Chapter 2
134Cs and ¥Cs in the Seawater Around
Japan and in the North Pacific

Hideki Kaeriyama

Abstract Enormous quantities of radionuclides were released into the ocean via
both atmospheric deposition and direct release as a result of the Fukushima Dai-ichi
Nuclear Power Plant (FNPP) accident. The evaluation of FNPP-derived radioactive
cesium (Cs) in the marine environment is important in addressing risks to both
marine ecosystems and public health through consumption of fisheries products.
Understanding the distribution patterns of radioactive Cs in the ocean throughout
the water column is key in assessing its effects on marine ecosystems. This chapter
summarizes the dispersion pattern of FNPP-derived radioactive Cs in the North
Pacific and around Japan, based on our observational studies as follows: (1) east-
ward dispersion in surface seawater; (2) southwestward intrusion with mode water;
and (3) background level '¥’Cs without any detectable **Cs in the Japan Sea, East
China Sea, Seto Inland Sea, and Bering Sea, along with highly radioactive Cs off the
coast of East Japan.

Keywords Fukushima Dai-ichi Nuclear Power Plant accident ¢ 1**Cs  13’Cs ¢ North
Pacific « Kuroshio * Mode water

2.1 Fukushima Dai-ichi Nuclear Power Plant Accident

After the 9.0-magnitude Tohoku earthquake and the subsequent tsunami on March
11, 2011, loss of electric power at the Fukushima Dai-ichi Nuclear Power Plant
(hereafter FNPP) resulted in overheated reactors and hydrogen explosions.
Radioactive materials were then released into the ocean through atmospheric fallout
as well as by direct release and leaking of the heavily contaminated coolant water
(Chino et al. 2011; Buesseler et al. 2011). Because of its relatively long half-life
(2.07 years for '*Cs and 30.07 years for *’Cs), evaluation of this radioactive Cs in
the marine environment is important for addressing risks to both marine ecosystems

H. Kaeriyama (b))

National Research Institute of Fisheries Sciences, Fisheries Research Agency,
2-12-4, Fukuura, Kanazawa, Yokohama, Kanagawa 236-8648, Japan

e-mail: kaeriyama@affrc.go.jp

© The Author(s) 2015 11
K. Nakata, H. Sugisaki (eds.), Impacts of the Fukushima Nuclear Accident
on Fish and Fishing Grounds, DOI 10.1007/978-4-431-55537-7_2


mailto:kaeriyama@affrc.go.jp

12 H. Kaeriyama

and public health through consumption of fisheries products. The Japanese
government conducted intensive monitoring of 3'I, 1*Cs, and '*’Cs in the seawater
offshore near the FNPP (Nuclear Regulation Authority 2014) and in fisheries prod-
ucts from a wide area around Japan (Fisheries Agency 2014). Although information
on radioactive contamination covering a broad area of the North Pacific is still quite
limited (Aoyama et al. 2013a, b), some model experiments have addressed the dis-
persion of FNPP-derived radioactive Cs (Kawamura et al. 2011; Bailly du Bois
et al. 2012; Dietze and Kriest 2012; Tsumune et al. 2012; Miyazawa et al. 2012),
and estimated amounts of '¥’Cs discharged directly into the ocean ranged from 2.3
to 14.8 PBq, with considerable uncertainties (Masumoto et al. 2012). Although
most studies have discussed the surface dispersion patterns of FNPP-derived radio-
active Cs, understanding the ocean distribution patterns of radioactive Cs through-
out the water column is key to assessing its effects on marine ecosystems.

2.2 Oceanic Background and *’Cs in the North Pacific
Before the FNPP Accident

The Kuroshio Current (KC) and its extension, Kuroshio Extension (KE), are the
strongest eastward currents off the south and east coasts of Japan (Mizuno and
White 1983). The KC and KE are important in the reproduction, dispersal, and
migration of pelagic fish species (Sugisaki et al. 2010). Because the FNPP was
located at 37°25.28'N, 141°02.02'E (north of KE), most of the radioactive Cs
released directly to the ocean was believed to be dispersed eastward in the North
Pacific by the KE because the KE is thought to act as a transport barrier against
southward dispersion (Buesseler et al. 2011, 2012; Aoyama et al. 2013a, b;
Kaeriyama et al. 2013). In the northern area off the coast near the FNPP, the subarc-
tic Oyashio water flows southwardly, and the water masses off the coast of East
Japan, including off the FNPP, revealed complex features with meso-scale eddies as
a result of the mixing of the subarctic Oyashio water and subtropical Kuroshio
water (Yasuda 2003). The largest *’Cs deposition in the Pacific Ocean before the
FNPP accident occurred in the early 1960s as a part of global fallout from atmo-
spheric nuclear weapons testing (Povinec et al. 2004; Hirose and Aoyama 2003). In
the North Pacific, the concentration of */Cs in surface water ranged from 1.5 to
2.0 Bq m™, decay-corrected in 2011, and displayed a horizontally homogeneous
distribution (Hirose and Aoyama 2003). Southward transport of '*’Cs from the sub-
arctic region (north of KE) to subtropical and tropical regions (south of KE) was
observed at 20°N-165°E in 2002 (Aoyama et al. 2008). There were two '*’Cs con-
centration maxima, located at the density range of North Pacific Subtropical Mode
Water (NPSTMW) and Lighter Central Mode Water (Aoyama et al. 2008). The
winter mixed layer south of the KE, which forms the NPSTMW core layer, devel-
ops and reaches its deepest depth from February to March, and the newly formed
NPSTMW south of the KE is subducted and advected southwestward by the
Kuroshio recirculation (Aoyama et al. 2008). The NPSTMW then begins to appear
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Fig. 2.1 Sampling locations of seawater for measurement of **Cs and '*’Cs described in Sect. 2.3
(red open circles), in Sect. 2.4 (black open circles), and in Sect. 2.5 (blue open diamonds).
Schematic flows of Kuroshio and Oyashio are indicated as green broken lines

at the southernmost Japanese islands within a few months (Oka et al. 2007). The
137Cs core waters observed at 20°N-165°E in 2002 were formed by the movement
of mode waters between the 1960s and the 2000s (Aoyama et al. 2008).

This chapter consists of the following three descriptions concerning the distribu-
tion of **Cs and '*’Cs in seawater, based on our field observations after the FNPP
accident (Fig. 2.1):

 Eastward dispersion of **Cs and '*’Cs in the western and central North Pacific
(Kaeriyama et al. 2013, 2014c)

 Southwest intrusion of **Cs and *’Cs with mode water (Kaeriyama et al. 2014a, ¢)

* 13Cs and "*'Cs around the Japanese Islands (Kaeriyama et al. 2014b, d)

2.3 Eastward Dispersion in Surface Seawater

During the summer season, 3-year repeated observations were conducted along
three north—south transects at 144°E, 155°E, and 175°30’E in 2011 and 2013. In
October 2011, additional sampling was conducted around the area covering summer
season observations.
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In July 2011, the concentrations of '3*Cs and '*’Cs in surface seawater were
highly elevated, with values exceeding 10 Bq m™ and up to 140 Bq m= and
153 Bq m™ at the northern end of the Kuroshio Extension (KE) along with 144°E
and at all stations at 155°E (Fig. 2.2a). At 38°30’'N-144°00'E, **Cs was not detected
(<1.4 Bq m™%), and '*’Cs concentration was lower than that detected at adjacent sta-
tions, despite being located at the north of the KE (Fig. 2.3). The concentrations of
37Cs in the central North Pacific (175°30'E transect) ranged from 3.2 to 9.3 Bq m™
and were lower than those in the western part of the studied area (144°E and 155°E
transects) but still higher than background level (~2.0 Bq m~3; Hirose and Aoyama
2003). In the northern section of the KE, an east-west gradient of '*Cs and ¥"Cs
was observed in the surface water at the stations around 40°N in October 2011
(Fig. 2.2b). More than 10 Bq m= of '*Cs and *’Cs was observed between 147°E
and 175°05E, and the highest concentrations were observed at 152°31'E. On the
other hand, in the southern area of the KE, concentrations of '*’Cs were relatively
lower than those in the northern KE. A slight increase in *’Cs was observed at the
eastern stations (31°N—34°N, around 175°30’E). '**Cs was not detected at almost
any station located in the southern KE, mainly because of the short measurement
time; the detection limit for '3Cs was 3-4 Bq m™ with 7,200 s counting. After 1
year from the observation in July 2011, '3*Cs and '*’Cs were drastically decreased at
the 144°E and 155°E transects (Fig. 2.2¢), and the concentrations of **Cs and '¥’Cs
at the 175°E transect between the 2 years were similar or slightly increased in July
2012 compared to July 2011. In July 2013, the concentrations of 1*’Cs were almost
the same as background level at the 144°E and 155°E transects, and '3*Cs was only
detected at 41°30'N-155°E (1.9 Bq m~). On the other hand, '**Cs was still detected
at most stations (1.5-5.8 Bq m™), and the concentrations of '¥’Cs were slightly
higher than those measured before the FNPP accident at the 175°30’E transect
(Fig. 2.2d).

During the 3-year observations, FNPP-derived Cs was high in the northern KE
and low in the southern KE. The low concentration of radioactive Cs in the southern
KE was also confirmed by field observations of seawater (Buesseler et al. 2011,
2012; Aoyama et al. 2012) and simulation models (Masumoto et al. 2012). Thus,
the majority of radioactive Cs directly released to the ocean from the FNPP was not
dispersed south of the KE near the east coast of Japan in 201 1; rather, the detection
of 13Cs at three stations along with the 175°30’E transect and station located south
of the KE (35°N-144°E) in July 2011 and stations around 30°N in October 2011
may indicate the effect of atmospheric deposition. Atmospheric deposition occurred
mostly in March 2011 (Chino et al. 201 1), and most of the direct discharge occurred
during late March and early April 2011 (Tsumune et al. 2012). Aoyama et al.
(2013b) reported a high radioactive Cs concentration area around the International
Date Line in April-July 2011. The eastward speed of the radioactive plume was
estimated to be 8 cm s~!. Moreover, atmospheric deposition of radioactive Cs and
BIT south of the KE near the east coast of Japan was strongly indicated by numerical
simulations (Kawamura et al. 2011; Kobayashi et al. 2013). Thus, the highly radio-
active Cs area observed in the central North Pacific in July 2011 and south of the KE
near the east coast of Japan may have originated from atmospheric deposition.
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Fig. 2.2 Sampling locations for surface seawater in the western and central North Pacific. Closed
circles indicate the sampling stations. Color of the closed circles indicates the concentration of
37Cs in the surface seawater. Gray arrows indicate the estimated temporal mean velocity vectors
for the period between June 30 and July 29, 2011 (a), October 14 and November 7, 2011 (b), July
2 and August 1, 2012 (¢), and July 2-31, 2013 (d). (Modified from Kaeriyama et al. 2013)
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Fig. 2.3 Sampling locations for surface seawater around the anti-cyclonic eddy observed in July
2011. Color of the closed circles indicates concentration of '*’Cs in the surface seawater. Gray
arrows indicate the estimated temporal mean velocity vectors for the period between June 30 and
July 29, 2011 (Modified from Kaeriyama et al. 2013)

Some patchy distribution of radioactive Cs was also observed; local minima of
37Cs and **Cs were observed at 38°30’'N-144°E, whereas the adjacent stations had
higher concentrations in July 2011 (Fig. 2.3). Judging from the sea surface velocity
field, 38°30'N-144°E was located at the edge of an anti-cyclonic eddy (Fig. 2.3).
Because the surface water of anti-cyclonic eddies originates from the KE (Itoh and
Yasuda 2010a; Yasuda et al. 1992), the water at 38°30'N-144°E would not contain
much water derived from the FNPP. As there are many meso-scale eddies that origi-
nate from both the KE and Oyashio in the western Kuroshio—Oyashio transition
area (Itoh and Yasuda 2010b), the concentration of radioactive Cs should be patchy
corresponding to eddies there. An area with high concentration (more than
50 Bq m™) of ¥"Cs was distributed around 40°N between 150°E and 170°E in
October 2011 (Fig. 2.2b). As Isoguchi et al. (2006) showed the existence of two
quasi-stationary jets that flow northeastward from the KE to the subarctic front
between 150°E and 170°E, radioactive Cs from the FNPP might have dispersed
along these jets around the time of this observation period.
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The concentrations of radioactive Cs at the 144°E and 155°E transects in July
2012 were much less than those in the previous year (July 2011). These differences
strongly suggest that the water with a high concentration of radioactive Cs had been
transported eastward by 16 months after the FNPP accident. In contrast, the concen-
trations of radioactive Cs at the 175°30’E transect were similar between the 2 years.
The concentration of radioactive Cs observed at the 175°30'E transect in July 2012
would have been a result of dilution processes that occurred in the western North
Pacific during the 16 months since the FNPP accident. Because the KE jet weakens
eastward and its streamline spreads northward or southward by 175°E (see fig. 1 of
Qiu and Chen 2011), the highly radioactive Cs waters would be stagnant around the
central Pacific and would disperse not only eastward but also slowly northward and
southward. Actually, **Cs was still detected at the 175°30’E transect, but it was not
detected at the 144°E and 155°E transects, except for that at 41°30’N, 155°E in
2013.

A considerable amount of radioactive Cs from the FNPP was dispersed eastward
from the western North Pacific to the central North Pacific during the first year after
the FNPP accident. In addition, it dispersed not only eastward but also northward
and southward in the central North Pacific for 2 to 3 years after the FNPP accident
(Kaeriyama et al. 2013).

2.4 Southwest Intrusion with Mode Water

A repeat observation was conducted four to five times per year between 27°N and
34°N along 138°E during August 2011 and March 2013. As the 138°E transect lies
across the Kuroshio Current (KC), the water samples were collected north of the
KC, in the KC, and south of the KC. In September 2012, additional sampling was
conducted at five stations located far south of Japan between 13°N and 26°50'N
around 135°E. In October 2011 and November 2012, seawater samples were also
collected between 30°30'N and 36°30’'N along 147°E near the Kuroshio Extension
(KE) (Fig. 2.1).

2.4.1 Transect Across the Kuroshio Current

For the nine observations along the 138°E transect, the concentration of '¥’Cs at all
sampling depths ranged from 1.3 to 3.7 Bq m™ at 34°N (north of the KC), and from
1.2 to 2.6 Bq m~* in the KC. No '**Cs was detected except at 100 m in the KC in
January 2012. The vertical distribution pattern of *’Cs at the stations north of and
in the KC was relatively uniform throughout the water column between 0 and
500 m, whereas *’Cs concentrations south of the KC had significant peaks (2.3—
12 Bq m™3) at subsurface depths (100-500 m), especially after April 2012 (Fig. 2.4).
We also detected '**Cs at the subsurface peak of *’Cs (mostly at 300 m), which
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Fig. 2.4 Vertical profiles of '*’Cs at three to four stations along the 138°E line during August 2011
and March 2013. Arrows indicate the detection of **Cs. Error bars indicate counting error (+1c).
When '¥7Cs was under the detection limit (<3c), the detection limit was plotted (Adopted with
permission from Kaeriyama et al. 2014a. Copyright (2014) American Chemical Society)

varied from 1.8 to 6.8 Bq m™ south of the KC. The concentration of '¥’Cs in deeper
water (>750 m) was lower than 1.6 Bq m~, and no '3*Cs was detected. Thus, the
subsurface peak of **Cs and *’Cs was observed between 100 and 500 m south of
the KC. Further south of the 138°E transect, '**Cs was also detected at 300 m, and
37Cs ranged from 1.2 to 14 Bq m™ between 0 and 500 m in September 2012 between
18°N and 26°49'N around 135°E. The *’Cs concentration was relatively low and
vertically homogenized, and **Cs was not detectable at 14°59'N or 13°N on the
same cruise (Fig. 2.5). The '¥’Cs inventories were nearly the same level, between
630+ 180 and 1,160+ 190 Bq m, both north of the KC and in the KC during the
entire study period (Fig. 2.6a). South of the KC, the inventories were comparable
with those found north of the KC and in the KC during August 2011 and February
2012 (1,000-1,350 Bq m™2) and then markedly increased to 3,260 +410 Bq m2 after
April 2012 (Fig. 2.6a). The inventories of *’Cs ranged from 800+300 to
3,460+560 Bq m™ and decreased traveling southward between 13°00'N and
26°49’'N around 135°E in September 2012 (Fig. 2.6b).

Because water usually circulates along the isopycnal layer below the subsurface,
the density range of the subsurface peak of **Cs and '*’Cs gives information about
what water mass transported FNPP-derived radioactive Cs. Although the subsurface
peaks were found at the isopycnals from 25.0 to 25.5 64 and from 26.0 to 26.5 o, at
34°46’'N, 148°52’E in February 2012 (Kumamoto et al. 2013), the present study



2 Csand "'Cs in the Seawater Around Japan and in the North Pacific 19

Fig. 2.5 Vertical profiles of 137Cs (Bg/m?)
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shows that 1**Cs south of the KC along 138°E and around 135°E was observed at a
density range from 23.9 to 25.7 oy, with a sharp peak around 25.3 o, (Fig. 2.7). The
134Cs peak at 25.3 o5 suggests that core waters with high **Cs and *’Cs levels
derived from the FNPP accident are distributed in the North Pacific Subtropical
Mode Water (NPSTMW). The predominant temperature (16.4 °~17.9 °C) and salin-
ity (34.6-34.7 psu) ranges of **Cs and *’Cs are present within the NPSTMW (Oka
2009). In the present study, the radioactive Cs detected in the southern region was
thought to contain the atmospheric fallout from the FNPP to the sea surface south of
the KE during mid-March and early April 2011 (Sect. 2.3; Chino et al. 2011; Rypina
et al. 2013; Honda et al. 2012; Kobayashi et al. 2013).

Using dissolved oxygen data (apparent oxygen utilization, AOU) (Ebbesmeyer
and Lindstrom 1986), we examined whether the subsurface water was ventilated
with highly radioactive Cs at the surface in March 2011 as oxygen in the NPSTMW
gradually decreases after its subduction (Suga and Hanawa 1995). The detected
134Cs south of the KC in April 2012 and in January 2013 did in fact originate from
atmospheric deposition and was ventilated in March 2011 (Kaeriyama et al. 2014a).
The inventory of *’Cs south of the KC along the 138°E transect increased from
1,100 to 3,210 Bq m™ between February and August 2012 (Fig. 2.6a), suggesting
that the newly formed NPSTMW brought more FNPP-derived radioactive Cs to the
south of the KC. Alternatively, the inventories of *’Cs north of the KC and in the
KC along the 138°E transect varied from 650 to 1,410 Bq m~ throughout the study
period (Fig. 2.6a), which is almost comparable with the water column inventories of
37Cs detected in the North Pacific before the FNPP accident (almost 1,000 Bq m™2)
Aoyama et al. 2008; Povinec et al. 2004). These data may indicate that the water
north of and in the KC was mostly unaffected by the FNPP-derived radioactive Cs.
In September 2012, 3*Cs was detected at 18°N, but not at 14°59’N (Fig. 2.5). The
inventories of 1*7Cs at 13°N and 14°59’N (Fig. 2.6b) were comparable with those in
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Kaeriyama et al. 2014a. Copyright (2014) American Chemical Society)



2 Csand "'Cs in the Seawater Around Japan and in the North Pacific 21

Fig. 2.7 Relationship 8.07
between subsurface (>100 m
depth) **Cs concentration #
. . —~ 6.071

and potential density (cq) ME *
south of the Kuroshio Current S *
(KC) along the 138°E @ 40!} ¢
transect (Adopted with 0

- ; o ®
permission from Kaeriyama 3 é
et al. 2014a. Copyright T 20 ¢ ¢ ’ ¢
(2014) American Chemical
Society) 0 ) ) ‘

235 240 245 250 255 26.0

Op

the North Pacific before the FNPP accident (Aoyama et al. 2008; Povinec et al.
2004). These results suggest the FNPP-derived radioactive Cs core water had dis-
persed southward to at least 18°N by 19 months after the FNPP accident. Nakano
and Povinec (2012) reported long-term simulations of FNPP-derived '*’Cs disper-
sion in the global oceans with a grid size of 2x2 and 15 layers of vertical direction.
The vertical distribution pattern of FNPP-derived '*’Cs with subsurface peaks
between 100 and 300 m at 20°N-130°E is in agreement with our results at
21°N-134°E from September 2012 (Fig. 2.5). However, the timing of the appear-
ances and concentrations of subsurface '*’Cs peaks are very different from our
results. Their model results revealed the first appearance of a subsurface peak of
FNPP-derived *’Cs was in 2014 and the peak depth concentration was estimated as
0.5 Bq m™. However, our results showed a subsurface peak concentration of
2.1 Bq m= for FNPP-derived '*Cs at 20°N-130°E in September 2012, that is, 2
years earlier than the model result. These differences between the modeled result of
Nakano and Povinec (2012) and our direct observation may be the result of limita-
tions such as uncertainties regarding the amount of '*’Cs released from the FNPP
and the resolution of the velocity field. Nakano and Povinec (2012) mentioned that
the KC and the KE were weaker in their model than the ARGO drifters predicted.

2.4.2 Transect Across the Kuroshio Extension

In October 2011, concentrations of **Cs and *’Cs in excess of 20 Bq m™ were
observed in surface waters and at 50-m depth north of the KE at 147°E (Fig. 2.8).
Alternatively, the subsurface peak of radioactive Cs was observed in the KE and south
of the KE (Fig. 2.8). The concentrations of 1*’Cs drastically decreased after 1 year at
all three stations and were distributed uniformly between 1.3 and 4.3 Bq m3, which
were observed north of and in the KE in November 2012 (Fig. 2.8). In contrast, the
subsurface peak of *7Cs was observed at 9 to 12 Bq m~ south of the KE, with '*Cs
detected in the KE and south of the KE in November 2012 (Fig. 2.8). Southeast of the
FNPP, *’Cs inventories north of the KE, in the KE, and south of the KE in October
2011 were calculated to be 3,840+660, 6,370+2,060, and 10,990+3,870 Bq m>,
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respectively (Fig. 2.6¢); those from November 2012 were 1,030+280, 1,150+370,
and between 2,440 and 3,300 Bq m™, respectively (Fig. 2.6¢).

In shallow water (0 and 50-m depth), high concentrations of '*Cs and '*’Cs were
observed north of the KE, but low concentrations were observed in the KE and south
of the KE, which is consistent with previous studies showing that the KE prevented
the southward dispersion of radioactive Cs from the FNPP in the surface water
(Sect. 2.3; Aoyama et al. 2013a, b; Buesseler et al. 2012). Our results showed that
deeper intrusion of FNPP-derived radioactive Cs occurred at 34°30'N and 35°30'N
in October 2011 before the first winter after the FNPP accident. In October 2011, the
subsurface peak of '**Cs was observed from 24.0 to 26.5 o,,. Observations at 34°30’'N
in November 2012 were between 25.1 and 26.1 64 with a peak at 25.3 o,. The differ-
ence in the density of subsurface '*Cs waters may indicate that different water
masses of FNPP-derived radioactive Cs existed during these 2 years. The large spa-
tial variation of the FNPP-derived radioactive Cs around the KE was also discussed
with data obtained at 34°46'N—148°52'E in February 2012 (Kumamoto et al. 2013).
Rypina et al. (2013) reported model results of FNPP-derived radioactive Cs in the
area of 34°N-37°N, 142°E-147°E during March and June 2011. The three-dimen-
sional (3-D) model results (fig. 9 of Rypina et al. 2013) suggested that FNPP-derived
37Cs occasionally penetrated to 300400 m in depth north of the KE during April
and June 2011 as a consequence of the spatial heterogeneity of mixed-layer depth
and the existence of strong downwelling regions. Furthermore, Oikawa et al. (2013)
showed data obtained near the FNPP during March 2011 and February 2012, which
were part of the monitoring program initiated by the Ministry of Education, Culture,
Sports, Science and Technology (MEXT). They concluded that the depth of o, iso-
pycnals of 25.5-26.5 waters increased with time and transported the FNPP-derived
radioactive Cs to deep water from the FNPP-proximal coastal waters between May
and December 2011. Taking into account the monitoring data of MEXT (Oikawa
et al. 2013), the observational data from February 2012 (Kumamoto et al. 2013), and
model results (Rypina et al. 2013), it has been suggested that the subsurface peak of
radioactive Cs observed south of and in the KE in October 2011 may have been
transported from the coastal area off the FNPP without subduction.

2.4.3 Amount of 3*Cs in Subsurface Core
Waters in the Southern Area

We estimated the amount of **Cs in subsurface core waters south of both the KC
and the KE from our observational data collected in September 2012, when the
southernmost detection of '**Cs was observed at 18°N-135°E (Fig. 2.5). Results
suggest that the FINPP-derived radioactive Cs was taken into the NPSTMW and
then transported southwestward by the Kuroshio recirculation (Suga and Hanawa
1995). As a first step, the amount of '**Cs in the entire area of the NPSTMW was
estimated. The average concentration of **Cs in the NPSTMW (26°49'N-34°30'N),
decay-corrected on March 11, 2011, was 11+1.7 Bq m=. Suga et al. (2008) esti-
mated the total volume of the NPSTMW as 1x 10° km?®. Therefore, the amount of
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34Cs in the entire area of the NPSTMW would be estimated as 11+1.7 PBq.
Kumamoto et al. (2014) reported '3*Cs in the area around the center of the NPSTMW
during January and February 2012, estimating the total inventory of '**Cs in the
NPSTMW to be 6 PBq. These estimates may indicate that 6 PBq of **Cs intruded
into the NPSTMW during March and April 2011, as observed in January and
February 2012 (Kumamoto et al. 2014), and 3.3-6.7 PBq additional **Cs had
intruded into the NPSTMW during the 2011-2012 winter season, observed in
September 2012 (this study). Because the vertical resolution of this study was low
(seven layers between the surface and 1,000 m), and the study area was limited to
the western part of the NPSTMW, considerable uncertainty should have been taken
into account. The second estimate was limited to the peak depth of radioactive Cs
around the western part of the NPSTMW. Contours of acceleration potential on an
isopycnal surface indicate isopycnal streamlining in September 2012 based on
ARGO float data. The shape of the closed contour line of 19 m? s~2 is similar to the
Kuroshio recirculation as described by Suga and Hanawa (1995), and the area was
defined as the western part of the NPSTMW (Fig. 2.9a).

The '*Cs concentration was estimated for the observationally sparse area in the
western part of the NPSTMW by Gaussian averaging (Fig. 2.9b). The thickness of
the NPSTMW core was estimated as the difference between the depths of isopycnal
surfaces 25.2 oy and 25.4 o, (Fig. 2.9¢). The horizontal inventory of **Cs in the
western part of the NPSTMW core was estimated using the product of the concen-
tration and thickness listed above (Fig. 2.9d). Then, the amount of **Cs in the core
of the western part of the NPSTMW in September 2012 was estimated to be 1.07
PBq, which accounts for 7-47 % of the total amount of **Cs released directly into
the ocean from the FNPP (2.3-14.8 PBq of '*’Cs; 134Cs/!*’Cs ratio assumed to be 1.0
Masumoto et al. 2012), or 10 % of the total deposition including direct release and
atmospheric surface deposition (11 PBq '**Cs; Kobayashi et al. 2013). Although the
estimation includes enormous uncertainties, it should be noted that a considerable
amount of the FNPP-derived radioactive Cs had been dispersed in the southwestern
portion of the North Pacific across the KC, which was considered to act as a barrier
against the southward dispersion of FNPP-derived radionuclides (Sect. 2.3, Aoyama
et al. 2013a, b; Buesseler et al. 2012). To clarify and improve the amount of FNPP-
derived radioactive Cs in the southwestern portion of the North Pacific, future stud-
ies should include not only collection of observational data, but also an improved
model with a comprehensive understanding of FNPP-derived Cs dispersion in the
oceanic environment.

>
>

Fig. 2.9 (continued) (b) Estimated spatial distribution of '**Cs concentration (Bq m~) at the core
water of the western part of the NPSTMW, which is estimated by Gaussian averaging with a 1,000-
km e-folding scale applied to the '*Cs data collected during September and November 2012 and
decay-corrected on March 11, 2011. The black line indicates acceleration potential of 19 m? s=2.
(c) Spatial distribution of water thickness between the isopycnal surfaces 25.2 6, and 25.4 64 based
on the Argo data. (d) Estimated inventory of '**Cs in the core water of the western part of the
NPSTMW in September 2012, which is estimated by the '3*Cs concentration (Bq m=) and the
water column thickness. The black line indicates acceleration potential of 19 m? s
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Fig. 2.9 (a) Acceleration potential on isopycnal surface 25.3 o, referred to 1,000 dbar based on the
quality-checked Argo data (resolutions: horizontal 1°x 1°, vertical 25 layers from surface to 2,000-m
depth) during September 2012, which were obtained from http://www.jamstec.go.jp/ARGO/argo_
web/argo/index.html. The area with acceleration potential >19 m? s is colored in yellow.


http://www.jamstec.go.jp/ARGO/argo_web/argo/index.html
http://www.jamstec.go.jp/ARGO/argo_web/argo/index.html
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2.5 13¥Cs and *'Cs Around Japan Islands

The seawater samples for measurement of '3*Cs and '¥’Cs were collected between
May 2011, 2 months after the FNPP accident, and March 2014 (Fig. 2.1). In the
Japan Sea, the East China Sea, the Seto Inland Sea, and the Bering Sea, only *’Cs
was detected at background levels (<2.0 Bq m), without any detectable **Cs
(Fig. 2.10). Inoue et al. (2012), Wu et al. (2012), and Kim et al. (2012) reported
134Cs at trace levels in the Japan Sea, the East China Sea, and around the Korean
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Fig. 2.10 Sampling locations of surface seawater (a), and temporal variations of '*’Cs in the west-
ern North Pacific (b), in the area north of 38°N (open circles), 37°N-38°N (open squares), south
of 37°N (open triangles), and in other areas, including the Japan Sea, the Seto Inland Sea, the East
China Sea, and the Bering Sea (cross) (Modified from Kaeriyama et al. 2014b)
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Peninsula, respectively. These results demonstrated that FNPP-derived radioactive
Cs slightly affected the Japan Sea, the East China Sea, the Seto Inland Sea, and the
Bering Sea.

In contrast, a high level of radioactive Cs was observed off the coast of East
Japan in the western North Pacific (Fig. 2.10). In May 2011, a high concentration of
137Cs, in excess of 200 Bq m~, was observed in the area 36°20'N-38°N, but concen-
trations were lower than 100 Bq m™ south of 36°20'N (Fig. 2.11). In the area south
of 36°20’N, more than 500 Bq m= '*’Cs was observed in June 2011, 1 month after
our observation (Buesseler et al. 2012). Aoyama et al. (2012) reported temporal
variation of radioactive Cs at Hasaki (35°50.4'N-140°45.6'E), 180 km south of the
FNPP site, during April and December 2011. The peak of radioactive Cs at Hasaki
observed in June 2011 represented a delay of 2 months from the appearance of the
peak of radioactive Cs at the FNPP site in April 2011. The meso-scale eddy existed
in mid-latitudes between FNPP and Hasaki, and its center is located at
36°30'N-141°24’E. This eddy may have prevented the southward transport of
FNPP-derived radioactive Cs to Hasaki until the end of May 2011 (Aoyama et al.
2012). The difference in the horizontal distribution of '*’Cs between May and June
2011 (Fig. 2.11) also clearly indicates that the warm core eddy inhibited the south-
ward dispersion of FNPP-derived radioactive Cs along the east Japan coast until the
end of May 2011. North of the FNPP, the meso-scale eddy also affected the local
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Fig. 2.11 Sampling locations of surface seawater and '*’Cs concentration in May (circles) and
June (triangles) 2011. The data for June 2011 were obtained from Buesseler et al. (2012). Colors
of the closed and open symbols indicate the concentrations of '¥’Cs (Modified from Kaeriyama
et al. 2014b)
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distribution of FNPP-derived Cs (Kofuji and Inoue 2013). The patchy distribution
of radioactive Cs was also observed around the meso-scale eddy just north of the
KE (as shown in Sect. 2.3). To comprehensively understand the patchy distribution
of radioactive Cs released from the FNPP, meso-scale-resolved models should be
developed.

Figure 2.12 shows temporal variations of '*’Cs off the coast of East Japan based
on selected data sets (Aoyama et al. 2012; Buesseler et al. 2011; Kaeriyama et al.
2014b, d; Kaeriyama, unpublished data). To compare the decreasing trend of FNPP-
derived radioactive Cs within these data sets, the data of Aoyama et al. (2012) and
Buesseler et al. (2011) were plotted from the timing of the observed peak concentra-
tion. Exponential decrease was observed in each data set. During the first year from
the FNPP accident, drastic decreases of '*’Cs were observed off the east coast of
Japan. On the other hand, after 1 year from the FNPP accident, the decay rate
seemed to be slower than that of the first year (Fig. 2.12), which may imply that the
extremely high radioactive Cs released during March and April 2011 was quickly
dispersed from the coastal area to the open ocean within 1 year from the FNPP
accident in this area. The weakened decreasing trend apparent after 1 year from the
FNPP accident would be affected by new inputs of FNPP-derived radioactive Cs,
such as continuing release from the FNPP site, even though continued release was
more than four orders of magnitude less than the direct discharge that occurred dur-
ing March and April 2011 (Kanda 2013). Furthermore, river-borne waters and sedi-
ments should have been considered as a long-term source of FNPP-derived
radioactive Cs to the ocean. The concentration of '’Cs obtained from very near
coast (off the coast of Onahama; Fig. 2.12) were higher than that of offshore stations
(off the east Japan coast and Sendai Bay; Fig. 2.12), possibly caused by the fluvial
input of terrestrial FNPP-derived radioactive Cs. Nagao et al. (2013) reported the
transport of FNPP-derived radioactive Cs from a contaminated watershed in
Fukushima Prefecture to the coastal ocean area during July and December 2011;
they estimated the export flux of '¥Cs and '¥’Cs after the heavy rain event (Typhoon
Roke in September 2011) as roughly 0.74-2.6x10'° Bq day~! for the rivers of
Fukushima Prefecture. These values account for 30-50 % of the export of radioac-
tive Cs for the 10 months of March 11-December 31, 2011 in these rivers (Nagao
et al. 2013). In the future, secondary dispersion of FNPP-derived radioactive Cs
through rivers, as considered in Nagao et al. (2013), and through groundwater
should be studied to understand the long-term effects of the FNPP accident in the
coastal area of East Japan.

Fig. 2.12 (continued) (Kaeriyama et al. 2014b), near the coast of Onahama (open triangles)

(Kaeriyama, unpublished data), near the coast of Hasaki (purple open diamonds) (Aoyama et al.
2012), and near the coast of Iwasawa (blue open diamonds) (Buesseler et al. 2011)
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