cs /*3’Cs ratio gradually de-  the concentration of radioactive Cs at 24transect had de-
creased from 0.94:0.10 ¢z = 15) in July 2011, 0.96:0.07  creased almost one order of magnitude 16 months after the
(n =8)in October 201110 0.850.12 ( = 39)in July 2012.  FNPP accident. A particle tracking experimeriCs /*3’Cs
Such a decreasing trend of th#*Cs /237Cs ratio may indi-  ratio and relationship between temperature and concentration
cate the dilution process of radioactive Cs derived from theof 13’Cs suggest that a considerable amount of radioactive Cs
FNPP with the backgroun#’Cs mostly originating from  from the FNPP has been dispersed eastward from the western
the nuclear weapons tests conducted in the late 1950s aridorth Pacific to the central North Pacific during the first year
the 1960s (Hirose and Aoyama, 2003). after the FNPP accident, and then dispersed not only east-
At each station where a seawater sample was collected, ward but also north- and southward in the central and west-
CTD observation was conducted in July 2011 and July 2012¢ern North Pacific. We focus on the radioactive Cs in the sur-
The relationship betwee’Cs concentration and temper- face seawater. Thus significant uncertainties remain in order
ature may also indicate the dilution process of the FNPP-1o understand the comprehensive distribution and dispersion
derived radioactive Cs within the studied area (Fig. 5a).pattern of radioactive Cs derived from the FNPP in the North
The relationship betweetf’Cs concentration and latitude Pacific. Future studies must include vertical distribution pat-
is also shown in Fig. 5b, since temperature in the studiederns of the radioactive Cs, estimation of atmospheric fallout
area mainly depends on the latitude, high temperature in loio the North Pacific, and terrestrial input of radioactive Cs
latitude (KE and subtropical region) and low temperature insuch as river runoff.
high latitude (subarctic region). Although both the concen-
tration of 13’Cs and temperature were almost in the same
ranges between the two years at 13® E transect, thé3’Cs  Acknowledgementsie would like to thank the captains and crew
concentrations at the low temperature (152@%and high  of the R/V Kaiun Maru (Aomori prefecture) and Shunyo Maru
latitude (3730—41°30 N) area were apparently higher than (Fisheries Research Agency) for thgir support in §amp|_ing. We are
those at the high temperatute 25°C) and low latitude (35— grateful to Kaoru Nakata and Takami Morita for fruitful discussions
37 N) area in July 2011 at two western transects. On thel" 2" earlier drait of the paper. We also thank two anonymous
. - reviewers for providing valuable and constructive comments that
C(_)ntr_ary, a gently sloping decrease '8fCs concentration improved the manuscript.
with increase of temperature was observed betwe€etC15
and 27°C (Fig. 5a), and from 400N to 330N in July  Edited by: M. Aoyama
2012 (Fig. 5b). It is noteworthy that tH8’Cs concentrations
around 25C, located south of KE, were almost compara-
ble between these two years. This may imply that the drastiQeferences
changes in the concentration of radioactive Cs had been lim-
ited in the northern area of KE where temperature was lowerAmbe, D., Komatsu, K., Okuno, A., Shimizu, M., and Takasuka, A.:
than 25°C. The difference in the relationship betwedfCs Survival response during early larval stage of Japanese Sardine
and temperature among the two years with convergence at a to physical oceanic conditions leading to their recruitment, Proc.
few m Bqkg ! around 25C suggests that the high radioac-  Téchno-Ocean 2010, CD-ROM, 2010.
tive Cs derived from the EFNPP observed around@%nd Aoyama, M. and Hirose, K.: Radiometric determination of anthro-
25°C in July 2011 had been diluted in the Kuroshio—Oyashio P°9enic radionuclides in seawater, in: Analysis of Environmetal
transition area. and considerable amounts of them had been Radlonl_Jclldes, Radloac_tlwty in the Environment, vol. 2, edited
! . . by: Povinec, P. P., Elsevier, Amsterdam, London, 137-162, 2008.
transported away frqm the stuc'iled.area during the 16 month;\oyama, M., Hirose, K., Miyao, T., and Igarashi, Y.: Low level
after the FNPP accident. Taking into account the result of 137cg measurements in deep seawater samples, Appl. Radiat.
particle tracking experiment and the weakness of the east- |sotopes, 53, 159-162, 2000.
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