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Fig. 1 Monthly deposition is expressed in mBg/m? on a logarithmic scale. Sr-90 and **'Cs analyses
from deposition samples taken 6 and 8 months before the accident, respectively, are ongoing to avoid
possible sample contamination at the MRI because of the accident. Thus, these data are missing not
only in Figure 1. The measurement uncertainty (1c) is shown only for the data obtained after the
Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident, and is reasonably small compared to
the analytical data. For comparison, uncertainty for the monthly data in 2010 is also given. The
effects of atmospheric nuclear bomb tests have been recorded since 1957. Until the Partial Test Ban
Treaty (PTBT) became effective in 1963, the USA, Soviet Union, and UK conducted atmospheric
tests. France and China continued atmospheric testing until 1974 and 1980, respectively. Since 1981,
all the nuclear bomb tests have shifted underground, so additional radioSr and Cs contamination
should be negligible. However, the Chernobyl accident in 1986 also affected the time series. The
simple summation of the deposition from 1957 to the time before the FDNPP accident (mid-2010)
and decay-corrected summations for Sr and *'Cs can be compared to the FDNPP-derived
deposition. From lgarashi et al. (2015)



} 13405 E--FFOITI-MEI’.- 2011 tOAU92014 SRR WOV I

r 13705

_ | Fukushima accident i In Mar.-Aug., 2014 average concen.
of 13Cswas 12 yBq/m?® B

more than 10 times

-
>
=
(=1
e
L

11131 11/911 12131 / 12/9/1 1331 13/91 1431 141911
Date (yy/m/d)

Atmospheric activity concn. (ran!m3]

1.

s
-
o
3
=
o
-
|_\
[
o
=
[

1x10° | NDlevel . S . S——

137Cs concen. prior to Mar.,
2011 was ~ 1 uBq/m?

Fig. 2 Act|V|ty concentration is expressed in Bg/m® on a logarithmic_scale. The measurement
uncertainty (16) is shown. The maximum concentration of 38 Bg/m® of *'Cs was observed during
March 20-21, 2011. After that, the radioCs concentrations rapldly decreased until fall 2011, when
the decrease slowed The levels before (approximately 1 uBq/m®) and three years after the FDNPP
accident (12 qu/m from March to August 2014) are also compared. A difference of at least one
order of magnitude is observed between the concentration level from March to August 2014 and the
level before the FDNPP accident. From lgarashi et al. (2015)
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Fig. 3 Atmospheric activity concentrations of radionuclides from the FDNPP accident in March
2011 a) Observed data from filter samples collected at the MRI, Tsukuba, Japan; b) comparison of
observed (black) and simulated results (red) for **’Cs The abscissa is expressed in dates in March 2011
and is labeled at the start of the day in a) and the middle of the day in b). Contamination of the filter
samples cannot be totally ruled out for the period before March 14 in a), which is depicted by the
left-right pointing double arrow. From lgarashi et al. (2015)
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2. KRR ORI EYEOWEL - L2

1) XTI

KA TR SN D E L, VAR (=7 1Y) & LTRAETITEN, 9N
THL ESOWKIEICRE 9 %, £ O RKIEHSCBEIRBIE, F 72348 A I =X %23 51213,
WPEE DN EO XD e b PR 2O Fl- o s Ty u vz ke LTnd
MERAT D VEND D, AETIH, —Blé L THAARAREL TRE LIZEEE /%
TBATE T L » THEELH S 7 S E Y E O WL R E O BRfR & B 5 U 7= WF 2R &
WET 5,

2011 4 3 AITHA LTl K o Th A e U TEV - SRR - RIS S 7203, ik
HENTZ B ITEE E L CUIFERITHMETH D O T, BERERIE LN O34T F1ETER
BBt DR T2 Z LI CH o7, L LN S, W E oREEEREIL. T H
ROMETZT TR ED DO TR L EOEORT L 7g DRI DAL FMER, A A 2 IRRE RIEE,
FAREE &\ o T2 R I KB S N D 720 BIK A & 5D 7o BRI SoA L 285 1 D 45
ITEETHD, MEILFEWE OEN T FEE LT, B BMEECHUE YL 0T 72 & Ol
FEIAL T 3D D0 RBFFEICB N TIE, 2D OFiEE VT 2011 47 3 A 14-15 HIZD
IEH TR ST 7 4 v & —3 B O S MR- O RFE 217> 7= (Adachi et al., 2013)
F TN O ORI OFARK, ALTIREE, FEdIRIEEZ ~ A 7 1 B — ARG X o THOMT L (Abe
etal., 2014) . & O\ HGHERL 7 O Wi & Z5im A w7 BAIEEIC L 0 FEHEZAEHT L 72 (Yamaguchi
etal., 2016) , 723, Adachietal. (2013) & Abe et al., (2014)i3#5t & L CHAZEDR LI E &
W= (J&ir,2015) .

2) ERMFFERR

—HEDOHFFED T, e HIDOWFZE (Adachi et al., 2013) Tik., &M E 7 5H8E (SEM-EDS)
ZFAVNT 2011 4F 3 A 14—15 A2/ CTRABICHER U7 i PR 2 04T L. o o A 8k,
0% < OIREIH R E B X DN D IR E R KITETIZS W2 <A 7 1 A— LT
DERIRA T AKERL - THDHZ L Lz, £ LT, 20 OFEMZR B EIL, F5FICR
2R OPEEEET NV OREER LICEE CTHDH Z L amE LTz,

FEWNTIT o 72898 (Abe et al.,, 2014) TlE, KAHUR YEMEE% SPring8 1238\ T, EE DR
W R TCR 0T 21TV, SEM-EDS 704 TS b iz ocsk (8K, #igh, B o L) 1Tz,
NEDT A VNa=gh BEVTTU AR TUTFEY, T, N T ARETOIK
PRI EN D Z L AR LTz, AT, ~vHy, 7an, /R 7T, ko
JTEHED LS LIE 2 BORi b &z, £/, LFRESRE IR IEZE X BRI S
VTS 5T (XANES) <0 X #R[EHE (XRD) ZWVTHOMr L, K& Pt Sy il
PRI F- NI EDOH T ZIRTHDH Z LR Lz, 25 OIFFEAEIL, N TOR 384 A
T =R LD ~ERNT 5 Z E NS D,

X 512, Yamaguchi et al. (2016) (X, FHIZ X > ThHeH STk % IR A 4
v— a2 EE A CGERE L, FRAE B (TEM) I2 X200t Lz, = DOfER,
K DHT TN LR T-NE O, 7720 b U APRIFREICEEL TNDH &
R Lz, 70, SB0T W72 EOF RS EURTERL FIZNE L TWA Z E L oI L
7oo TIVHOFFIL, HEHERLT- O BHBBRBEEIHE D TISORL Ak A 7 = X L ORIz Es
WCHEEZMATH S,
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DX DI KRBT TIT > ToPFRIC L 0 | BEH IR 3BT S BVTlit &
TS T E O KRR T OYBALFRHED —E A B L 2o T2, 26 OWIJEIR T — A R
BT 4 TS, Ak x I3 O S0 D BURTEWE DI AR A T1 = X L ORI
BREEREO TRI~OEBB IR SN D,
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3. KRR DOBEHMEWE DET M2 K i

1) B E R RIEBIL A T T

ARFFE 2D HI2H 7= . Kajino et al. (2012) |2k » TR SN -HEKRKEET )V
(Regional Air Quality Model 2; RAQM2) % it EMERBIRIARTE T V& L THATE 5 &
HthZE L7= (Adachi et al., 2013) , ZDOFF /L (RAQM2) (X7 1 Y )L DRIFES i % % 5K
EH A BEECCIRE U, BRAERL - BEAG - BEEE - BMEILAS - 77V v R A — L DZEEE /K
EETEMAL & Wolmm T u Y L FERRE N Y TS — A v METRET AMA O T 1o
VIVEY 2a— NV EFEL WD, £, =7 a Y it b sk < Eyaimie (&
W COREKREIRR) EEER T CORKBREBRRICET 2 TRARNRTXTET LV
(RAQM2) N TRt TV 5,

RAQM2 |ZA 7 74 VBTNV TH Y, K18 (KRS E O SENTE) 127885 5-
b5, UL I 2 L—a VAR TIE, KRETEHRI1FRLETT /L (IMA-NHM;
Saito et al., 2007) % /KR4 3km (B H AN A 215%259 7' U v RIZoyEl) THEITTHZ &1
Lo TRE L EEMR L., RUMEEL FA AT RAQM2 OFHRE H1T- 72, Z DEE.
IMA-NHM DOENE AR EE 50 J& (B )& 1 50hPa= 5 20km F2 %) 2 RAQM2 Tl 20 J& (i
FEIXEE 10km) (28 H L 72, IMA-NHM O X O RE (A7 Mty o)
[ZITRBRIT A Y BN OK A4 Skm ; BRRAEGE 3 BERE) 2 W=, £/, B b
RESOFEE L LT, IMANNHM & R 7 v TV ER v~ 7 ¢ V% (LETKF) 5
—Z ALY AT DI IIA T, [EBENE (T A XA, FU04Y 07, W ERE) 25 —4
b3 2 Z LT Lo THMBICHK - RBITE A /ER T 2 2 & b7z (Sekiyama et al., 2015) .

BEE R NIRENER LD RKIER Y 32— a Vv BETAHEDOT A M r—
Z L U TCEMT BT R /I3 EFH» S i St B'Cs & & LT Katata et al. (2011)
DRERFNA oy N —%FIH L=, ¥Cs 13BN HBT= T a0/ Lt HlREZT YL
DR GRIFIZEEN TS EUE L. # D ¥'Cs &R 1 35T %] S45) D w7 IR B 5%
% 0.5um. HEYEFFEA 1.6, ki FBEE %A 1.83 glem®, WOEMEZ 0.4 & L CTEFAND HFERR
EEE L7m, BCs SR T OB B T Katata et al. (2011) OHEES T U S b CE
J£ 20m 2> 5 150m O[] THRE 2L S 7z,

2) =7 a Y LOYE - ALFERHEIZBE T 5 T T VR E R

Kajino (2015) Ti&. 1) #iTfL L= E7 /L& HWT, 2011 4 3 A2 5 g h
ko BCs oS, ik, EBROFRIEREIT-7-, £ LT, 2 = OMH LUt
VU LEGTe T v VO LSRR OB, HE ORI D RBETT VO EER A
JHUNT Bl - iR A M L7 B S U AR ER T T u VT 2 fEEE LT 1)
BT AT RIEIED 7 < 7 3 R T, 38 K002 F T/ Adachi et al. (2013) THILE
NI IEREE DRI CTH 5,

FUZ7 o R BT Y 2 — LB HWEHETH > TH HNERARET L OEND
Ik BCs Db B RIT IMEREL(L LTz, FT v Y UEEOEWIC L A ihEEOZE L
T, KRBETMICEBENL D ITNSWVR, ERT2LEREOELE LD Lz, Lan
ST, KBETINVOEN (TbHENFEaTOWEAF— LADE) L7 v Y Vs BT
PEOBENS - 7 AOBEET Y 7l > TEHERRTA—=ZTHDHZ LN
IR L 7=,
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Table 1 Monthly *'Cs deposition at the MRI, Tsukuba and Mt. Haruna

st EE(2011/3/11 I EHMIE)

ENIETEE
(190s-1%Gs)

ENTRETHE
(13705_13405) (H—é

g | 7TE R g n o) REIHEME)
1340s (Ei%/ ¥1cs (Eﬁ;%/ 810 (ii%/ o (ii%/_
(mBg/m) ) (mBg/m) ) (mBg/m) ) (mBg/m) )
MRI ”r’;fg Ho- MRI | 2010%9R | 422 3.6 415 26 -0.7 44 ND -
MR;;T 0 1 MRI | 20104E10H | 1452 | 730 | 1492 | 748 41 105 ND -
MRL;?‘ 1 - MRI | 2010118 | 362 33 373 23 11 40 ND -
MR:;?‘ 2 2 MRI | 20105128 | 446 3.6 57.8 32 13.2 48 ND -
MR‘I“LJO‘ 3 MRI | 2011415 04 20 5.1 11 46 23 ND -
MRLLZOZ 4 | MR | 2011528 | 510 | 39 | 484 | 28 | -25 | 48 ND -
/// 144 117 ND -
*&%f# 0081 4 ¥4 | 201048A8 326 6.9 60.3 3.9 21.1 7.9
1521 813 | 1637 83 117 116
*%f# 009\ ¢ |mauw| 201098 57.4 8.4 85.2 4.9 27.8 9.7 ND -
/// 1387 172 1398 173
&%Fﬁmm 7 |#&%&L| 20104108 | 260 15.4 1310 67.0 1283 69
2139 110 2242 113 103 158
*%f#m "8 |maw| 2010118 | 119 28 54.9 32 430 42 433 42
ﬁ%mm 2| 9 |#&W| 20105128 | 717 6.6 104.0 5.6 32.3 8.7 324 8.7
*%f# 1001 40 |s&w| 2011418 5.7 36 14.1 15 8.4 3.9 ND -
*&gf# 1020 4y l#g&w| 2011428 | 333 | 55 | 388 | 26 | 55 | 61 ND -

* MCsMIBEAE -0, BEICARO TEAREFEALE
*¥ENMEBEIT DV T, CsAATAF R (HEHIERE) Lo TWVBLDLH AN EDEERTLT-
*FERERDEDRAREISONTIL, REDIMEEBRALEVEDICDONTIENDEL THRETREEE B LT
1 RERHR. OUTFITMLE-HEOAEEREIIELAIEL-E

F2 RiEEPHMOAEREIELRELE
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Table 2 Monthly deposition of ®°Sr and **'Cs at the MRI, Tsukuba during the years of 2010 and 2011
Regarding some of the samples, we could not obtain the correct data due to the heavy contaminations of
the sample itself, experimental environment, measurement environment as well as detectors themselves.

H A 0gy Bics Bics/Psr  BRkE REEE

mBg/m? mBg/m? i RE b mm g/m?

2010 14 2.55 + 0.89 6.76 + 1.27 2.7 9.5 1.26
2H 3.36 + 072 17.1 + 3.05 5.1 96.5 2.84

3H 5.98 + 0.80 22.5 + 3.40 3.8 101.0 2.92

4A 3.56 + 0.67 12.3 + 2.14 3.4 169.0 2.48

5H 3.67 + 035 8.69 + 1.69 2.4 132.0 1.72

6 H 0.97 + 019 1.87 + 0.35 1.9 95.0 0.94

7H 1.19 + 073 4.23 + 0.62 3.6 69.5 1.39

8H 0.60 + 0.05 ND i - 5.0 0.81

9H 1.44 + 0.62 ND + - 379.5 1.34

10H 1.09 + 0.49 ND + - 1575 0.70

11H 0.97 + 014 ND + - 815 0.30

12H 4,31 + 0.77 ND + - 102.0 1.11

aF 29.7 73.4 2.5 1398.0 17.81
2011 1A ND + ND + - 0.0 0.74
2H 1.84 + 0.86 ND + - 104.5 1.03

3H 5160 + 46.6 23100000 + 924000 4480 74.0 4.65

4A 4660 + 407 1780000 + 1300 382 74.5 5.97

5H 376 + 149 330000 + 273 878 210.0 3.90

6 H 152 + 109 104000 + 142 683 138.5 2.09

7H 46.0 + 7.13 82000 + 125 1780 184.0 2.53

8H 76.8 + 6.18 32000 + 99.1 417 1425 1.17

9H 25.7 + 6.65 45900 + 88.8 1780 186.0 2.76

10H 31.3 + 498 25800 + 103 824 160.5 1.29

11H 15.2 + 1.38 5850 + 47.4 385 79.0 0.73

12H 31.0 + 484 20300 + 83.8 654 41.0 1.79

&t 10580 25530000 2410 1394.5 28.65

Activity unit: mBg/m*/month
ND: We could not obtain the significant data.
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Abstract

the FDNPP accident is provided in the Appendices.

A severe accident occurred in March 2011 at the Fukushima Dai-ichi nuclear power plant (FDNPP) operated by the
Tokyo Electric Power Company (TEPCO), causing serious environmental pollution over a wide range covering eastern
Japan and the northwestern Pacific. This accident created a large mark in the atmospheric radionuclide chronological
record at the Meteorological Research Institute (MRI). This paper reports the impacts from the FDNPP accident over
approximately 3 years in Tsukuba, Ibaraki (@approximately 170 km southwest from the accident site), as a typical
example of the atmospheric pollution from the accident. The monthly atmospheric “°Sr and '*’Cs depositional
fluxes in March 2011 reached approximately 5 Bq/m?/month and 23 kBg/m?/month, respectively. They are 3-4
and 6-7 orders of magnitude higher, respectively, than before the accident. Sr-90 pollution was relatively insignificant
compared to that of '*’Cs. The '*’Cs atmospheric concentration reached a maximum of 38 Bg/m’ during
March 20-21, 2011. After that, the concentrations quickly decreased until fall 2011 when the decrease slowed.
The pre-FDNPP accident '*’Cs concentration levels were, at most, approximately 1 pBg/m?. The average level
3 years after the accident was approximately 12 pBg/m® during 2014. The atmospheric data for the 3 years
since the accident form a basis for considering temporal changes in the decreasing trends and re-suspension
(secondary emission), supporting our understanding of radioCs' atmospheric concentration and deposition.
Information regarding our immediate monitoring, modeling, and data analysis approaches for pollution from

Keywords: Temporal change, *°Sr, '*’Cs, Atmospheric deposition, Atmospheric concentration, FDNPP accident

J

Background

We have conducted observational research on radio-
nuclides in the environment for almost 60 years at
the Meteorological Research Institute (MRI) in Japan,
ever since the 1950s when the USA, Soviet Union,
and others performed vigorous nuclear tests in the at-
mosphere. The atmosphere is the major medium into
which radioactive materials were directly injected by
the nuclear tests and accidents, and within it, trans-
port, diffusion, and wet and dry removal of these ma-
terials occur. During the nuclear testing era, the
major purpose of our research was to clarify the
radioactive pollution situation and its major controlling

* Correspondence: yigarash@mri-jma.go.jp

'Meteorological Research Institute, 1-1 Nagamine, Tsukuba, Ibaraki 305-0052,
Japan

Full list of author information is available at the end of the article

@ Springer

factors in the atmosphere (Hirose et al. 1986; Katsuragi
1983; Miyake 1954; Miyake et al. 1963, 1975) and
hydrosphere (Miyake et al. 1955, 1962, 1988). After
the Chernobyl accident, the purpose of the research
gradually shifted to obtaining more data about various
processes in the atmosphere (Aoyama 1988; Aoyama
et al. 1986, 1987, 1991, 2006; Hirose et al. 1993,
2001; Igarashi et al. 1996, 2003, 2009) and hydro-
sphere (Aoyama 1995, Aoyama and Hirose 2004; Hirose
et al. 1999, Hirose and Aoyama 2003; Miyao et al. 2000).
Of particular interest in this study, observation of monthly
radionuclide deposition (atmospheric total deposition/
radioactive fallout) for *°Sr (half-life, 28.8 years) and 137¢g
(half-life, 30.2 years) had continued for 57 years as of April
2014, although the location of the observations moved
from Koenji, Tokyo, to Tsukuba in 1980 when the science
city was built (Katsuragi 1983). Both radionuclides are

© 2015 lgarashi et al. Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made.
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scientifically important because of their health and
environmental impacts (e.g., see U.S. Department of
Health and Human Services, Public Health Service,
Agency for Toxic Substances and Disease Registry
ATSDR2004Cs 2004; U.S. Department of Health and
Human Services, Public Health Service, Agency for
Toxic Substances and Disease Registry ATSDR2004Sr
2004). We continued collecting and analyzing atmos-
pheric samples after the accident at Tokyo Electric
Power Company’s (TEPCO) Fukushima Dai-ichi Nuclear
Power Plant (FDNPP) in Ohkuma-machi and Futaba-
machi, Fukushima prefecture (37.42 °N, 140.97 °E) in
March 2011.

Many authors have attempted to determine the envir-
onmental impacts of the FDNPP accident, which have
gradually come to light (e.g., Aoyama et al. 2012, 2013;
Hirose 2012; Kusakabe et al. 2013; Masson et al.
2011; Masumoto et al. 2012; MEXT 2011la ; MEXT
and USDOE 2011; Povinec et al. 2013a, b; Tsumune
et al. 2013; Yamamoto et al. 2012; Yoshida and Kanda
2012; Yoshida and Takahashi 2012). We still need to
study the following issues from an atmospheric sci-
ence point of view (Igarashi 2009): (1) primary source
terms including emissions inventory and temporal
changes (e.g., Chino et al. 2011; Katata et al. 2012, b,
2014; Maki et al. 2013; Stohl et al. 2012; Terada et al.
2012; Winiarek et al. 2012), (2) transport and diffu-
sion (e.g., Masson et al. 2011; Morino et al. 2011;
Sekiyama et al. 2015; Stohl et al. 2012; Takemura et
al. 2011; Tanaka 2013; Terada et al. 2012), and (3)
dry and wet removal (e.g., Adachi et al. 2013; Hirose
et al. 1993; Kristiansen et al. 2012), which governed
radioactive surface contamination during the early
phase of the accident. In addition, the physical and
chemical properties of the radioactive materials (e.g.,
Adachi et al. 2013; Kaneyasu et al. 2012) are import-
ant factors that influence the second and third sub-
jects to be investigated. Here, we summarize the
observations, present a time series of the atmospheric
impacts of the TEPCO FDNPP accident over approxi-
mately 3 years in Tsukuba, Ibaraki, Japan, and com-
pare the levels to the situation before the accident as
very basic scientific information (Igarashi, 2009). In
addition, secondary emissions from contaminated sur-
faces to the atmosphere (re-suspension; Igarashi 2009)
have become important during the later phases. Re-
suspension comes from contaminated surfaces, terrestrial
ecosystems, and open-field burning. These sources have
undoubtedly supported atmospheric radionuclides but are
not yet well understood and are thus considered briefly.
Other information about the accident, related to our im-
mediate monitoring and modeling endeavors and data
analysis approaches to short-lived y-emitters and *Sr, is
summarized in the Appendices.
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Methods

Atmospheric deposition samples

The monthly atmospheric total deposition/atmospheric
fallout has been sampled using a weathering-resistant plas-
tic tray (area = 4 m?) installed on a cottage roof in an open
field of the MRI in Tsukuba, Ibaraki (36.1 °N, 140.1 °E; ap-
proximately 170 km southwest of the FDNPP) since the
1980s. After April 2011, the sample size was reduced to
two trays, each 1 m? which we considered sufficient for
the levels present after the FDNPP accident. The collected
samples were evaporated and concentrated into a gross
quantity with a rotary evaporator (Eyela NE-12) or an
evaporating dish, and the samples were saved in a
polyethylene safekeeping container. Each evaporated
sample, packed in a cylindrical plastic container, was mea-
sured for y-ray emitting radionuclides (***Cs and **"Cs)
using a Ge semiconductor detector (coaxial-type from
ORTEC EG&G or Eurisys) coupled with a computed
spectrometric analyzer (Oxford-Tennelec Multiport or
Seiko EG&G 92x). The precision, accuracy, and qual-
ity control of the measurements are described else-
where (Otsuji-Hatori et al. 1996).

Part of the sample was then stored for future reanaly-
sis. The remaining sample was added to concentrated ni-
tric acid along with H,O, and digested in a heating
operation. Sr-90 was radiochemically recovered from the
obtained sample solution, purified and finally fixed as Sr
carbonate precipitate, an activity measurement source.
After the source was left for several weeks to achieve
%Sr and *°Y radioequilibrium, its B-activity was mea-
sured using a low-background 2m gas-flow detector
(Tennelec LB5100) with P10 gas (Otsuji-Hatori et al.
1996). Within several months after the FDNPP accident,
89Gr (half-life, 50.5 days) from the accident coexisted
with *°Sr and affected the B-activity measurement. To
remove the *Sr influence, we occasionally repeated the
Sr source measurement and evaluated the radioequili-
brium between *°Sr and °°Y, as well as the decrease in
89S activity (see Appendix 2). When required, the influ-
ence of the ®Sr activity was subtracted from the p-
activity counts to obtain the *°Sr activity. The activity
was always decay-corrected mid-sampling. The detection
limit for *°Sr was approximately 7.0 mBq/sample, ap-
proximately 3.5 mBq/m® using a total of 30,000 s of
measurement. For '*’Cs, the limit was approximately
16.0 mBq/sample, approximately 8.0 mBq/m* for an
average of 120,000 s of measurement.

Atmospheric radioactive aerosols

Aerosol samples were collected weekly using a high-
volume air sampler (HV; Sibata Scientific Technology
Ltd., HV-1000 F) on a quartz fiber filter (Advantech
QR100; 203 mm x 254 mm) (Igarashi et al. 1999a). Dur-
ing March 2011, the sampling frequency was intensified.
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The flow rate was set at 0.7 m®/min, and the daily
sucked air volume was approximately 1000 m>. After
collection, the filters were compressed into pellets
using a hydraulic press device. They then underwent
conventional y-ray spectrometry with Ge detectors as
described above. Current detection limits for ***Cs and
137Cs are approximately 9.0 mBgq/sample (1.3 pBq/m®)
and 10 mBgq/sample (1.5 pBq/m® for approximately
1,000,000 s measurements, respectively.

The filter samples collected before the radioactive
plume arrived at Tsukuba were measured at the Kyoto
University Research Reactor Institute to achieve lower
detection limits and avoid contamination from the
FDNPP accident. This was necessary because the Ge de-
tectors, measurement environment, and experimental
materials at the MRI were somehow contaminated by
the radioactive plume’s passage on March 14-15 and
20-23, 2011 (see Appendix 1). To date, radioSr analysis
has been performed on only a limited number of aerosol
samples collected during March 2011. The results are
presented in Appendix 2.

Results and discussion
Figures 1 and 2 depict the results of the atmospheric
%0Sr and '*’Cs deposition observations at the MRI for
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different durations. The temporal changes in monthly
radionuclide depositions shown in Fig. 1 include those
from the late 1950s to more recently available data, i.e.,
after the FDNPP accident. Figure 2 compares the
amounts of atmospheric deposition after the FDNPP ac-
cident and from the late 2000s. Analyses of “Sr and
137Cs deposition samples taken 6 and 8 months before
the accident are ongoing to control for possible sample
contamination at the MRI caused by the accident. Thus,
these data are missing in Figs. 1 and 2.

Figure 3 depicts the temporal change in atmospheric
activity concentrations of radioCs since March 2011. Be-
fore the FDNPP accident, it was difficult to detect *’Cs
below about 1 pBq/m? in the air (the global fallout back-
ground level).

Although there were small-scale Japanese nuclear acci-
dents in the 1990s (Igarashi et al. 1999a, 2000; Komura
et al. 2000), they did not cause significant marks in the
present time series of monthly *°Sr and '*’Cs deposi-
tions. The effects of the Chernobyl accident that oc-
curred in 1986 were more evident for *’Cs than *°Sr
(e.g., Aoyama et al. 1991) as illustrated in Fig. 1. How-
ever, the previous maximum '*’Cs deposition was two
orders of magnitude lower than those caused by the
FDNPP accident. Thus, the impact of the FDNPP

I 137Cs depo.: (23+0.9)x103% Bg/m? in March 2011 I
? | 9Sr depo.: 4.4+0.1 Bg/m2in March 2011 |

—e— 137CS

T T ! !
> Tsukuba |

QOSr

10° [.g .8 .

Fukus.hima Aécident 3

Chernobyl Accident

oo o 0

10° &
Nuclear.tests by
E-----former USSR, USA, etc.
' 1962

10 &

Radioactivity deposition (mBqlmzlmonth)

1 i i

10° i :
1955 19@ 1965 1970 1975 1980

Simple %3919(137Cs depo.) ~7.0 kBg/m?
=With decay ~2.3 kBg/m?

1%7Cs can be compared to the FDNPP-derived deposition

Fig. 1 5r-90 and '¥Cs monthly deposition observed at the Meteorological Research Institute (MRI) from 1957 to 2014. Monthly deposition is
expressed in millibecquerel per square meter on a logarithmic scale. Sr-90 and '*Cs analyses from deposition samples taken 6 and 8 months before
the accident, respectively, are ongoing to avoid possible sample contamination at the MRI because of the accident. Thus, these data are missing not
only in Fig. 1 but also in Fig. 2. The measurement uncertainty (10) is shown only for the data obtained after the FDNPP accident and is reasonably small
compared to the analytical data. For comparison, uncertainty for the monthly data in 2010 is also given. The effects of atmospheric nuclear bomb tests
have been recorded since 1957. Until the Partial Test Ban Treaty (PTBT) became effective in 1963, the USA, Soviet Union, and UK conducted atmos-
pheric tests. France and China continued atmospheric testing until 1974 and 1980, respectively. Since 1981, all the nuclear bomb tests have shifted
underground, so additional radioSr and Cs contamination should be negligible. However, the Chernoby! accident in 1986 also affected the time series.
The simple summation of the deposition from 1957 to the time before the FDNPP accident (mid-2010) and decay-corrected summations for 205y and
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Fig. 2 Monthly ®Sr and "*’Cs deposition levels in pre- and post-accident periods. Partial enlargement of Fig. 1. The monthly deposition is expressed in
millibecquerel per square meter on a logarithmic scale. The atmospheric depositions of *Sr and ">’Cs in 2013 observed at the MRI were a few orders
of magnitude higher than those from 2005 to 2011 before the FDNPP accident. For *°Sr and '¥’Cs, monthly depositions during 2005 to 2010 were
0.5-19 mBg/m?*/month and 1.2-97 mBg/m?/month, whereas they were 1-33 mBg/m?/month and 2-39 Bg/m?/month in 2013, respectively

accident was more remarkable than any previous inci-
dent in our time series.

Temporal changes in monthly '3’Cs atmospheric
deposition

The monthly '*’Cs deposition in March 2011, when the
EDNPP accident occurred, was 23 + 0.9 kBq/m?*/month,
which is six to seven orders of magnitude higher than

the level before the Fukushima disaster (Figs. 1 and 2).
Because the pollution source of the FDNPP accident is
closer to the observation site (170 km) than it is to the
weapons testing sites and Chernobyl (several thousand
kilometers), the spatial representativeness of the MRI
data (as an absolute value) is lower.

The cumulative *’Cs deposition at the MRI was
25.5 kBq/m?®/year for the year 2011. The sum of the
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simple monthly '*’Cs depositions from 1957 to mid-
2010, the time before the Fukushima disaster, is approxi-
mately 7.0 kBq/m? (this figure is thought to contain
some error since the pre-1970s data did show individual
undefined errors), as shown in Fig. 1. Considering the
radioactive decay of the individual monthly **’Cs deposi-
tions, this past total contribution represents 2.3 kBq/m>.
The FDNPP accident’s influence was over ten times lar-
ger than that of any past event. Almost the same amount
of 3*Cs (half-life, 2.1 years) was simultaneously depos-
ited with the '*’Cs; thus, the total cesium deposition
came to more than 50 kBq/m” This value agrees
quite well with figures for the area around Tsukuba
in observation mapping provided by the Ministry of
Education, Culture, Sports, Science and Technology
(MEXT 2011a).

Later, the deposition decreased rapidly, but the monthly
137Cs deposition in 2012 and 2013 ranged from 8-36
and 2-39 Bq/m?/month, respectively, where deposition
during 2005-2010 had been in the range of 1.2—
97 mBq/m?/month, i.e., three to four orders of magni-
tude higher. The deposition level at the end of 2013
was still as high as values registered when atmospheric
nuclear tests were conducted by China in the 1970s to
the early 1980s. The deposition rate slowly decreased in
the following years.

Atmospheric concentrations of radioCs

Figure 3 displays the temporal change in the atmos-
pheric radioCs activity concentrations at the MRI in
Tsukuba since the FDNPP accident. The temporal trend
shows an abrupt increase (peak) of several orders of
magnitude, followed by a rather rapid concentration de-
crease over a short period (3 to 4 months after the
FDNPP accident), with a smaller decreasing rate after.
The highest **’Cs atmospheric concentrations (38 Bq/m?
in a 12 h sampling period) were registered on March
20-21, 2011, which slightly exceeded the limit stipu-
lated by Japanese regulations and ordinances (30 Bg/m?®).
Although the pre-accident activity concentration level was
not measured, it had been observed for a short period,
from February to April 1997, which includes the time
when the Power Reactor and Nuclear Fuel Development
Corporation Tokai accident occurred (Igarashi et al
1999a). The background level was approximately 1 uBq/m?
and did not decrease far below half that value (appro-
ximately 0.5 pBq/m®) until 2011. The decrease in
monthly '*Cs deposition was small during the same
period (Igarashi et al. 2003, 2009). Thus, the '*’Cs ac-
tivity concentration level registered during summer
2014 appears at least 10 times higher than that before
the accident. During 2011 and 2012, small spikes were
recorded from time to time (Fig. 4). In these cases, daily
forward trajectory analysis suggested that the polluted
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air masses were transported from the accident site dur-
ing the corresponding observation period as shown in
the figure. In addition, relatively high concentrations
were registered in the winter (Fig. 3). This phenomenon
was noted at other places in northern and eastern Japan
(Hirose 2013), so there is most likely a common ex-
planation, as described in the literature.

Temporal change in monthly ?°Sr atmospheric deposition
In contrast to '*’Cs, the monthly *°Sr deposition in
March 2011 was 5.2+0.1 Bg/m*/month. This was ap-
proximately 1/5000 the amount of '*’Cs deposited in
the same month. This deposition was 2-3 orders of
magnitude larger than the level before the FDNPP disas-
ter. The annual *°Sr deposition was 10.6 Bq/m®/year
during 2011, approximately 1/2500 of the quantity of
137Cs deposited. The simple sum of the monthly *°Sr de-
positions from 1957 to mid-2010, before the Fukushima
disaster, was approximately 2.7 kBq/m? as shown in
Fig. 1. Taking the radioactive decay of the individual
monthly *°Sr depositions into account, the sum repre-
sents approximately 0.9 kBq/m> The FDNPP accident’s
impact on °°Sr was very small. The most extreme
monthly *°Sr deposition, recorded during the global fall-
out era of May 1963 in Tokyo, was 170 Bq/m?/month.
The FDNPP accident’s impact on the monthly “°Sr depos-
ition was less than one-thirtieth of this maximum. There-
fore, it is probable that *°Sr pollution over the Kanto Plain
from the accident was relatively insignificant; the environ-
mental and health impacts of **Sr are relatively minor.

In addition, the **’Cs/*’Sr activity ratio fluctuated be-
tween approximately 400 and 5000 (Fig. 5), except for
some abnormal cases described below. This confirms
that the degree of radioSr pollution is relatively insignifi-
cant compared to that of radioCs. However, it is still un-
known why the *’Cs/*°Sr activity ratio varied so widely
despite the radionuclides having a common accident
emission source, namely, the FDNPP accident. More dis-
cussion on the '*’Cs/?Sr activity ratio is given in Ap-
pendix 2. The reason for the variability is worth studying
in the future. The monthly *°Sr deposition recorded in
2012 was 10-31 mBq/m?/month, whereas during 2005—
2010, it was 0.5-19 mBq/m?*/month, a difference of up
to two orders of magnitude.

A °°Sr deposition anomaly in October 2012

In October 2012, the monthly *°Sr deposition showed a
peak of 145 + 2 mBq/m?/month (see the arrow in Figs. 5
and 6), which is 1-2 orders of magnitude higher than
any monthly *°Sr deposition registered that year, and its
influence lasted a few months (Fig. 6). This small 20gy
event remains puzzling. By applying forward trajectory
analysis and closely examining the precipitation over
Tsukuba, we believe that the *°Sr may have come from
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Fig. 4 Atmospheric concentration increases observed during 2011 and 2012 and their air mass trajectories. Note that the activity concentration
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2012. The increases seem to be attributable to the transport of primary radioCs from the accident site

the FDNPP and encountered precipitation on October 7
and 18-19, 2012. However, this increase was not accom-
panied by a radioCs deposition peak, and the major
radionuclide emitted by the FDNPP accident is radioCs,
which is inconsistent with FDNPP accident being the
source of the October anomaly.

The Japanese Radioactivity Survey data on the Internet
were checked, but no consistent data were evident for
the corresponding period. In addition, no such anomaly

was reported in Europe (Masson 2014, personal commu-
nication). Based on the timescale of this contamination,
however, the source should be neither very local nor
very small. This episode shows some similarities to the
case in fall 1995 in Tsukuba (Igarashi et al. 1999b).
We also assume unidentified, unreported incidents of
burning and/or melting of industrial *°Sr sources in
the Far East region as a possible explanation, such as the
Algeciras (Spain) incident in 1998 with its '*’Cs source of
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Fig. 5 Activity ratio of '*’Cs/*°Sr in monthly depositions since March 2011 at the MRI. The temporal changes do not show a clear decreasing or
increasing trend. The arrow shows the month during which an anomalous deposition of “°Sr was observed. Except for the anomaly, the '*'Cs/
205y activity ratio fluctuated from approximately 150 to 6700
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3.7 TBq (Estevan 2003). Sr-90 is widely used in in-
dustrial applications, such as in thickness gauges, and
its activity size ranges from 740 MBq to 3.7 GBq in
Japan. Because “°Sr is a pure B-emitter, it is more dif-
ficult to determine the sources of its environmental
pollution than it is for **’Cs.

Decrease in monthly *’Cs deposition after the FDNPP
accident

Although researchers do not agree precisely on the
EDNPP radioactivity emission inventory (Chino et al
2011; Katata et al. 2012, 2012b, 2014; Maki et al. 2013;
Stohl et al. 2012; Terada et al. 2012; Winiarek et al.
2012), if the *’Cs emission in March 2011 is assumed
to be 10 PBq/month, the deposition/emission ratio (the
monthly deposition at the MRI divided by the monthly
emissions from TEPCO (2012)) would be approximately
107*2 If the MRI is included in the so-called “hot spot”
area, the deposition could be approximately 100 kBq/m>
(five times larger). This would give a deposition/emission
ratio of approximately 10™**. After March 2011, the ratio
is calculated to be in the range of 107'° to 10, which
appears to be large, if the emission-deposition relation
above is correct. We can presume that this excess de-
position at the MRI, Tsukuba came from secondary
emissions. Thus, Tsukuba can be regarded as representa-
tive of a typical suburban area in the Kanto Plain, and
the relative trend of temporal changes there can be con-
sidered comparable to surface contamination levels for
similar geographical domains. The temporal trends

(holding time constant) may also be spatially representa-
tive, although this potential is limited.

To study the decreasing trend in monthly *’Cs at-
mospheric deposition caused by the FDNPP accident
and to make future projections, a curve was fitted on
the temporal trends using multiple components. A
drawing software was employed, and the fitting oper-
ation was put through 100 iterations, each time chan-
ging the initial value so that the calculation results
would converge, as shown in Fig. 6. A trinomial expo-
nential function of the form a x (e ™) was applied to fit
the data (where a is a constant and k is an inverted time
scale; Ln2/T,,,), and the individual half-times (T1, T2,
and T3 in Fig. 6) were approximately 5.9 (+11 %) days,
16 (£18 %) days, and 1.1 (£32 %) years, respectively. The
relative uncertainty is shown in parentheses. These ap-
pear to correspond to the time scale of (1) the reduction
in the original FDNPP accident surge (primary emission
source), (2) the tropospheric transportation and diffusion
of the radioactive plume (equivalent to the removal of
radioactive aerosols from the atmosphere), and (3) the
emission intensity of re-suspension (secondary emission
sources). We posit that some primary radiological re-
lease to the atmosphere continues because the FDNPP is
not isolated from the neighboring environment (Hirose
2013; TEPCO 2012). The results, then, cannot be as-
sumed to be completely free of primary release. How-
ever, the first and second terms can be reasonable
estimates corresponding to the primary emission and
tropospheric aerosol residence, respectively.
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The second term is almost identical to figures ob-
tained by other recent studies (e.g., Hirose 2012, 2013;
Kristiansen et al. 2012). Hirose (2013) analyzed radioCs
deposition data obtained during 2011-2012 from several
places over the Kanto Plain and Fukushima prefecture,
Japan. According to his report, “The apparent half-lives at
Ichihara, Tokyo, Utsunomiya, Hitachinaka and Maebashi
were 11.9, 10.6, 13.5, 11.5 and 12 d, respectively.” Hirose
(2012) states that “the residence times of aerosols in the
troposphere, which are in the range of 5-30 d, have been
determined by natural and anthropogenic radionuclides,
which depend on particle size and altitude (Ehhalt, 1973).”
Hirose (2012) also argues “the temporal change of the
Fukushima-derived '*’Cs revealed that the apparent at-
mospheric residence time of the Fukushima-derived **'Cs
in sites within 300 km from the Fukushima Dai-ichi
NPP is about 10 d.” This long residence time might
reflect the Fukushima radioactive plume’s circulation
over the Northern Hemisphere, which takes about
20 days (Hernandez-Ceballos et al. 2012). As shown in
Fig. 8a in the Appendix 1, the third Fukushima plume’s
arrival over the Kanto Plain was observed from March
28-31, 2011. It was well reconstructed by the aerosol
transport model. Other observations over the Kanto Plain
also revealed this transport event (e.g., Amano et al. 2012;
Haba et al. 2012). However, we cannot clearly determine
whether this concentration peak is due to delayed primary
emission (e.g., Terada et al. 2012), hemispheric circulation,
or a combination of both. This is because the current
model simulation uses the emission inventory, which is
also based on atmospheric monitoring results (e.g., Terada
et al. 2012). Regarding this connection, Kristiansen et al.
(2012) investigated the '*'I and '*’Cs removal times
from the atmosphere using global-scale monitoring
data. Their estimated '*’Cs removal times were in the
range of 10.0-13.9 days, which is closer to our present
result. They also noted the difference from the typical
values of 3-7 days obtained by aerosol model simula-
tions, suggesting that the aerosol transportation models
need improvement. We would like to add that the de-
position results should be interpreted to reflect not
only the surface air but also the air column up to at
least the mixed layer. Therefore, the deposition may be
affected by large-scale transportation, in contrast to in-
dications obtained from the surface concentration only.
For further reference, based on the monthly emission
of radioCs until the end of 2011 estimated by TEPCO
2012, the primary emission decrease can be fitted using
two exponential laws with half-time constants of
2.3 days (+2 %) and 48 days (£23 %).

The third term’s half-time of 1.1 years for the MRI
data, despite its relatively large associated uncertainty,
appears to reveal the total re-suspension of radioCs from
contaminated surfaces. This value is too large to
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correspond to any primary releases from the FDNPP in
the early phases. In addition, it agrees with the value for
the re-suspension “descending trend” due to the Cher-
nobyl accident reported by Garger et al. (2012), which
was 300 days. It was possible to fit a two-term exponen-
tial curve to the present '*’Cs data by fixing the 1.1-year
half-time, obtaining a value of 7.8 days for the first term.
When compared with the triple exponential (three-term)
model, the fitting distance (defined by the ratio of the
calculation to the observation) for the double exponen-
tial (two-term) model was larger for elapsed times of 2—
12 months, although there were exceptions. The mean
and standard deviation for the two- and three-term fit
distances are 2.50+2.02 and 1.54 +1.14, respectively.
The medians are 1.82 and 1.09, respectively, suggesting
that the three-term model fits better. Although we do
not provide an illustration here, we found that fitting
with three-term functions for the decrease in monthly
%Sr deposition after the disaster was also possible.
Therefore, we preferred fitting with a trinomial exponen-
tial function to reproduce the deposition flux of radionu-
clides from the FDNPP accident. Again, the primary
emissions of radioCs to the atmosphere are anticipated
to continue at a non-negligible level (less than 7.2 GBq/
month is assumed in TEPCO’s latest press release (in
Japanese) at http://www.tepco.co.jp/life/custom/faq/im-
ages/d150129-j.pdf) because the FDNPP is not isolated
from the surrounding environment (Hirose 2013). These
delayed primary emissions of approximately 7 GBq are
6-7 orders of magnitude lower than the emissions in
March 2011 (e.g., 15 PBq for '*’Cs; NISA 2011). If the
primary emission deposits were delayed in a fashion
similar to those from March 2011, recent MRI records
after the FDNPP accident would correspondingly be 6-7
orders of magnitude lower than the peak value caused
by the accident (see Fig. 2). Therefore, we consider that
the present decrease in the third term reflects secondary
emission (re-suspension) trends over the Kanto Plain
moderately well. In future, we plan to confirm this by
applying different evaluation methods such as transport
simulations or others.

Consideration of re-suspension and its persistence

Currently, there may be interest and concern about how
long it will take for the atmospheric radionuclide depos-
ition fluxes to return to pre-FDNPP accident levels (cf.
Garger et al. 2012; Hatano and Hatano 2003). Although
it seems slightly arbitrary, the monthly '*’Cs depositions
can be estimated if the fitted curve described above is
extrapolated. The result of this extrapolation is illus-
trated in Fig. 7. This simple estimation shows that
more than a decade will likely be required for the
activity levels to return to pre-accident levels. Thus,
re-suspension (secondary emission to the atmosphere;


http://www.tepco.co.jp/life/custom/faq/images/d150129-j.pdf
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e.g., Igarashi 2009) must be scrutinized with long-term
monitoring. Because it seems natural that radionuclide
emission flux would be proportional to surface pollution
density, there could be radioCs fluxes several orders of
magnitude higher than those measured in Tsukuba in
areas nearer the FDNPP site whose Cs surface pollution is
several orders of magnitude higher than in Tsukuba.
Therefore, elucidating the secondary emission processes
of the FDNPP radionuclides remains an imminent scien-
tific challenge, especially for heavily polluted areas. Sec-
ondary sources can include soil dust suspension from
polluted earth surfaces, emissions from polluted vegeta-
tion and forests, and volatilization and release from com-
bustion of polluted garbage and open field burning (e.g.,
Igarashi 2009). Although the main emission sources are
not yet well understood, this elucidation must be per-
formed as soon as possible.

Conclusions

The authors conducted atmospheric monitoring of air-
borne radioSr and Cs and their deposition at the MRI in
Tsukuba, Japan. The monitoring period encompasses the
FDNPP accident and the subsequent few years. The
monthly 137Cs deposition at the MRI was (23 +0.9) x
10* Bq/m*/month in March 2011, which is 67 orders
of magnitude higher than pre-accident levels. Almost
equal amounts of '**Cs and *’Cs were deposited,
causing surface pollution of more than 50 kBq/m? in
Tsukuba in 2011, in close agreement with the Ministry of
Education, Culture, Sports, Science and Technology,
Japan (MEXT)’s airborne mapping. Deposition of “°Sr
was 5.2+0.1 Bg/m*/month in March 2011, which is
less than 0.02 % of the total '*’Cs deposition in that
month. The level of *°Sr deposition was 3—4 orders of
magnitude higher than pre-accident levels and did not
reach the level registered during the 1960s after nuclear
tests; the effects from *°Sr will not be as large as from

radioCs. During 2013, the Fukushima fallout decreased
by 3—4 orders from its magnitude at the time of the ac-
cident, yet some becquerel per square meter of monthly
deposition continues. This corresponds to the level in the
1970s and early 1980s when China performed atmos-
pheric nuclear tests. During 2013, the **’Cs concentration
remained at a level of tens of micro becquerel per cubic
meter. Because re-suspension (secondary emission) will
continue over a long time, it is necessary to monitor its
future trends and variability. An apparent decrease in
atmospheric radioCs deposition was fitted by trinomial
exponentials, giving information regarding the reducing
trend of airborne radionuclide persistence through re-
suspension into the atmosphere. Extrapolation of the
decreasing rate suggests that it would take at least a
decade for the activity to return to pre-disaster period
levels. Further monitoring efforts are essential.

Appendix

Appendix 1 Temporal changes in radioactive
aerosol concentrations and plume transport from
the FDNPP accident over Tsukuba in March 2011
Introduction

The heat and blast at the FDNPP accident resulted in
the leakage of a huge amount of anthropogenic radionu-
clides, near the levels of the Chernobyl accident in 1986,
into the environment (IAEA 2006; Janzekovi¢ and
Krizman 2011; NISA 2011), as seen on both the domestic
and Northern Hemispheric scale (Herniandez-Ceballos et
al. 2012; Masson et al. 2011; Takemura et al. 2011;
Tanaka 2013). The transport of the radioactive plume
and its deposition over the Pacific Ocean (Aoyama et
al. 2013; Honda et al. 2012), North America (e.g.,
Schwantes et al. 2012; Zhang et al. 2011), and Europe
(e.g., Masson et al. 2011) as well as within the Japanese
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territories (Hirose 2012; Kinoshita et al. 2011; Morino
et al. 2011; Terada et al. 2012; Tsuruta et al. 2014) has
been well depicted by many researchers. The pattern of
domestic pollution of the land by local fallout was made
fairly clear by the creation of a contamination map based
on many university investigations (Kinoshita et al. 2011;
Tanihata 2013) and airborne surveys by Japan’s MEXT and
the USA’s NASA/DOE (MEXT and USDOE 2011; Sanada
et al. 2014; Torii et al. 2013; USDOE 2013). The transport
of the radioactive plume and its subsequent deposition
over the capital area (the Kanto Plain; Amano et al. 2012;
Haba et al. 2012; Tsuruta et al. 2014) has been reported
and monitored in Tsukuba (Doi et al. 2013; Kanai 2012).
The MRI in Tsukuba suffered almost no electricity outage
soon after the earthquake. Thus, aerosol sampling at the
observation field continued from before the FDNPP acci-
dent through its aftermath. Here, we add our independent
observations of the temporal changes in atmospheric
radionuclide concentrations over Tsukuba covering all of
March 2011, with our specific transport model simulation
for reference.

Experiment

Intensified aerosol sampling

Aerosol samples were collected onto quartz fiber filters
using a high-volume sampler, as described in the body of
the paper; the only change was the duration of sampling,
from 1 day to 6 h—which was altered as soon as the ac-
cident was made public. The total sucked air volume
was thus between 250 and 1000 m>.

Activity measurement

After collection, the filters were treated in the same
manner as usual and measured with Ge detectors, as
described previously. The filter samples collected be-
fore the radioactive plume’s arrival at Tsukuba were
measured at the Kyoto University Research Reactor
Institute (KURRI) to lower the detection limits. This
was necessary because the Ge detector and the la-
boratory environment at the MRI building were con-
taminated by the radioactive plume on March 14-15
and 20-22, increasing the background levels. Before
the compression procedure, portions of the filter
were punched out (33 mm¢ x 4 pieces), of which one
piece was selected for radioSr analysis, as noted in
Appendix 2.

Transport modeling

The Eulerian chemical transport model RAQM?2 (Kajino
et al. 2012; Adachi et al. 2013; Sekiyama et al. 2015) was
used to simulate radioactive plume transport from the
FDNPP accident over the Kanto Plain. The JMA/MRI
non-hydrostatic meteorological model (NHM; Saito
et al. 2007) was used to simulate the meteorological
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field to calculate the transport and deposition pro-
cesses of radionuclides using RAQM2. The horizontal
domain and its grid resolution (3 km) were common
to both NHM and RAQM2, with 50 vertical layers
from the surface up to 22 km for NHM and 20 layers
to 10 km for RAQM2. The JMA’s Meso-Regional Ob-
jective Analysis (MANAL), which has a horizontal
resolution of 5 km, was used to define the boundary
conditions for NHM. The calculated domains cover
southern Tohoku and the central part of Honshu. De-
tails of the transport (advection, diffusion, and con-
vective transport) and deposition schemes (dry and
wet (in cloud and below cloud, grid-scale and sub-
grid-scale)) are described in Kajino et al. (2012) and
Sekiyama et al. (2015).

We simulated five species of particulate radionu-
clides (volatile and reactive *'I (I,), volatile and non-
reactive 1 (CH3l), non-volatile '3'1, '3!Cs, and
137Cs). We conducted dispersion and deposition simu-
lation of radioCs in two very different forms—hygro-
scopic submicrons vs. hydrophobic supermicrons—in
a previous study (Adachi et al. 2013) and showed that
the deposition regions were significantly different.
However, because the proportions of hygroscopic and
hydrophobic radioCs in emissions have never been es-
timated, we assumed the hygroscopic submicron aero-
sols to be the carriers of radionuclides and used
dimensions equivalent to the geometric mean of the
dry diameter Dy, 4ry = 102 nm, geometric standard de-
viation o, =1.6, particle density p,=1.83 g/cm®, and
hygroscopicity x=0.4 (Petters and Kreidenweis 2007;
Adachi et al. 2013). The emission inventories of 3!
and ®’Cs were taken from Katata et al. (2014).
RAQM2 incorporates aerosol dynamic processes, such
as nucleation, condensation/volatilization, and coagu-
lation, within and among different aerosol categories,
but the size distribution of the aerosols was assumed
to remain unchanged in this simulation.

Results and discussion

Particulate fission products and radioCs

The detected y-emitting radionuclides were **Mo-"""Tc
(half-life, 65.9-6 hours), 1*™Te (33.6 days), 1317 (8.02 days),
13276 1321 (3.20 days—2.3 hours), 1331 (20.8 hours), **Cs
(2.07 years), 136Cs (13.2 days), and 137Cs (30.0 years) as
shown in Fig. 8a in the Appendix 1. Note that gas-
eous iodine was not captured by the present sam-
pling. The °Sr results are also plotted in the figure
(for analytical details, please refer to Appendix 2).
There were two significant transport events that
brought the radioactive plume toward the Kanto Plain
in March 2011. One was during March 14-15 and
the other occurred during March 20-22. Plume trans-
port is determined by temporal changes in emission
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intensity and the wind field near the ground surface,
which have been addressed by many authors (e.g., Katata
et al. 2012, 2014; Morino et al. 2011; Terada et al.
2012). The releasing sources are attributed to a vent-
ing operation at an individual reactor vessel, reactor
core damage, buildings damaged by a hydrogen explo-
sion, and continuous release through a reactor build-
ing (see, e.g, TEPCO 2012; Katata et al. 2014). The
activity concentrations of these radionuclides were
consistent with those described in previous reports
regarding Tsukuba (e.g., Doi et al. 2013; Kanai 2012).
The March 7-12, 12-13, 13, and 13-14 samples ex-
hibited detectable levels of radioCs and '*'I, for which
we cannot totally rule out the possibility of sample
contamination despite their measurement at KURRIL
The two events exhibited different radionuclide com-
positions, reflecting different source at the accident
site. Although the '**Cs/**’Cs ratio was unity for
both transport events, the activity ratios were '3'I/
137Cs~5 and '*?Te/*’Cs~8 during the first event
and 1/%’Cs~25 and '**Te/™’Cs~1 during the
second event. Te-132 was significant during the first
transport event. Because the melting point of metallic
Te is 450 °C, whereas that of Cs is only 28 °C, the
finding may suggest a higher temperature for the
source in the earlier phase. For comparison, *°Sr data
are included in Fig. 8a in the Appendix 1; the details
of the measurements are given in Appendix 2.

After the FDNPP accident, unlike in Chernobyl, no
radioRu was found (Aoyama et al. 1986, 1987). This may
be because of the different accident scenarios; the melt-
ing temperature of metallic Ru is very high (approxi-
mately 2500 °C).

Another notable point is the magnitude of the concen-
tration drop between the first and second plume events.
RadioCs and '*Te concentrations were 4—5 orders of
magnitude lower for the second plume than the con-
centration peaks, and those for *'I were 2—3 orders
of magnitude lower. This difference appeared to be
caused by either the re-suspension of radiol or the
contamination of our materials and instruments. The
latter seems unlikely, however, because the filter sam-
ples were treated identically and the maximum con-
tamination levels would be those found for the March
7-14 samples (measured at the KURRI). We gave suf-
ficient attention to reducing contamination during
sampling and sample handling. Nevertheless, the en-
tire environment was contaminated, and therefore, it
was difficult to avoid entirely. In any case, the volatile
nature of iodine (the boiling point of CHjl is 42 °C,
while the melting point of I, is 113 °C) is likely part
of the cause. Therefore, immediate re-suspension of
radiol should be given more attention. This is briefly
addressed below.
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Transport model simulation

The aerosol simulation model captures the events that
transported the radioactive plume to the Kanto Plain
very well (see Fig. 8b and 9 in the Appendix 1). The
transport of the plume from the southern Tohoku dis-
trict is not considered very exceptional (the MRI is ap-
proximately 170 km southwest from the accident site).
Aoyama et al. (1999) and Igarashi et al. (1999a) analyzed
the radioactive plume over the Kanto Plain from the
earlier PNC accident in Tokai, Ibaraki, in 1997. Igarashi
et al. (2000a,b) conducted continuous observations at
the MRI of **Kr, of which the local source was the Tokai
nuclear fuel reprocessing plant approximately 60 km
northeast of Tsukuba. They noted the incidence of
plume transport from a point source in northern Ibaraki
over the Kanto Plain with a northeasterly wind, a preva-
lent weekly wind pattern occurring during the spring in
Japan. Similar meteorological situations appeared to
occur on March 14-15 and March 20-22, 2011 over
the Kanto Plain. Notably, the drop in activity concen-
tration between the plume advections is evident in
the simulation results ( Fig. 8b and ¢ in the Appendix 1)
despite only primary emissions coming from the FDNPP
accident. The reality of the observations differed from the
simulations (Fig. 8a in the Appendix 1). As described
above, contamination in the observation procedures
cannot be totally ruled out, but by coupling the model and
observations, it is possible to evaluate the immediate re-
suspension of the atmospheric Fukushima radionuclides
(see section below).

Finally, we argue that aerosol transport modeling is an
indispensable tool for the assessment of accident effects.
However, many uncertainties remain, especially concern-
ing the emission inventory, wet and dry deposition, and
cloud processes. Data and information are collected to
improve the transport model schemes, and comparison
of different models has been performed to contribute to
an accurate evaluation of the source term and transport
and deposition processes (SCJ 2014).

Estimation of immediate re-suspension factor

The quantity of the deposited radionuclides that could
return again to the air (re-suspension) is notable. Max-
imum re-suspension is known to occur just after radio-
active plume passage (hereafter, we call this immediate
re-suspension). Thus, as a primary approach, immediate
re-suspension factors were roughly estimated with mod-
eled amounts deposited in the Kanto Plain by the first
plume and the observed minimum activity concentration
between the two plume events, i.e.,, March 17 09]JST to
March 20 09JST. We assumed mass closure between re-
suspension from the contaminated surface and outflow
by horizontal advection and turbulence vertical mixing
as below.
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The continuity equation is expressed as the decay constant, and @ is a re-suspension term for individ-
ual radionuclides. On the other hand, the concentration in-
0C/dt = V(KgVC)-V(UC)-AC + @, crease in one unit of time from re-suspension is expressed as

in which C is concentration, Ky indicates three-
dimensional diffusion terms, U denotes the wind field, A is AC/At = @ = k; x D; x (AxAy/AxAyAz),
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in which k; and D; are a re-suspension factor (/s) and
surface contamination (Bq/m?) for individual radionu-
clides, respectively. Also, Ax, Ay, and Az are the hori-
zontal and vertical lengths of the space where the mass
closure is obtained.

We can disregard radioactive decay, horizontal diffu-
sion, and convective wind. Balancing the mass between
inflow and outflow, we finally obtain the following
relationship:

(ki-D;)/(Az) = (AK,/Az) x (AC/Az) + (Au/Ax
+ Av/Ay) x C;,

in which i indicates the radionuclides, namely, '*’Cs
and 3'; D, indicates the modeled total (gas + aerosol)
cumulative deposition (Bq/m?) by March 17 09JST; k; is
the re-suspension factor (s™); U and K, are the modeled
space- and time-averaged horizontal wind speed (m/s)
and vertical turbulent diffusivity (m?/s), respectively; C;
indicates the time-averaged observed concentrations of
the radionuclides (9.75 x 10™* and 3.14 x 10" Bq/m? for
137Cs and '3'I, respectively); and Ax, Ay, and Az are the
horizontal and vertical distances in space over which the
above mass closure is obtained. To obtain the horizontal
and vertical gradient terms on the right-hand side of the
equation, the concentrations outside the space are as-
sumed to be zero (no inflow into the space).

The re-suspension factors for '*’Cs and '*'I are 7.0 x
107 /s and 5.3 x 107* /s, respectively, for the smallest
volume of the RAQM2 model grid (Ax=3 km, Ay=
3 km, and Az =100 m). Those for *’Cs and '3'I varied
from 1.6 x 10°° /s to 1.5x 107> /s (6.1 x 10°° /s on aver-
age) and from 5.3 x 10™* /s to 1.3x 107> /s (4.6 x 10™* /s
on average), respectively, for the various horizontal
spaces plus neighboring zero, one, or two RAQM2 grids
from the grid where the MRI is located (ie., Ax, Ay =3,

9, or 15 km) and vertical spaces plus zero, one, or two
RAQM2 grids from the bottom (Az = 100, 200, or 400 m).

In summary, the immediate re-suspension factors &; of
37Cs and "®'1 are estimated to be on the order of 10—
107° /s and 107*~1072 /s, respectively, and that of **'I is
approximately two orders of magnitude larger than that
of 'Cs. These values are converted correspondingly,
often quoting the concentration ratio over the contami-
nated surface as follows: 5.8 x 107° - 1.7 x 10"%and 4.4 x
107* - 1.3x 107 /m) for '*’Cs and "®'I, respectively. The
present data do not display the large deviation hitherto
reported (e.g, 10°~10"* /m; Maxwell and Anspaugh
2011). Because those values are based on rough assump-
tions, further studies based on surface flux measure-
ments need to be conducted to more accurately estimate
the re-suspension factors.

Appendix 2 RadioSr in the aerosol samples
collected during March 2011

Introduction

There are several reports containing estimates of the
radioactive contamination from the FDNPP accident,
presented in the form of mapped images produced from
the results of investigations of radionuclides in the soil
(e.g., MEXT 2011a ; Sanada et al. 2014; Torii et al. 2013)
and in the form of air dose rate figures produced from
aircraft observations. Among the radionuclides, radioSr
is an important indicator of contamination. The former
Nuclear and Industrial Safety Agency (NISA) in Japan
reported the following emission estimates within the at-
mosphere: %°Sr (half-life, 50.5 days) as 2.0 x 10*° Bq and
%Sy (half-life, 28.8 years) as 1.4 x 10'* Bq (NISA 2011).
Nevertheless, there have been no reports on *Sr and
%°Sr in air samples because of analytical difficulty. The
detection of nine different y-emitting radionuclides, in-
cluding *’Mo, is described in Appendix 1. However, *°Sr
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and *°Sr emit no y-rays with their radioactive decay,
making it impossible to determine their presence by y-
spectrometry. To evaluate their radioactive pollution
levels, the aerosol components were radiochemically ex-
tracted from the HV filter sample to analyze the radioSr
and assess the emission ratios of **’Cs, ®Sr, and *°Sr.

Experiment

Sub-HV filter sample for Sr analysis

HV filter samples from the y-spectrometry measure-
ments noted earlier were used for the radioSr analysis.
Approximately 2 % of the filter area was punched out
(as circles) and provided for this analysis, which was per-
formed on sub-filter samples collected during March
2011 (Table 1 in the Appendix 2).

Analysis of radioSr

To dissolve the aerosols on the filter, 100-200 ml of con-
centrated nitric acid was added and heated on a 200 °C
hotplate, then 1-5 ml of hydrogen peroxide solution was
added to accelerate the decomposition of any organic mat-
ter. This was followed by further thermolysis for more
than an hour. The obtained solution was subjected to
separation, which was conducted through radiochemical
analysis comprising several precipitation separations, such
as oxalate, fuming nitric acid, hydroxide, carbonate, and
barium chromate precipitations. The last separation was
repeated twice, which allowed the Sr fraction to be freed
from radioBa and Ra isotopes. The final strontium car-
bonate deposit was B-counted with the low-background
2m gas-flow counter described earlier (Tennelec LB5100).

Estimating the activity ratio of **Sr and *°Sr

The atmospheric aerosol sample contained **Sr and *°Sr,
indicating that the total B-activity must be deconvoluted.
The measurement sensitivity of the gas-flow counter
was confirmed for possible energy independence; there-
fore, the temporal change in the B-counting rate of a
purified *°Sr (maximum p-ray energy 0.546 MeV) source
and *°Y (maximum B-ray energy 2.24 MeV) growth from
the parent nuclide was observed in five specimens of the
MRI reference fallout samples (Otsuji-Hatori et al. 1996)
that contained no *’Sr. The following equation was then
applied to find the counting efficiency of *°Sr and *°Y:

At
Niotal = Asr-90 X 11 + Ay_go x (1-€™) x my.

Niotal is the total counting rate (cpm); A stands for
each nuclide’s B-activity (dpm); A is the decay constant
of *°Y; t is the elapsed time; and m; and m, are the
counting efficiencies of *°Sr and *°Y, respectively. The p-
ray energy emitted by *°Y is approximately 4 times that
of *°St, and the average values of m1; and 1, from the five
specimens were 27.3 £ 1.8 % and 24.8 + 3.7 %, respectively.
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Table 1 Temporal variation of *°Sr activity concentration in the
air over Tsukuba

Sampling start date End date and 9Sr activity concentration

and time (JST) time (JST) (mBg/m?)
March 12 21 pm March 13 9 am nd

March 13 21 pm March 14 9 am nd

March 14 9 am March 14 21 pm nd

March 14 21 pm March 15 9 am 1.50£0.13
March 159 am March 15 15 pm 1.04 £ 0.095
March 15 15 pm March 15 21 pm nd

March 15 21 pm March 16 9 am nd

March 16 9 am March 17 8 am nd

March 17 9 am March 18 8 am nd

March 18 8 am March 19 9 am nd

March 19 9 am March 20 8 am nd

March 20 9 am March 20 21 pm nd

March 20 21 pm March 21 9 am 132+0.13
March 21 9 am March 22 9 am nd

March 22 9 am March 23 8 am nd

March 23 9 am March 24 9 am nd

March 24 9 am March 25 9 am nd

March 25 9 am March 28 9 am nd

March 28 9 am March 29 9 am nd

March 29 9 am March 30 9 am nd

Although the “nd” measurements change, depending mainly on the sample
volume, the average level was approximately 0.2 mBg/m®
nd not detected

There were no statistically significant differences. Thus,
the B-activities of radioSr were interpreted to have the
same counting efficiency regardless of the p-energy. The
activity ratio of *°Sr and *°Sr was elucidated from the
value traced back to the date of sample collection as well
as the fixed date when the strontium carbonate precipi-
tated. The activity was always decay corrected in the mid-
dle of the sampling time. The current detection limit for
radioSr in air at that time was approximately 230 uBq/m®.

Results and discussion

Estimation of °°Sr in the aerosol sample

We will now quantify and describe the radioSr found in the
air over Tsukuba. The radioactivity in Tsukuba indicated a
two-fold concentration increase in March 2011, as shown
in Fig. 8 in the Appendix 1. The amount of radioSr in the
sample was smaller than what was anticipated based on
past experience (e.g., Aoyama et al. 1991). *°Sr was unable
to be detected except when plume transport occurred.
From March 14 9 pm (JST) to March 15 9 am, from March
15 9 am to 3 pm, and March 20 9 pm to March 21 9 am,
the results were 1.5+ 0.13, 1.0 £ 0.10, and 1.3 +0.13 mBq/
m?, respectively. For the other samples, the radioSr was
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lower than the detection limits (Table 1 in the Appendix 2).
The *°Sr activity results shown here were calculated based
on B-counts made long enough after the events that the
contribution of ¥Sr could be negligible (less than 5 % of
%0Sr activity). For example, we waited at least 200 days
after chemical separation (separation was performed after
December 2011). The accompanying uncertainty was esti-
mated from the average of the relative 3-count uncertain-
ties in the five latest individual measurements.

The activity ratio of '*’Cs/*°Sr in the aerosol samples,
which was in the range of 4700-23,000, is very large com-
pared with the activity ratio of radioactive fallout, which
was 1.63 during the 1960—1970s; this indicates a clear dif-
ference in the data before and after the FDNPP accident.
Furthermore, the MRI's estimated '*’Cs/°Sr ratio for the
Chernobyl radionuclides in May 1986 in Japan was 96
(Aoyama et al. 1991), which indicates that the Fukushima
radionuclide composition was dominated by radioCs. In
the activity peak on March 14-15, the ratio was 4700—
6000, and the peak on March 20-21 was 23,000 times
higher with '*’Cs, which also shows that the composition
of the radioactive plume differed between the earlier and
later dates during the course of the FDNPP accident.

The measured *’Cs/?°Sr activity ratio in Tsukuba was
more than 40 times higher than the emission assessment
by NISA 2011 for the FEDNPP accident (**’Cs: *°Sr = 15:
0.14). The IAEA (2006) had estimated that the amount of
%°Sr emitted (approximately 10 PBq) for the Chernobyl
accident was only 12 % that of '*’Cs (approximately
85 PBq), yet in reality, the atmosphere/precipitation obser-
vations in Japan showed approximately the amount of *°Sr
to be only 1/100 that of "*’Cs (Aoyama et al. 1991), indi-
cating that less than 1/10 of the emitted *°Sr was trans-
ported. Thus, the 8000 km long-range transportation
from Chernobyl produced the radionuclide separation.
With that in mind, it could be possible that fractionation
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Table 2 Curve fitting results with assumed #Sr over “°Sr activity

ratio

March 14-15, 2011 March 20-21, 2011

895125y o 895125y o
9:0.14 0.3356 80.14 04550
10:0.14 0.3340 9:0.14 04165
11:0.14 0.3493 10:0.14 05432
12:0.14. 0.3795 11:0.14 0.5869

The results for two air filter samples collected in March 2011. The minimum
standard deviation o suggests the best estimate

caused by particle size deviation (Hirose et al. 1993) oc-
curred in the FDNPP plume. The plume was transported
less than a few hundred kilometers in the present case,
but fractionation could be very effective.

895r/°%Sr activity ratio

The emissions estimated by NISA 2011 showed that the
89Sr proportion was 14 times higher than that of *°Sr after
the nuclear accident, which indicated that the radioactivity
estimate would be 1/3 that of *°Sr after a year. The results
from the aerosol sample observations suggest the presence
of %°Sr; therefore, the temporal change in the B-counts
was fitted based on emission estimates by the former
NISA (*°Sr:"°Sr = 2:0.14). Figure 10 in the Appendix 2
shows the fitted results of the aerosol sample measure-
ments for March 14—15. As shown in the figure, the sam-
ple counting values exhibited a large decay after 40 days
of fixation as strontium carbonate, which indicates that
the amount of coexisting *’Sr was relatively large. There-
fore, appropriately different ratios were examined instead
of the 2:0.14 ratio, which could not be fitted. Therefore,
the emitted ratio for the sample collected on March 14—
15 was 10:0.14 for *Sr:>°Sr. The peak data for March 20—
21 indicated that a ratio of 9:0.14 fit perfectly. Table 2 in

Beta counts (cpm)

4 Counts on the day

— - 2:0.14
—10:0.14

0 30 60
Elapsed days

90 120

Fig. 10 Deconvolution of the #%Sr, “Sr and ®°Y activities. It is possible to deconvolute radionuclides by measuring the temporal change in the
total B-activity (cpm) of the purified radioSr source (March 14-15, 2011 sample). Elapsed days means the time after the radiochemical separation.
An initial activity ratio of #Sr/?°Sr was assumed and applied to the curve fit as 2/0.14 and 10/0.14.
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Table 3 Efficiency of '*’Cs extracted from air filter samples by heated concentrated nitric acid

Sampling date and time (JST) Before ext. '*'Cs (Bq)

After ext. '*’Cs (Bq) Extraction efficiency (%)

March 14 21 pm-March15 9 am 243+0.7
March 15 9 am-March 15 15 pm 41403
March 15 15 pm-March 15 21 pm 20+£02
March 15 21 pm-March 16 9 am 19+02
March 16 9 am—March 17 9 am 92+0.19
March 19 9 am-March 20 21 pm 942+06
March 20 21 pm-March 21 9 am 423+09
March 21 9 am-March 22 9 pm 308+024

72+04 704
74+0.12 820
6.1+0.11 69.5
0.51 +0.04 973
0.52 +0.04 943
0.20£0.03 99.8
1.2+0.05 99.7
0.15x£0.03 99.5

Air filter samples were subjected to heated conc. nitric acid extraction for Sr analysis. Cs-137 was measured to confirm the extraction efficiency. Samples shown as
“nd” before extraction were excluded from the table. Some samples exhibited significantly lower extraction efficiencies of 70-80 %. Insoluble and refractory radio-

active particles must have been incorporated in these samples

the Appendix 2 shows these fitting results. Therefore, the
emission ratio of *Sr/?°Sr for both March 14—-15 and
20-21 was approximately 70 (10:0.14), which was five
times bigger than what NISA 2011 had estimated.

The MEXT has reported *>°°Sr in approximately 50
soil samples within 80 km of the FDNPP (MEXT
2011b). The decay data are corrected as of June 2011,
and the activity ratio was reported to be in the range of
1.9-6.5 (average: 4). Another decay correction as of
March 11, 2011 gives %°Sr/*°Sr ratios of 7-24 with an
average of 15. The ratio is not consistent with our
results, and the fluctuation was large. The cause of
the discrepancy and fluctuation is still unknown. The
most likely explanation is that stable Sr, already
present in reactor materials or seawater components,
absorbed neutrons and formed ®'Sr. The extent of and
fluctuation in mixing (inhomogeneity) might produce
the discrepancy.

Efficiency of acid extraction of '*’Cs from filter specimens
The rates at which '*’Cs could be extracted from the
filter and aerosol samples using acid are shown in
Table 3 in the Appendix 2. The samples collected on
March 14-15 and 20-21 have different extraction
rates, indicating that the '*’Cs in the sample from
the March 14-15 was refractory to some extent (20—
30 %), even in a heated solution of nitric acid. This is
possibly because of the difference in the physical and
chemical nature of the radioactive aerosol. Thus, it is
possible that the current radioSr concentration has been
slightly underestimated (20-30 %) because of the low
water dissolution rate of the radioactive material, espe-
cially for the March 14-15 sample.

As shown here, observations of the radioactive plume
over Tsukuba at different times demonstrated that the
895r/°°Sr ratio was almost constant, but the *’Cs/?Sr
ratio and the extraction efficiency of **’Cs with nitric acid
differed. Moreover, it was shown earlier that the activity
ratios among other y-emitters differed (see Appendix 1).

These findings confirm that the characteristics of the
aerosol particles that carried major radionuclides from
the first plume differed from later advected radioactive
plumes. Adachi et al. (2013) addressed this sort of con-
trast in the characteristics of the two plumes’ radio-
active aerosols in detail, and Abe et al. (2014) added
more information. They documented the discovery of
insoluble, glassy spherules containing radioCs and as-
sumed that the major fraction came from the first
event. Indeed, no such particles were detected in the
later event. This should also affect the ratio of *’Cs/*°Sr
in the air, and evidence regarding this will be obtained
in future work. In conclusion, the present results sup-
port the previous findings of less °Sr contamination
than radioCs contamination from the FDNPP accident
and indicate the necessity of further investigations of
radioSr in the atmospheric environment.
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Quality control of radioactivity analysis
in atomospheric fallout sample

Toru Kimura!,Yasuhito Igarashi?

1IATOX Co.,Ltd.,2Meteorological Research Institute

In the Meteorological Research Institute, observations of 9Sr and 137Cs in
atmospheric deposition have been carried out for more than 50 years from the late
1950s. And a part of this observation, especially of radioactivity analysis, was
undertaken by ATOX Co. from a few years ago. In this report analytical results (90Sr,
137Cs) that have been obtained in the past are compared with our recent values and
reference values, indicating the current status of quality control have been made with a
good accuracy.137Cs analysis was made by measuring the reference fallout samples by
using a Ge detector. For 90Sr analysis, after decomposition of organic substances, Sr
fraction was radiochemically-separated and finally purified strontium carbonate was
measured with a low background 2m gas flow counter. Comparing the reference value
with the analytical ones, 90Sr and 137Cs analysis results were generally within the
favorable range. The average values were also in good agreement with the past
analytical values. However, distribution normality for the 9Sr analytical values was
not confirmed clearly due to small total sample analysis. Also, the difference between
the average analytical values for 9Sr and 37Cs and the reference values was subjected
to t-test at the 5% significance level, significant difference was not observed. Therefore,
it is concluded that quality control of the whole analytical procedures has been done

properly.
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Fig.3a Radiochemical separation (carbonate) Fig.3b Radiochemical separation (oxalate)

Fig.3c Radiochemical separation (calcium removal) Fig.4 A 21 gas-flow detector
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Table-1 Comparison of 9Sr and 137Cs between analysis value and reference value (Bg/g)

Past analysis value | QC analysis value | Reference value
307+9 315+10
137
Cs (n=699) (n=135) 312+16
208+8 206+10
90
Sr (n=95) (n=15) 211433
Table-2 t-test for 137Cs data
C analysis value | Reference value | QC analysis value {Past analysis value[Past analysis value| Reference value
Average 315 312 315 307 307 312
Variance 109 246 109 88 88 246
Observation number 135 9 135 699 699 9
Degrees of freedom 142 832 706
t 0.92 9.22 -1.53
P(T<=t) one-sided test 0.18 1.2E-19 0.06
P(T<=t) two-sided test 0 36 2 4E—19 0 13
Table-3 t-test for 20Sr data
QC analysis value | Reference value | QC analysis value {Past analysis value[Past analysis value| Reference value
Average 206 211 206 208 208 211
Variance 109 1081 109 63 63 1081
Observation number 15 3 15 95 95 3
Degrees of freedom 16 108 96
t -0. 46 -0. 91 -0.43
P(T<=t) one-sided test 0.33 0.18 0.33
P(T<=t) two-sided test 0 65 0 37 0 67
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ABSTRACT: Synchrotron radiation (SR) X-ray microbeam analyses
revealed the detailed chemical nature of radioactive aerosol microparticles
emitted during the Fukushima Daiichi Nuclear Power Plant (FDNPP)
accident, resulting in better understanding of what occurred in the plant
during the early stages of the accident. Three spherical microparticles (~2

U-L; edge

Intensity

um, diameter) containing radioactive Cs were found in aerosol samples £

collected on March 14th and 15th, 2011, in Tsukuba, 172 km southwest §

of the FDNPP. SR-u-X-ray fluorescence analysis detected the following = 17130 13150 13240
10 heavy elements in all three particles: Fe, Zn, Rb, Zr, Mo, Sn, Sb, Te, Low Bgq SEM Energy /eV

Cs, and Ba. In addition, U was found for the first time in two of the p-XRF imaging p-XANES analysis
particles, further confirmed by U L—edge X-ray absorption near-edge

structure (XANES) spectra, implying that U fuel and its fission products were contained in these particles along with radioactive
Cs. These results strongly suggest that the FDNPP was damaged sufficiently to emit U fuel and fission products outside the
containment vessel as aerosol particles. SR-u-XANES spectra of Fe, Zn, Mo, and Sn K—edges for the individual particles revealed
that they were present at high oxidation states, i.e, Fe**, Zn?*, Mo®, and Sn*" in the glass matrix, confirmed by SR-u-X-ray
diffraction analysis. These radioactive materials in a glassy state may remain in the environment longer than those emitted as
water-soluble radioactive Cs aerosol particles.

he Fukushima Daiichi Nuclear Power Plant (FDNPP) In this study, we conducted a more detailed study of the
accident is the largest nuclear incident since the 1986 nature of the Cs-bearing radioactive aerosol microparticles by
Chernobyl disaster and has been rated at the maximum level of means of advanced analytical techniques using a synchrotron
7 on the International Nuclear Event Scale.! Large amounts of radiation (SR)-X-ray microbeam. In the previous study,’ a
radioactive materials were released into the environment during scanning electron microscope (SEM) with an energy dispersive
the accident.”~* Although more than 3 years have passed since X-ray spectrometer (EDS) was used for chemical character-
the accident, the radioactive materials emitted from the FDNPP ization of the particles. In this study, X-ray fluorescence (XRF)
have been detectable in the environment. However, little is analysis using a high-energy SR-X-ray microbeam, which is
known about the physical and chemical natures of radioactive much more sensitive to heavy elements than SEM-EDS
materials released during the early stages of the accident.”™” analysis, was introduced to carry out nondestructive identi-
Adachi et al® found spherical microparticles containing fication and qualitative detection of trace amounts of heavy
radioactive Cs in aerosol samples collected on March 14th and elements in individual microparticles. Although chemical

15th, 2011, in Tsukuba, 172 km southwest of the FDNPP and analyses such as a laser ablation-inductively coupled plasma
about 60 km northeast of central Tokyo. They revealed that mass spectrometry (LA-ICPMS) may have a better sensitivity

these microparticles consisted of Fe, Zn, and Cs and were than SR-XREF, it is difficult to analyze single microparticle
insoluble in water. Additionally, they calculated deposition area sample. Moreover, chemical state and crystal structure
of these particles based on the size and hygroscopicity of the information could not be obtained with LA-ICPMS.

particles and concluded that these particles mainly fell to the To evaluate the conditions under which these particles were
ground through dry deposition. Such knowledge of the formed, chemical state analysis of the transition elements in the
radioactive materials from the accident is important to

understand potential environmental and human health impacts, Received: May 17, 2014

an assessment of the accident sequence, and methods for Accepted: August 1, 2014

decontamination of the radioactive pollution. Published: August 1, 2014
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particles was carried out by applying X-ray absorption near-
edge structure (XANES) analysis. X-ray diffraction (XRD)
analysis was also conducted to reveal the crystal structures of
the particles. Brilliant X-rays from an advanced SR light source
at SPring-8 enabled us to use a combination of these three
analytical techniques. The SR-X-ray microbeam was particularly
suitable to obtain detailed information from individual
microparticles.*” This study aims to apply these analytical
techniques to the Cs-bearing microparticles from the FDNPP
accident and to reveal their nature to further understand the
accident as well as their effects on the environment and human

health.

B EXPERIMENTAL SECTION

Sample Collection. From March 14th at 21:10 to March
15th at 9:10 (JST), aerosol particles containing radioactive
materials were collected at the Meteorological Research
Institute (Tsukuba, Japan; 36.05° N, 140.13° E) using a high-
volume aerosol sampler (HV-1000F, 1000 m®/24 h; Sibata
Scientific Technology Ltd.) on a quartz fiber filter (QR100;
Advantec). The detailed sampling procedures were described
elsewhere.> An imaging plate (IP; GE Measurement and
Control, CRX25P computed radiography scanner) and micro-
manipulator (AP-xy-01; Micro Support Corp.) were used to
detect and separate the radioactive particles from the filter.
Approximately 100 small dots, each of which suggests the
presence of radioactive material, appeared on the IP image of
the filter (Figure la). In the previous study,’ the particle
number concentration was estimated to be around 10
radioactive particles/m?>. Three radioactive particles, designated
particles A, B, and C, were sampled from the filter and placed
on glass substrates. Particles A and C in this study are the same
as the particle nos. 3 and 2, respectively, in the previous study.
They were subjected to the SEM-EDS analysis and gamma-ray
spectrometry (see details of the measurements in the
Supporting Information). After these analyses, the radioactive
particles on the carbon tape fragment were removed and placed
on a flat Kapton tape with a plastic holder for the SR X-ray
analyses.

Synchrotron Radiation X-ray Analyses. The SR experi-
ments were carried out at the BL37XU,*° a hard X-ray
undulator beamline at SPring-8, at Japan Synchrotron Radiation
Research Institute (JASRI). We used two beamtimes: beamtime
A for measurements with a high-energy X-ray beam (17.1-37.5
keV) and beamtime B for those with a low-energy X-ray beam
(7.0—15.0 keV). The sample was placed on an automatic XY
stage. Monochromatic X-rays were obtained with a Si(111)
double crystal monochromator, and the X-ray microbeam was
produced by focusing Kirkpatrick—Baez mirrors. The area of
the X-ray microbeam in beamtime A was 1.0 gm (V) X 1.2 ym
(H), while that of beamtime B was 0.6 um (V) X 0.8 yum (H).
Using these X-ray microbeams, we applied three X-ray
analytical techniques, SR-u-XRF, SR-u-XANES, and SR-u-
XRD. The intensity of the incident X-ray (I, intensity) was
continuously monitored using an ionization chamber located
before the focusing mirror. The SR-u-XRF analysis, including
two-dimensional imaging analysis, was carried out using 37.5
keV X-rays and a Si (Li) detector in beamtime A. The SR-u-
XRF spectrum was measured for 1000 s in live time per
sample. The intensity of each spectrum was normalized to that
of the Thomson scattering peak. To visualize the distributions
of the elements in each particle, SR-4-XRF imaging analysis of
the particle was conducted with a step size of 0.5 um (V) X 0.5
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Figure 1. Characterization of radioactive aerosol particles prior to SR
experiments. (a) IP autoradiography of the aerosol filter collected in
Tsukuba after the FDNPP accident.” Black dots indicate the presence
of radioactive materials. (b—d) SEM images of (b) particle A (2.0 ym
diameter), (c) particle B (2.8 um diameter), and (d) particle C (1.4
um diameter). (e) Comparison of the EDS spectra of the three
particles. The intensity of each spectrum is displayed on a logarithmic
scale and shifted in a longitudinal direction. A rodlike extraneous
fouling over particle C (d) is a fragment of quartz fiber filter attached
to the carbon tape.

um (H) with an integration time of 4.0 s/point. The XRF
intensities for each measured point were normalized to the I,
intensity.

The SR-;-XANES spectra of the particles and the reference
samples were measured in fluorescence mode for the following
absorption edges: the Fe—K edge (7 111 eV), Zn—K edge (9
661 eV), U-L; edge (17171 eV), Mo—K edge (20000 eV),
and Sn—K edge (29200 eV). The absorption edge energies
used were based on experimental values in Deslattes et al."

In the SR-u-XRD analysis, the X-ray diffraction patterns of
the samples were measured with a Debye—Scherrer optical
system using a two-dimensional detector (CMOS flat panel)
placed 200 mm behind the sample in beamtime B. Si powder
(NIST SRM640c) was also measured as a reference material.
The energy of the incident X-ray was set to 15.0 keV with an
exposure time of 440 ms and an integration of 100 times/
sample. Details of the SR measurements are given in the
Supporting Information.

B RESULTS AND DISCUSSION

Scanning Electron Microscope and Gamma-Ray
Spectra Analyses of Radioactive Aerosol Microparticles.
Figure 1b—d shows SEM images of the three microparticles
analyzed in the SR experiments. They are spherical with
diameters of ~2 um. EDS spectra of the three particles are
shown in Figure le. There were no apparent differences among
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Figure 2. Results of SR-u-XRF analyses. (a) Comparison of the SR-u-XRF spectra obtained for particles A, B, and C and the carbon tape
background. The intensity of each spectrum was displayed on a logarithmic scale and shifted in a longitudinal direction. (b—d) Distributions of
representative elements extracted from the SR-u-XRF images of (b) particle A, (c) particle B, and (d) particle C with enlarged SEM image

corresponding to the imaging area (scale bar: 2 ym).

the three spectra, consistent with the previous results®
indicating that their major components were Fe, Zn, and Cs.
Some of the peaks for light elements (e.g, Si and Ca) may have
originated from both the glass substrate and the particle itself.
Gamma-ray spectra of the three particles detected both **Cs
and "’Cs in each particle with activity ratios of ~1 (decay
corrected as of March 2011). The decay-corrected activities for
134Cs and "¥"Cs were 1.20 (+0.05) Bq and 1.29 (+0.02) Bq for
particle A, 1.49 (+£0.06) Bq and 1.49 (+0.03) Bq for particle B,
and 1.07 (+0.05) Bq and 1.10 (+0.02) Bq for particle C,
respectively. In the previous study,” it is pointed out that the
activity ratios between '**Cs and 'Cs of the radioactive
materials released by the FDNPP accident were ~1. It is thus
confirmed that these three particles are radioactive ones derived
from the FDNPP accident.’

Detailed Chemical Composition Analysis. The SR-u-
XRF spectra of the three particles and the carbon tape
background are shown in Figure 2a. In addition to Fe, Zn, and
Cs, all of which were previously reported,® the following eight
heavy elements were detected in all three particles: Rb, Zr, Mo,
Sn, Sb, Te, Ba, and Pb. Several unique elements were also
detected from specific particles, i.e, Mn and Cr in particle A
and Ag in particle B.

In addition to these elements, U—-L lines in the SR-y-XRF
spectra appeared in particles A and B. To address potential
interferences from elemental contamination such as W, which
could be due to contamination from the micromanipulator
needles during the particle separation procedure, we used SR-p-
XRF imaging analysis and visualized the elemental distributions
within each particle. Figure 2b—d shows the distributions of
selected elements from the SR-y-XRF imaging of the three
particles with enlarged SEM images corresponding to the
imaging area (additional SR-y-XRF images are shown in Figure
S1 in Supporting Information). In particles A and B, the two-
dimensional distributions of characteristic elements, including
U corresponded well to the particle shapes in the SEM images
and the Cs distributions identified by the SEM-EDS analysis.
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In these images, we found homogeneous distributions of
most elements in the particles except that of Pb in particle C
(Figure 2d). Although strong peaks for Pb—L lines were
detected in the spectrum of particle C, the Pb distribution was
distinctly different from those of the other elements and the
SEM image of the particle, indicating that the Pb did not
originate from the particle components.

Verification of the Presence of Uranium. In order to
obtain additional evidence for the presence of U in the
microparticles, we conducted U—L; edge SR-u-XANES analysis
(Figure 3a). While no absorption edge for U was observed for
particle C, clear edge jumps were observed for both particles A
and B at the energy of the U—L; edge, confirming the presence
of U within the aerosol microparticles in the environment. This
result implies that elements other than radioactive Cs were
emitted along with Cs from the reactor into the atmosphere.

Chemical State and Crystal Structure. SR-u-XANES
spectra of the Fe, Mo, and Sn K—edges for these three particles
are shown in Figure 3b—d (see Figure S2 in Supporting
Information for Zn K—edge). Peak positions and the shapes of
the pre-edges between the particles and the reference materials
agreed well, indicating that these elements occurred as Fe*,
Mo®, Sn*, and Zn*". In addition, features of the SR-u-XANES
spectra of the three particles corresponded to those of the glass
references.

SR-u-XRD patterns of the three particles and Si powder as a
reference material (see Figure S3 in Supporting Information)
showed that the particles had no diffraction peak while the Si
powder showed clear Debye—Scherrer rings. This result
suggests that the particles are amorphous, glassy materials.
These observations together with their spherule shapes implied
that they experienced melting at a high temperature and rapid
cooling as aerosol under oxidative conditions.

Relevant Element Sources around the Reactors. We
explored the possible sources of the 14 elements (Cr, Mn, Fe,
Zn, Rb, Zr, Mo, Ag, Sn, Sb, Te, Cs, Ba, and U) found within the
microparticles by the SR-u-XRF analysis. The reactors of the
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Figure 3. Results of SR-u-XANES analyses. (a) Comparison of the
U-L; edge SR-u-XANES spectra of the three radioactive particles
demonstrating the presence of U in particles A and B. (b—d)
Comparisons of the (b) Fe—K edge, (c) Mo—K edge, and (d) Sn—K
edge SR-u-XANES spectra of the three particles and the reference
materials.

FDNPP (see Figure S4 in Supporting Information) were
boiling-water reactors (BWR),"" and the fission fuels composed
of U (only no. 3 reactor used mixed oxide fuel'"). As a result of
the nuclear fission reaction of U, the fission products (FPs)
could yield 9 elements (Rb, Zr, Mo, Ag, Sn, Sb, Te, Cs, and
Ba)''™"® found in the particles. Zr—Sn alloy was used for fuel
cladding within the reactors.'* Stainless steel, which commonly
consists of Fe, Cr, and Mn, was used in the structure of the
vessel. Zn had been added to the primary cooling water in the
FEDNPP"® for corrosion control to reduce *Co. On the other
hand, given the possibility of a molten core as a result of the
nuclear meltdown may react with a concrete base as suggested
by the presence of Si in the particles, it should be noted that a
percentage of some elements (e.g, Rb and Zn) may be
originated from components of the concrete. Because of the
lack of the access to the damaged reactors, we do not have
direct evidence to identify the source of these elements.
However, we conclude that U fuel, FPs, and components of the
reactors are very likely the sources of the elements identified
within the three radioactive microparticles, although further
investigation will be needed to confirm their sources. We
assume that, because these elements could have originated from
multiple sources, they were melted together during the accident
and eventually formed spherical microparticles.
Environmental Impacts of the Microparticles. If our
hypothesis that some heavy elements in the particles were
produced by nuclear fission reactions is correct, these particles
likely contained additional short-lived radionuclides when they
were released during the accident.'"'* Thus, the specific activity
of these particles at the time of release may have been several
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times higher than that presently associated with the radioactive
Cs. In addition to the previous report that these particles are
insoluble in water,” our study revealed that they are glassy
materials with highly oxidized states. These characteristics
suggest that they could have a relatively long-term impact on
the environment, i.e., continued release of soluble radioactive
Cs into the environment as these insoluble glassy particles
degrade. Similar radioactive particles have been detected in
soils, plants, and mushrooms collected from the area
surrounding the FDNPP as shown by IP autoradiography.”
Although there is no chemical and size information for the
particles reported in other studies, it is probable that some
radioactive particles found in these previous studies are the
same as the microparticles characterized in our study.

B CONCLUSIONS

The present study has provided better understanding the
accident based on chemical information recorded in individual
2-pm radioactive Cs-bearing particles emitted from the FDNPP
accident using an SR-X-ray microbeam. The SR-u-XRF analyses
directly identified U and heavy elements, that may originate
from the fuel, FPs and materials used in the FDNPP, contained
in the aerosol particles together with radioactive Cs, although
isotope ratios should be identified to conclude their exact
sources. The SR-y-XANES and XRD analyses showed that
these particles were highly oxidized glassy materials. Clarifying
the nature of these microparticles assists in understanding what
occurred in the reactors during the early stages of the accident.
Simulation of distribution and deposition of the radioactive
materials depends on physical and chemical natures of materials
of interest, and our results could improve models simulating
how radioactive materials were formed and were distributed
from the reactors into the environment during the accident.
Further quantitative investigations of the chemical nature of the
radioactive particles including quantification and chemical state
analysis of U and FPs in the particles will be important to
understand further mechanisms of particle formation and
emissions, as well as their potential human health and
environmental impacts.
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Emission of spherical cesium-bearing
particles from an early stage of the
Fukushima nuclear accident
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Meteorological Research Institute, 1-1 Nagamine, Tsukuba, Ibaraki, Japan 305-0052.

The Fukushima nuclear accident released radioactive materials into the environment over the entire
Northern Hemisphere in March 2011, and the Japanese government is spending large amounts of money to
clean up the contaminated residential areas and agricultural fields. However, we still do not know the exact
physical and chemical properties of the radioactive materials. This study directly observed spherical
Cs-bearing particles emitted during a relatively early stage (March 14-15) of the accident. In contrast to the
Cs-bearing radioactive materials that are currently assumed, these particles are larger, contain Fe, Zn, and
Cs, and are water insoluble. Our simulation indicates that the spherical Cs-bearing particles mainly fell onto
the ground by dry deposition. The finding of the spherical Cs particles will be a key to understand the
processes of the accident and to accurately evaluate the health impacts and the residence time in the
environment.

n earthquake with a magnitude of 9.0 occurred in Japan on March 11, 2011. In addition to the earthquake

itself, a tsunami struck along the east coast of Honshu and damaged the Fukushima Daiichi nuclear power

plant (FNPP). The FNPP eventually lost its ability to cool the nuclear fuel, which caused hydrogen
explosions and released radioactive materials into the environment'*. Because of the local contamination, many
people still cannot return home. Currently, the Japanese government is spending considerable amounts of money
to clean up the contaminated residential environment and agricultural fields.

The radioactive materials released to the atmosphere traveled over the entire Northern Hemisphere®”. In
Europe, for example, Masson et al.’> measured increases in radioactive cesium and iodine in the air from March 19,
2011 and showed that the maximum levels occurred between March 28 and 30. Although the accident has global
impacts, we still do not know exactly what happened in the reactors during the accident, and the estimates of the
radioactive Cs releases vary largely from 9 to 36 PBq**"°.

The chemical and physical properties (i.e., chemical forms, particle sizes, shape, phases (gas or aerosol), water
solubility, and residence time) of the radioactive materials released into the environment are not well known'".
Such knowledge is necessary to improve the numerical models to estimate the geographical distributions and
evaluate the human exposures during and after the accident. Because the mass of released radioactive material was
small, i.e., the release of *’Cs from the accident was <20 kg, and the material spread globally, it is extremely
difficult to chemically detect it other than by radioactivity detectors. In this study, we chemically detected Cs
within single particles for the first time by using electron microscopy and report the shape, composition, water
solubility, and sizes of the particles to evaluate the implications of their formation process, occurrences in the
environment, and potential health effects. This knowledge is still important for preventing further accidents,
finding effective ways to remove the radioactive materials from the environment, and preventing further resus-
pention of the materials.

Results

Two plume events. The major radioactive material release events occurred during March 12 and 23, 2011 at the
ENPP°. We collected aerosol samples on quartz fiber filters (25 cm X 20 cm) at the Meteorological Research
Institute, Tsukuba, Japan, which is located 170 km southwest of FNPP (see the Method section). In these samples,
we found two significant peaks in the radioactivity concentrations between March 14 and 15 (Plume 1) and
between March 20 and 22 (Plume 2) (Fig. 1). These significant plumes in the air were also reported in eastern
Japan and polluted the water and soil>'*"**>. Meteorological conditions, such as rain and the wind direction, and
the releases of radioactive materials were the main causes of the high surface deposition events'. We used the
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Figure 1 | The radioactivity of the aerosol particles after the Fukushima Daiichi nuclear power plant accident in Tsukuba, Japan. Red dots indicate the

midpoints of each sampling period.

filters that had the maximum radioactivity levels from each plume
(from March 14, 21:10 (local time) to March 15, 09:10 and from
March 20, 21:30 to March 21, 09:13) and analyzed portions of
these filters (~10 cm”® per filter) using an imaging plate (IP) and a
scanning electron microscope (SEM) to directly observe the
radioactive materials. In addition, we measured the aerosol particle
size distributions within the plumes (Figs. S1 and S2).

First plume (March 14-15). We measured the radioactive materials
that were collected in the filter at ground level on March 14-15 using
the IP (Fig. 2). The radioactive materials were distributed spotty,
suggesting that the number of radioactive particles was relatively
small but that their activity levels were relatively strong. Within
this filter sample, we counted approximately 100 spots caused by
radioactive materials, suggesting a concentration of approximately
10 radioactive particles per m®. For reference, the average particle
number concentration was 4.1 X 107 per m® for particles larger than
0.5 pm from March 15 (Fig. S1). The spotty distribution in the IP

3/14 21:10- 3/15 09:10

3/1521:11-3/16 09:00

3/1509:19-3/1515:22

3/20 21:30- 3/21 09:13

image was also observed in the rooftop filter sample from March 15
(Fig. S3).

To detect radioactive particles using SEM, it is necessary to reduce
the number of non-radioactive particles on the filter. Therefore, we
cut the filter into many small parts to include the radioactive spots
features (Fig. S4). We then measured the radioactivity of each seg-
ment using IP and/or a Ge detector to chase the radioactive particle.
After reducing the particle numbers in the segments from the three
radioactive spots, we used the SEM and found three radioactive Cs-
bearing particles.

In Figure 3, we show a particle containing Cs (Cs Particle 1).
The particle is spherical with a diameter of 2.6 pm. The energy
dispersive X-ray spectrometer (EDS) spectrum shows Cs peaks.
The Cs distribution in the elemental mapping image indicates that
the spherical particles consist of Cs along with substantial
amounts of Fe and Zn and minor amounts of Cl, Mn, and O.
The decay-corrected activity (as of March 2011) of Cs Particle 1 is
3.27 = 0.04 and 3.31 = 0.06 Bq for '*’Cs and '*Cs, respectively

3/1515:30- 3/15 21:02

3/2109:18- 3/21 21:20

Figure 2 | The distribution of radioactive materials on the filter ssmples measured with the IP. Black dots indicate the presence of radioactive materials.
The outer rims (dotted line) of the filters were added artificially. This study focused on the filter samples from March 14, 21:10 to March 15, 09:10 (upper

left), and from March 20, 21:30 to March 21, 09:13 (bottom center).
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Figure 3 | SEM and EDS mapping images of a radioactive Cs-bearing particle from the sample collected during March 14, 21:10 and March 15, 09:10.
(a) A Cs-bearing particle partially embedded within a carbon paste. (b) The same Cs-bearing particle as a) but measured the next day. The particle shows a
spherical shape. (c) An elemental mapping (Cs) of the particle (a). (d) The EDS spectrum of the particle a) (black line). The red line shows the

spectrum from the glass substrate. The Cs in the particle shows multiple peaks. (e) An elemental mapping of the other elements within the area. O, Si, Cl,

Mn, Fe, and Zn are possibly coexistent with Cs within the particle.

(Fig. S5). Assuming a particle density of 2.0 g/cm’, the Cs mass
percentage within the particle is estimated from its activity (Bq) to
be 5.5. Another Cs-bearing particles (Cs particles 2 and 3) from
the same filter but different spots are similar to Cs Particle 1,
although they have weaker activity (Fig. $6). The particles consist
of Fe, Zn, and Cs and are approximately 2.0 um in diameter. The
radioactivity for Cs particle 2 is 0.66 = 0.02 and 0.78 * 0.04 Bq
for ’Cs and '**Cs, respectively. The Cs mass percentage within
Particle 2 is estimated from its activity to be 2.5. Assuming that
the entire the radioactivity in the Plume 1 was from the Cs-bear-
ing spherical particles gives an average of 1.4 Bq per particle,
which is comparable to that of Particle 2.

We analyzed the water solubility of Cs Particle 1 by comparing the
particle’s shape before and after exposure to water (Fig. S7). The
results show that there was no change in shape, suggesting that

the particle was insoluble to water at least during atmospheric trans-
portation.

Second plume (March 20-21). The IP image of the filter collected on
March 20-21 indicates that the radioactive materials are evenly
distributed within the filter with approximately 10 diffused spots
(Fig. 2). We cut the filter including a diffused spot, formed several
layers, and captured the IP image (Fig. S8). The radioactivity is
distributed along the filter segments, a result which differs from
that of Plume 1. We interpret that small amounts of the
radioactive Cs attach to other dominant aerosol particles and that
the occurrence is consistent with the results of Kaneyasu et al.'® about
the role of sulfate aerosols as carriers of **’Cs. An SEM analysis with
EDS elemental mapping shows numerous sulfate and mineral dust,
as is commonly found in aerosol samples (Fig. S8). The aerosol filter
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Figure 4 | The model simulation of the total deposition of the '¥Cs
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sample from the rooftop site also indicates a similar distribution of
radioactive materials (Fig. S3).

Model. We simulated the depositions of the radioactive particles from
Plumes 1 and 2 using a tagged chemical transport model. Unlike other
simulation models (e.g.***'?), we considered the aerosol dynamical
processes explicitly and used the measured values and assumptions
of the particle physical and chemical properties from our observations,
i.e, on March 14-15, radioactive Cs consisted of 2.3 um hydrophobic
particles, whereas on March 20-21, the Cs was carried by hydrophilic
submicron particles (e.g., sulfate).

The tagged simulation result indicates that the aerosol particles on
the filter sample from Plume 1 were mainly emitted during March 14,
17:00 to March 15, 02:00 (JST) from the FNPP. On the other hand,
the aerosol particles on the filter sample from Plume 2 were mainly
emitted during March 19, 20:00 and March 20, 07:00.

In Figure 4, we show simulation of the total (dry + wet) *"Cs
deposition. Within Plume 1, 17% and 5.1 X 107°% of the '*’Cs
released from the FNPP fell onto the ground by dry and wet depos-
ition processes, respectively, and the rest (83%) was deposited into
the ocean or was transported out of the model domain. In contrast,
the deposition ratios onto the ground for the particles within Plume 2
were 1.9% and 3.8% by dry and wet deposition, respectively.

Discussion

This study reports for the first time the presence of spherical radio-
active Cs-bearing particles emitted from the FNPP during a relatively
early stage (March 14-15) of the accident. The particles coexist with
Fe, Zn, and possibly other elements, and their diameters are approxi-
mately 2 pm. Because these elements were evenly distributed within
the particle, we conclude that they are internally mixed and form an
alloy. This result differs from that reported by Kaneyasu et al.'®, who
showed that the Cs measured on samples collected during April and
May 2011 was carried by sulfate aerosol particles approximately
0.5 um in size. Due to its spherical shape and composition, the
particle is likely solid and is largely insoluble in water. Spherical
aerosol particles, such as fly ash, commonly form from liquidized

materials or during the condensation of vaporized materials depend-
ing on their sizes".

The spherical Cs-bearing particles were larger and less water sol-
uble than sulfate particles, resulting in more dry deposition and less
deposition in the region northwest of the FNPP (Figs. 4 and S9). If we
assume that all of the Cs had been carried by the sulfate aerosol
particles in Plume 1, 5.6% and 9.3% of the released *’Cs should have
been deposited through dry and wet deposition processes, respect-
ively. Accordingly, the geographical distribution of Cs deposition
differs depending on the physical and chemical properties (Fig.
S9), although the quantitative radioactivity levels for the total depos-
ition in the model depend on assumptions such as cloud microphy-
sics and the total amount of emissions from the FNPP, which is still
under debate. Our model results suggest that because the dry and wet
deposition processes are sensitive to the chemical form and sizes of
the Cs carriers, multiple numerical simulation models based on the
accurate chemical and physical properties of Cs-bearing particles will
be needed to reevaluate how the Cs from the early stages of the
accident was deposited.

It is probable that the emission processes had changed between the
emissions of Plumes 1 and 2 as the accident and water injection
progressed; however, further studies will be needed to reveal the
emission process during the accident.

This study aims to show the presence of spherical radioactive Cs-
bearing particles to stimulate and facilitate further studies across
multidisciplinary fields that will enable the proper understanding
and evaluation of particle effects. We believe the finding of the Cs-
bearing particles will have implications to the following studies.

1) The composition and the spherical shape of the Cs-bearing
particles emitted by the FNPP accident will be a key to under-
stand what happened in the nuclear reactors during the
accident.

2) The spherical Cs-bearing particles likely have longer retention
times on the land surface than those of the water-soluble Cs
particles. The retention time of the particles in the soil or other
environments needs to be reconsidered.

3) The health effects of the particles should be evaluated based on
the particle sizes and insolubility in water.

Methods

Sampling. The samples were collected at the Meteorological Research Institute
(Tsukuba, 36.05N, 140.13E) using both a high-volume aerosol sampler (Sibata
Scientific Technology Itd., HV-1000F; 1000 m*/24 h) placed on the ground and a
PM2.5 aerosol sampler (24 m*/24 h) placed on the roof of the 6-floor building
(approximately 25 m from ground level). Quartz fiber filters were used in both
samplers. The sampling times were 6, 12, or 24 h for the high volume air sampler and
24 h for the PM2.5 aerosol sampler. The particle size distributions were monitored
using an aerosol particle sizer (APS; TSI-3321) and a scanning mobility particle sizer
(SMPS; TSI-3080 and TSI-3775) on the rooftop site for particle sizes >0.5 pm and
between 7 and 289 nm in diameter, respectively, with a 2.5 pm cutoff size.

Analyses. An imaging plate (IP; GE CRx25P) was used to detect the radioactivity on
the filters with a pixel spatial resolution of 50 pm. An intrinsic Ge detector (SEIKO
EG&G) coupled with a multi-channel analyzer was used to obtain the gamma spectra
of each Cs-bearing particle and filters. A scanning electron microscope (SEM; Hitachi
high-Technologies SU 3500) and an energy dispersive X-ray spectrometer (EDS;
Horiba Itd. X-max 50 mm) were used to observe and analyze the shapes and
compositions of the particles. The particles attached to the filter fibers were mounted
within a carbon tape (Fig. S4). A manipulator (Micro Support Corp., AP-xy-01) was
used to cut the carbon tape into as small segments as possible (<0.1 mm).

Model. We used the Regional Air Quality Model 2 (RAQM2'®), which implements a
triple-moment modal aerosol dynamics module assuming a log-normal size
distribution of the aerosol populations. This model describes the nature of the aerosol
dynamical processes, such as nucleation, condensation, coagulation, dry deposition,
grid-scale cloud condensation and ice nuclei activation, and the subsequent cloud
microphysical processes (rainout) and the washout processes. A non-hydrostatic
meteorological model (NHM)" was used to produce the meteorological field. There
were 215 X 259 grids with a 3 km horizontal grid resolution in both the NHM and
RAQM2. There were 50 vertical layers to 50 hPa in the NHM, and 20 layers to 10 km
in the RAQM2. The Japan Meteorological Agency (JMA) Meso-Regional Objective
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Analysis data sets (3 h, 5 km X 5 km) were used for the initial and boundary
conditions for the NHM and for the spectral nudging method. The '*Cs released from
the FNPP was tagged with a temporal resolution of 1 hour. We assumed 0.43 PBq
(Plume 1) and 0.39 PBq (Plume 2) for the total amounts of *’Cs activity released from
the FNPP by using the inventory of Katata et al.”’. We used a number equivalent
geometric mean dry diameter Dy, 4, = 2.3 pm (an averaged value of the Cs-bearing
particles 1 and 2), geometric standard deviation 6, = 1.3, particle density p, = 2.0 g/
cm’, and hygroscopicity x = 0 for Plume 1. For Plume 2, we used Dy, 4, = 102 nm
(measured by SMPS), 6, = 1.6, p, = 1.83 g/cm’, and k = 0.4. The calculated dry
deposition velocities of the particles in Plume 1 are approximately 4-5 times greater
than those of the particles in Plume 2. For the particles in Plume 2, both the rainout
and washout processes were considered, whereas for particles in Plume 1, only
washout was considered because no cloud condensation nuclei activity is assumed
(ie, k = 0).

1. Yoshida, N. & Kanda, J. Tracking the Fukushima radionuclides. Science 336,
1115-1116 (2012).

2. MEXT: Japanese Ministry of Education, Culture, Sports, Science and Technology,
http://www.mext.go.jp/english, accessed on May, 07, 2013.

3. Masson, O. et al. Tracking of airborne radionuclides from the damaged
Fukushima Dai-ichi nuclear reactors by European networks. Environ Sci. Technol.
45, 7670-7677 (2011).

4. Takemura, T. et al. A numerical simulation of global transport of atmospheric
particles emitted from the Fukushima Daiichi Nuclear Power Plant. Sola 7,
101-104 (2011).

5. Achim, P. et al. Analysis of radionuclide releases from Fukushima Dai-Ichi
Nuclear Power Plant accident Part II. Pure Appl. Geophys. 10.1007/s00024-012-
0578-1 (2012).

6. Stohl, A. et al. Xenon-133 and caesium-137 releases into the atmosphere from the
Fukushima Dai-ichi nuclear power plant: determination of the source term,
atmospheric dispersion, and deposition. Atmos. Chem. Phys. 12, 2313-2343
(2012).

7. Christoudias, T. & Lelieveld, ]. Modelling the global atmospheric transport and
deposition of radionuclides from the Fukushima Dai-ichi nuclear accident.
Atmos. Chem. Phys. 13, 1425-1438 (2013).

8. Chino, M. et al. Preliminary estimation of release amounts of **'I and **’Cs
accidentally discharged from the Fukushima Daiichi nuclear power plant into the
atmosphere. J. Nucl. Sci. Technol. 48, 1129-1134 (2011).

9. Katata, G., Ota, M., Terada, H., Chino, M. & Nagai, H. Atmospheric discharge and
dispersion of radionuclides during the Fukushima Dai-ichi Nuclear Power Plant
accident. Part I: Source term estimation and local-scale atmospheric dispersion in
early phase of the accident. J. Environ Radioactivity 109, 103-113 (2011).

. Winiarek, V., Bocquet, M., Saunier, O. & Mathieu, A. Estimation of errors in the
inverse modeling of accidental release of atmospheric pollutant: Application to
the reconstruction of the cesium-137 and iodine-131 source terms from the
Fukushima Daiichi power plant. J. Geophys. Res. 117, D05122, doi: 10.1029/
2011JD016932 (2012).

. Burns, P. C, Ewing, R. C. & Navrotsky, A. nuclear fuel in a reactor accident.
Science 335, 1184-1188 (2012).

. Morino, Y., Ohara, T. & Nishizawa, M. Atmospheric behavior, deposition, and
budget of radioactive materials from the Fukushima Daiichi nuclear power plant
in March 2011. Geophys. Res. Lett. 38, GL048689 (2011).

. Yasunari, T. J. et al. Cesium-137 deposition and contamination of Japanese
soils due to the Fukushima nuclear accident. Proc. Natl. Acad. Sci. USA 108,
19447-19448 (2011).

1

(=1

1

—

1

[S5]

1

w

14. Kinoshita, N. et al. Assessment of individual radionuclide distributions from the
Fukushima nuclear accident covering central-east Japan. Proc. Natl. Acad. Sci.
USA 108, 19526-19529 (2011).

15. Doi, T. et al. Anthropogenic radionuclides in the atmosphere observed at
Tsukuba: characteristics of the radionuclides derived from Fukushima. J. Environ
Radioactivity 122, 55-62 (2013).

16. Kaneyasu, N., Ohashi, H., Suzuki, F., Okuda, T. & Ikemori, F. Sulfate aerosol as a
potential transport medium of radiocesium from the Fukushima nuclear accident.
Environ. Sci. Technol. 46, 5720-5726 (2012).

17. Damle, A. S., Ensor, D. S. & Ranade, M. B. Coal combustion aerosol formation
mechanisms: A review. Aerosol Sci. Technol. 1, 119-133(1981).

18. Kajino, M. et al. Development of the RAQM2 aerosol chemical transport model
and prediction of the Northeast Asian aerosol mass, size, chemistry, and mixing
type. Atmos. Chem. Phys. 12, 11833-11856 (2012).

19. Saito, K. et al. Nonhydrostatic atmospheric models and operational development
at JMA. J. Meteorol. Soc. Jpn. 85B, 271-304 (2007).

20. Katata, G., Ota, M., Terada, H., Chino, M. & Nagai, H. Atmospheric discharge and
dispersion of radionuclides during the Fukushima Dai-ichi Nuclear Power Plant
accident. Part I: Source term estimation and local-scale atmospheric dispersion in
early phase of the accident. J. Environ Radioactivity 109, 103-113 (2011).

Acknowledgements

This study was supported by MEXT KAKENHI (a Grant-in-Aid for Scientific Research on
Innovative Areas under the A01-01 and A01-02 research teams in the “Interdisciplinary
Study on Environmental Transfer of Radionuclides from the Fukushima Daiichi NPP
Accident”; grant numbers 24110002 and 24110003, respectively) and the MEXT Japanese
Radioactivity Survey. We acknowledge Mr. H. Sako and Mr. T. Kimura (Atox Co. Itd.) for
their help with the IP and gamma spectrometry, Ms. C. Takeda (Tokyo Nuclear Services co.
Itd.), Ms. K. Inukai, and Ms. K. Kamioka for their help with the HV sampling, and Mr. Y.
Tizawa (Tokyo University of Science) for his help with finding the Cs-bearing particle 3. The
PM2.5 filters sampled by Mr. K. Kuchiki and Dr. T. Aoki (MRI) were courteously provided
for the present analyses.

Author contributions

K.A. found the Cs-bearing particles, performed the IP and SEM analyses, and was the
primary author of the manuscript; M.K. performed numerical model calculations; Y.Z.
performed the SMPS and APS analyses; Y.I. performed the filter sampling and supervised
the study; all authors contributed to the manuscript.

Additional information

Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Adachi, K., Kajino, M., Zaizen, Y. & Igarashi, Y. Emission of
spherical cesium-bearing particles from an early stage of the Fukushima nuclear accident.
Sci. Rep. 3, 2554; DOI:10.1038/srep02554 (2013).

@@@@ This work is licensed under a Creative Commons Attribution-
ATl NonCommercial-NoDerivs 3.0 Unported license. To view a copy of this license,

visit http://creativecommons.org/licenses/by-nc-nd/3.0

| 3:2554 | DOI: 10.1038/srep02554


http://www.mext.go.jp/english
http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-nd/3.0

SUPPORTING INFORMATION FOR
Emission of spherical cesium-bearing particles from an

early stage of the Fukushima nuclear accident

Kouji Adachi'*, Mizuo Kajino®, Yuji Zaizen®, and Yasuhito Igarashi
1: Meteorological Research Institute, 1-1 Nagamine, Tsukuba, Ibaraki, Japan 305-0052
*Corresponding author: Kouji Adachi, Meteorological Research Institute, 1-1 Nagamine, Tsukuba,

Ibaraki, Japan 305-0052, tel: +81-29-853-8570, adachik@mri-jma.go.jp



10004

100=

Number (cm™)
— =)
| 1

=
—
1

==0.5-1pm
001~ —1-2um
_2p.m-

0.00]=

10 15 20 25
Date (March, 2011)

Sl 1. Particle number concentrations for particles of 0.5-1.0, 1.0-2.0, and >2.0 um. These data were
measured using an aerosol particle sizer (APS). The data around March 15 were missing because of
a regional unstable power supply caused by the earthquake. The APS was located on the rooftop

site.
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Sl 2. The size distribution of aerosol particles between 7 and 289 nm using a scanning mobility
particle sizer (SMPS). The averaged particle number concentration was 1.9x10° per m® during the
second plume (March 20-21). The data prior to March 15, 17:18 (local time) were missing because

of the emergency stop caused by the earthquake. The SMPS was located on the rooftop site.



March 15,2011 March, 21, 2011
Sl 3. The IP images of the PM2.5 filter samples collected on March 15 (left) and March 21 (right)
on the rooftop site. The left filter includes many spots whereas the right filter appears dark all over.
The features are similar to those in the Figure 2, which were collected at the ground level of the site.
A part of each filter was cut for carbonaceous measurements and replaced (the trace is apparent in

the right filter). A two hour exposure time was used for the IP analysis.
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Sl 4. The selection of radioactive particles for the SEM analysis. a) The IP image of the filter was

Detection of radioactive particle

captured, and a part of the filter that includes radioactive material was cut off (dotted line). b) The
segment of the filter was separated into approximately 10 layers and put onto a carbon tape attached
to a glass substrate. ¢) The IP image was taken to identify the position of the radioactive material. d)
The carbon tape including the radioactive material was cut into small pieces. e) The radioactive
material was detected using a Ge detector from the filter segments. f) The processes d) and e) were
repeated to make the filter and the number of particles as small as possible. g) The radioactive

particle embedded within carbon paste was analyzed using the SEM.
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SI 5. The gamma spectrum of radioactive Cs particle 1. A 50,000 sec detection time was used.
Peaks marked with * were from the background or the glass substrate. The sample was analyzed
two years after the accident, and short-lived radionuclides would not have been detected even if

they had been present when emitted.
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Sl 6. The SEM analyses of radioactive Cs particle 2 from the March 14-15 sample. 1) An SEM
image of the Cs-bearing particle. The particle was embedded within a carbon paste and was
partially covered with a quartz fiber. b) The elemental mapping of Cs in the particle. c) The
elemental mapping for Zn, Fe, and O in the particle. Unlike in particle 1, oxygen is not apparent. d)
The line profile of the selected elements over the particle. The analyzed line is shown in a). €) The

EDS spectra of the particle (black line) and glass substrate (red line).



Before exposure to water After exposure to water

Sl 7. SEM images of the Cs particle 1 before and after exposure to water. There is no change

between the images, suggesting that the particle is largely insoluble to water. Scale bars: 1 pum.
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Sl 8. The SEM analyses of the filter sample from March 20-21. a) An SEM image of a filter

segment containing a diffused spot (Fig. 2). The filter was divided into several layers (Sl 4-b), and
this image corresponds to one of those layers. b) An IP image of the filter. Radioactive materials are
distributed all over the filter. c) Elemental mapping images for Al and S, which represent
aluminosilicate minerals and sulfate particles, respectively. These particles are distributed all over

the filter.
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a) Plume 1 (March 14-15, 2011) b)
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SI 9. The total (dry + wet) deposition of **’Cs released from the FNPP between (a) March 14, 17:00
and March 15, 02:00 (JST) and (b) March 19, 20:00 and March 20, 07:00. The Cs carriers are
assumed to be water-soluble submicron particles, such as sulfates, in both plume. The Regional Air
Quality Model 2 (RAQM2) was used for the model calculation. We used the Generic Mapping
Tools (GMT) developed at University of Hawaii to draw the figure. The model elevation in the
figures was generated based on a 1km resolution Global 30 Arc-Second Elevation (GTOPO30) of

U.S. Geological Survey (USGS).
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Internal structure of cesium-
bearing radioactive microparticles
released from Fukushima nuclear
e power plant
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Kouji Adachi* & Toshihiro Kogure®*

Microparticles containing substantial amounts of radiocesium collected from the ground in Fukushima
were investigated mainly by transmission electron microscopy (TEM) and X-ray microanalysis with
scanning TEM (STEM). Particles of around 2 pm in diameter are basically silicate glass containing Fe
and Zn as transition metals, Cs, Rb and K as alkali ions, and Sn as substantial elements. These elements
are homogeneously distributed in the glass except Cs which has a concentration gradient, increasing
from center to surface. Nano-sized crystallites such as copper- zinc- and molybdenum sulfide, and
silver telluride were found inside the microparticles, which probably resulted from the segregation

of the silicate and sulfide (telluride) during molten-stage. An alkali-depleted layer of ca. 0.2 pm thick
exists at the outer side of the particle collected from cedar leaves 8 months after the nuclear accident,
suggesting gradual leaching of radiocesium from the microparticles in the natural environment.

Although almost five years have passed since the accident of Fukushima Daiichi Nuclear Power Plant (FDNPP),
radioactive contamination in the surrounding area is still a serious problem in Japan. The largest radionuclide
deposition event occurred on March 15-16 and the second largest on 21-23, 2011. Wet deposition was a major
source of radiocesium contamination of terrestrial environment', while contribution of dry deposition was larger
near the FDNPP2 In order to understand and predict the fate of radioactive materials contaminating the ter-
restrial environment, it is important to clarify the physicochemical properties of the deposited materials. From
previous cases of radionuclide release, it is known that the chemical species of released radiocesium is monova-
lent cation (Cs*) which is soluble®. Deposition of radiocesium as insoluble particles has also been pointed out.
Autoradiography analyses using imaging plate (IP) showed spots of particulate materials on plant tissues collected
from Fukushima*-°. On the aerosol filter collected from March 14-15, 2011 in Tsukuba, 170 km south-southwest
of FDNPP, Adachi et al.” discovered spherical particulate radiocesium of 2.0-2.6 pm in diameter, with particles
insoluble in water having a glass-like structure®. These microparticles contain several fission products of U-235
other than radiocesium, and Fe and Zn which are also used in nuclear reactors®. Hence, they were considered to
be released directly from nuclear reactors.

Kaneyasu et al.? suggested that vaporized radiocesium was transported with sulfate aerosol in the air, dissolved
to cloud droplets and fell as rain. On the aerosol filter collected on March 20-21, 2011, rainy days in Tsukuba,
the majority of radiocesium was in water-soluble form’. Such water-soluble radiocesium that reached the ground
surface as a solute was fixed to soils, especially to clay minerals'’. In the terrestrial environment, the majority of
radiocesium is present in solid form regardless of the initial form of deposition. However, compared to clay min-
erals originally contaminated by soluble radiocesium in soil, the solid radiocesium, which was initially deposited
as radioactive microparticles, had stronger radioactivity. Although the contribution or percentage of such radi-
oactive microparticles in the contamination level of Fukushima has not been evaluated, its influence on human

INational Institute for Agro-Environmental Sciences, Kannondai, Tsukuba 305-0864, Japan. 2National Institute
for Materials Science, Namiki, Tsukuba 305-0044, Japan. 3Graduate School of Life and Environmental Sciences,
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authors contributed equally to this work. Correspondence and requests for materials should be addressed to N.Y.
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Figure 1. (a) Bright-field (BF) image of NWC-1. The opaque material outside the microparticle is tungsten
(W) and copper (Cu) deposited in the FIB process. (b) Electron diffraction (ED) pattern from the particle.
(¢,d) EDS spectrum acquired from almost the whole area of the particle for the energy range of (c) 0-11keV
and (d) 10-30keV. (e) BF image of CB-8. The opaque material outside the sphere is W and the thin transparent
material is Kapton tape. (f) ED pattern from the particle.

health may be serious in terms of its intense radioactivity. Moreover, the structural detail of the microparticles
may give insights into the state of the broken reactor and fuel debris.

In the present study, we investigated radioactive microparticles, similar to those reported by Adachi et al.”, but
collected from the ground, by observing their internal structure with transmission electron microscopic (TEM)
techniques.

Results
Structure and composition of Cesium-bearing radioactive microparticles. ~Cesium-bearing radi-
oactive microparticles that had been deposited on non-woven fabric cloth (NWC-1) and on a needle of Japanese
cedar (Cryptomeria japonica) (CB-8) were investigated. They were in the field for five and eight months, respec-
tively, until sampling. Scanning electron microscope (SEM) images of NWC-1 of the whole microparticle before
preparing thin sections for TEM analyses; and elemental composition of the whole particle determined by syn-
chrotron radiation microbeam X-ray fluorescence (SXRF) are shown in Supplementary Figs S1 and S2 online,
respectively. The activities of '*’Cs for the NWC-1 and CB-8 were 5.04 4 0.472 and 3.14 + 0.178 Bq, respectively.
Bright-field (BF) images and selected-area electron diffraction (SAED) patterns recorded in TEM from the
whole area of NWC-1 and CB-8 are shown in Fig. 1, along with the energy-dispersive X-ray spectrum (EDS)
acquired in TEM from NWC-1. Preparation of thin specimens from NWC-1 microparticle by focused-ion-beam
(FIB) process was successful only for the upper half of the sphere. The BF contrast of NWC-1 (Fig. 1a) was almost
uniform except for two dark nanoparticles inside the sphere. These nanoparticles will be described in a later sub-
section. The SAED pattern from the whole particle consists of only a halo (Fig. 1b) and the EDS from the whole
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particle (Fig. 1¢,d) mainly consist of peaks of Si and O (Cu is from the supporting mesh), indicating that the parti-
cle was basically silicate glass. Additionally, CL, K, Cs, Fe, Zn, Rb, and Sn were definitely identified. The presence of
Na was not confirmed since its peak overlapped with the L-peak of Zn. These elements were previously reported”®
except for K. EDS Semi-quantitative analysis for almost the entire area of the TEM specimen, without considering
the absorption effect estimated the glass composition (wt.%) to be SiO,; 69.3, K,O; 1.9, Fe,O;; 8.6, ZnO; 11.0,
Rb,0; 1.3, SnO,; 1.4, Cs,0; 3.4 with a small amount of Cl (1.4 wt.%). The valence states of cations were assumed to
be in line with results in an X-ray absorption spectroscopic study®. Rubidium, Cs and Sn are the fission products
of U-235. Tin is also used for fuel cladding'!. Iron is used as steel for reactor pressure vessels, and Si and O are
main components of concrete at the bottom of the containment vessel, where the melt-down fuel or core debris
is thought to exist. Zinc had been added to the primary cooling water!?. Potassium and Cl may originate from
concrete and/or seawater, which was used to cool down the reactor.

The BF TEM image of CB-8 showed a two-layer structure having an inner core with darker contrast, an outer
crust with a lighter one, and a small dark nanoparticle near the center (Fig. 1e). The thickness of the crust was
around 0.2 pm. SAED pattern indicated that both are amorphous (Fig. 1f). Locally, a bubble-like structure was
observed at a certain radius in the crust, or the outside part was peeled off at the radius (Fig. 1e). The chemical
composition of the entire area of the specimen was SiO,; 73.3, K,0; 1.4, Fe,05; 7.2, ZnO; 11.4, Rb,0; 1.2, SnO,;
1.5, Cs,0; 3.3 and Cl; 0.7, which is similar to that of NWC-1.

Distributions of elements in microparticles. Elemental maps from NWC-1 using STEM-EDS are
shown in Fig. 2a. Brighter color indicates higher concentration of the elements. All elements were almost uni-
formly distributed in the particle with Cs the only exception. Cesium concentration was lower near the center
than the outside of the particle. The ratio of the amounts between the center and outside is around two. It is
possible that vapor-phase cesium in the reactor was absorbed to the molten silicate microparticles, from their
surface. The low diffusion velocity of cesium in the glass may have left the concentration gradient. On the con-
trary, elemental mapping for CB-8 (Fig. 2b) indicates that K, Rb and Cs were distinctively depleted in the crust
but concentrated in the vicinity of the surface. Although the reason for the high concentration at the surface is
not certain, it might be an artifact by diffusion of alkali cations caused by electron-beam radiation in the analysis.
Chlorine was concentrated in the crust.

Crystalline nanoparticles in the glass. Two nanoparticles with dark contrast were observed in the TEM
image of NWC-1 (Fig. 1a). Although EDS spectrum only from the particles cannot be obtained since they are
still buried in the glass in spite of the thinning by FIB, S was distinctively identified from the particles (Fig. 3a).
Elemental mapping by STEM-EDS indicated enrichment of Cu, Zn and Mo at the nanoparticles along with S,
indicating that they are sulfide. The possibility of sulfate was excluded because oxygen is deficient in the nan-
oparticles in the oxygen map (Fig. 3a). Moreover, the locations of Cu, Zn and Mo do not overlap within the
nanoparticles, suggesting that these metal elements form different sulfide phases in the nanoparticle (Fig. 3a).
SAED from the left particle showed a single-crystal diffraction pattern (Fig. 3b), which can be explained by the
crystallographic parameters for a high-temperature polymorph of digenite (Cu,_,S). The origin of Cu and S may
be minor elements in the concrete. On the other hand, Ag and Te were distinctively detected by EDS in TEM
from the nanoparticle in CB-8 (Supplementary Fig. S3 online), indicating the particle to be silver telluride. Both
elements can be fission products of U. Diffraction spots were observed in the SAED pattern from the particle,
indicating that it is crystalline but the phase could not be identified. These sulfide and telluride were probably
segregated and crystallized in the microparticles at the molten state.

Discussion

Our most significant finding is that the matrix of the Cs-bearing microparticles is silicate glass, based on the
TEM-EDS analysis with FIB sample preparation. Previous studies suggested that Fe, Mo, Sn and Zn in the
Cs-bearing microparticles had a similar X-ray absorption near-edge structure to those composed of glass®, how-
ever the presence of Si in the microparticles has not been verified”?. It is probable that the high-temperature
melt-down fuel from the reactor came into contact with and melted the concrete, and then splashed microparti-
cles of silicate melt, which were solidified by cooling to form silicate glass in the atmosphere. However, there are
several questions with respect to the selection of the constituting elements in the glass from various ones in the
reactor. For instance, Ca which is one of the major elements in concrete, was almost absent in the microparticles
of NWC-1. Since TEM observed only a small portion of the microparticles, by making them thin using FIB, there
may have been other elements in the microparticles, for instance, as a form of chalcogenide nanoparticle.

The next important finding is the alkali-depleted crust in CB-8 microparticle. This is probably the result of
elution of alkali ions by contact with acidic solution in the field, commonly observed in silicate glass'>. On the
other hand, such alkali-depleted crust was not observed in NWC-1. This may be attributed to the different envi-
ronments of the two microparticles after release from the nuclear plant. NWC-1 was on non-woven cloth and
CB-8 on a cedar leaf before it was collected. It is well-known that silicate glass elutes alkali components from
their surface by ion-exchange with proton or hydronium ions to form an alkali-leaching layer on the surface if
pH of reacting solution is low, whereas the silicate framework of the glass itself is dissolved with high-pH solu-
tion!*!%, Coniferous forest canopy induces acidic condition due to ammonia uptake, nitrification and leaching
of plant-derived acid'®. It was likely that CB-8 deposited on the cedar leaf had been in acidic conditions, which
derives alkali depletion in the crust, for eight months. The finding of the alkali-depleting crust on the surface of
the Cs-bearing radioactive microparticle indicates that radiocesium in the particles can be released by “weath-
ering” of the glass in natural environments, and considering its small size, duration for the total release of the
radioactive cesium from the particles is probably not long, from several years to a few decades, though it will
strongly depends on the environment.
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Figure 2. (a) Element maps of NWC-1 acquired by STEM-EDS with a STEM Dark-field (DF) image at the
same area, and (top) TEM Bright-field image in which the rectangle indicates the area analyzed by STEM-EDS.
The thin area around the top of the particle which was not observed in Fig. 1a was formed by a further thinning
process by FIB. (b) Element maps and images of CB-8 with the same framing as in (a).

In order to investigate the dissolution rate and detailed Cs-leaching properties of the Cs-bearing radioactive
microparticles, a leaching experiment should be conducted as a function of temperature and pH. However, col-
lecting and isolating the Cs-bearing microparticles is time-consuming and it is difficult to obtain a large enough
number of Cs-bearing microparticles to investigate dissolution properties. Alternatively, synthesized silicate glass
with the same composition as the microparticles presented in this study may help to obtain information on the
fate of Cs-bearing radioactive microparticles. However, in our preliminary experiment, we were unable to make
uniform glass with the same composition at present. This is probably due to the liquid immiscibility at the com-
position. A solution to this problem is now being considered.

There are mainly two types of solid-phase radiocesium in the terrestrial environment affected by FDNPP acci-
dent; that fixed to clay minerals in the soil via wet deposition and that contained in the microparticles of silicate
glass flown directly from the nuclear reactors. The radioactivity of the former is rather in low-density but distrib-
uted widely, therefore it is a major source of external radiation from ground. Part of the radiocesium adsorbed on

SCIENTIFIC REPORTS | 6:20548 | DOI: 10.1038/srep20548 4
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digenite <121>

Figure 3. (a) Element maps and STEM bright-field (BF) image of the two nanoparticles inside NWC-1.

The circular contrasts outside the nanoparticles in the BF image are radiation damage in glass formed by the
electron probe for chemical analyses. (b) (Left) ED pattern from the left nanoparticle. (Right) Drawing of ED
pattern for the high-temperature polymorph of digenite (Cu,_,S) along <121>.

the soil clay is desorbed and transferred to crops thereby causing internal radiation. On the other hand, contribu-
tion of the microparticles to the air radiation is most likely not significant, but their radiation density is very high,
which is particularly problematic for organisms including humans if the microparticles are inhaled or ingested.
The plant availability of radiocesium in the microparticles should depend on its solubility. Consequently, further
research on this material should be carried out as soon as possible.

Methods

Samples. Radioactive microparticles attached on non-woven fabric cloth and needles of Japanese cedar, col-
lected from Fukushima, were identified by autoradiography followed by point-by-point analyses with scanning
electron microscope (SEM; Hitachi high-Technologies SU3500) equipped with an energy dispersed X-ray spec-
trometer (EDS; Horiba X-max 50 mm). The identified particles were further determined by SXRF with excitation
X-ray energy of 37.5keV to ensure the detection of Cs-K line from the particle. The activities of '’Cs was deter-
mined by a Ge detector (GCW2523S Canberra, USA). Detailed methods to identify the Cs-bearing microparti-
cles are described in the supplementary information.
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TEM Analyses. Cross-sectional thin TEM specimens were prepared from radioactive microparticles using
afocused ion beam (FIB) instrument with micro-sampling system (Hitachi FB-2100) as described in the supple-
mentary information. Then specimens were initially examined using a TEM (JEOL JEM-2010UHR) operated at
200kV with an EDS analyzer system (JEOL JED-2200). Elemental mapping in the microparticles and quantitative
analyses were performed using a JEOL JEM-3100FEF operated at 300kV in the STEM mode, with an EDS ana-
lyzer system (Thermo Fisher Scientific NORAN System SIX). Finally, elemental maps for nanoparticulates inside
the microparticles were acquired using a JEOL JEM-2800 operated at 200kV with double wide-area (0.95sr.)
silicon drift detectors (SDD) for EDS analyses.
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Radioactive particles revealed by electron microscopy:
Chemical and physical properties of radioactive particles in
aerosol samples emitted during the early stage of
Fukushima Dai-ichi Nuclear Power Plant accident
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Water-insoluble radioactive materials emitted during an early stage of the Fukushima
Dai-ichi Nuclear Power Plant accident in 2011 were identified, and their chemical and physical
properties were characterized as particulate matters. In this report, studies on radioactive par-
ticles collected from filter samples in Tsukuba on March 14-15, 2011 are summarized. Their
compositions, chemical states, sizes, shapes, crystallinity, and hygroscopicity were analyzed us-
ing microscopic analyses such as electron microscopy and synchrotron with a micro-beam. The
results indicate that they include Cs, Fe, and Zn as well as elements from fission products and
are water insoluble, spherical-glassy particles with ca. 2 micrometer in size. Understanding of
their detailed properties is significant to improve the numerical models during the accident
and to understand their occurrences in soil as well as the accident itself. In addition to the wa-
ter-insoluble radioactive materials, water-soluble radioactive materials, which were likely
emitted in different events during the accident, should be investigated to have comprehensive
understanding of the accident and its environmental effects. More samples from various envi-
ronments such as soil will be needed, and more detailed chemical and physical analyses will
help to understand their formation process, influences on human health, and long term decre-
ments in ambient conditions.

Key words: Radioactive particles, Fukushima Dai-ichi Nuclear Power Plant Accident, Elec-
tron microscopy, Synchrotron Radiation, Cesium
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Fig. 1 (Color online) The radioactivity of the aerosol particles after the Fukushima Dai-ichi nuclear
power plant accident in Tsukuba, Japan. Dots indicate the midpoints of each sampling period.

Reprinted from Fig. 1 of Adachi et al. (2013).
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Fig. 2 The distribution of radioactive materials on the filter samples measured with the IP. Black dots
indicate the presence of radioactive materials. The outer rims (dotted line) show peripheries of
the filters. This study focused on the filter samples from March 14, 21 : 10 to March 15, 09 : 10
(upper left), and from March 20, 21: 30 to March 21, 09: 13 (bottom center). Reprinted from
Fig. 2 of Adachi et al. (2013).
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—»@E]E

Carbon tape with the filter

Sliced ﬁ/|te|— G,Iass Detection of radioactive particle Glass

(@:Radioactive materials) Carbon tape (paste)
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Fig. 3 The selection method of radioactive particles for the SEM analysis. a) The IP image of the filter
was captured, and a part of the filter that includes radioactive material was cut off (dotted line).
b) The segment of the filter was separated into approximately 10 layers and put onto a carbon
tape attached to a glass substrate. c¢) The IP image was taken to identify the position of the ra-
dioactive material. d) The carbon tape including the radioactive material was cut into small
pieces. e) The radioactive material was detected using a Ge detector from the filter segments. f)
The processes d) and e) were repeated to make the filter and the number of particles as small as
possible. g) The radioactive particle embedded within carbon paste was analyzed using the
SEM. Reprinted from SI 4 of Adachi et al. (2013).
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Fig. 4 (Color online) SEM and EDS mapping images of a radioactive particle from the sample collected
during March 14, 21:10 and March 15, 09 :10. a) A radioactive particle partially embedded
within a carbon paste. b) The same radioactive particle as a) but measured the next day. The
particle shows a spherical shape. ¢) An elemental mapping (Cs) of the particle a). d) The EDS
spectrum of the particle a) (black line). The red line shows the spectrum from the glass sub-
strate. The Cs in the particle shows multiple peaks. e) An elemental mapping of the other ele-
ments within the area. O, Si, Cl, Mn, Fe, and Zn are possibly coexistent with Cs within the par-
ticle. Reprinted from Fig. 3 of Adachi et al. (2013).
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Fig. 5 The gamma spectrum of the radioactive particle. A 50,000 sec detection time was used. Peaks
marked with® were from the background or the glass substrate. The sample was analyzed two
years after the accident, and short-lived radionuclides would not have been detected even if
they had been present when emitted. The particle was measured on March 28, 2013. Reprinted

from SI 5 1 of Adachi et al. (2013).

Before exposure to water

After exposure to water

Fig. 6 SEM images of the radioactive particle 1 before and after exposure to water. There is no change
between the images, suggesting that the particle is largely insoluble to water. Scale bars: 1 ym.

Reprinted from SI 7 of Adachi et al. (2013).
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Fig. 7 (Color online) Results of Synchrotron Radiation (SR)-y-X-Ray Fluorescence (XRF) analyses. (a)
Comparison of the SR-y-XRF spectra obtained for articles A, B, and C and the carbon tape back-
ground. The intensity of each spectrum was displayed on a logarithmic scale and shifted in a
longitudinal direction. (b-d) Distributions of representative elements extracted from the SR-
u-XRF images of (b) particle A, (c) particle B, and (d) particle C with enlarged SEM image corre-
sponding to the imaging area (scale bar: 2 ym). Reprinted with permission from Fig. 2 of Abe et
al. (2014). Copyright 2014 American Chemical Society.
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Abstract

We investigated the horizontal resolution dependence of atmospheric radionuclide (Cs-137) simulations of the
Fukushima nuclear accident on March 15, 2011. We used Eulerian and Lagrangian transport models with low-
(15-km), medium- (3-km), and high- (500-m) resolutions; both models were driven by the same meteorological
analysis that was prepared by our data assimilation system (NHM-LETKF) for each horizontal resolution. This
preparation was necessary for the resolution-dependent investigation, excluding any interpolation or averaging
of meteorological fields. In the results, the 15-km grid analysis could not reproduce Fukushima’s mountainous
topography in detail, and consequently failed to depict a complex wind structure over mountains and valleys. In
reality, the Cs-137 plume emitted from the Fukushima Daiichi Nuclear Power Plant (FDNPP) was mostly blocked
by Mt. Azuma and other mountains along the Naka-dori valley after crossing over Abukuma Mountains on March
15, 2011. However, the 15-km grid simulations could not represent the blockage of the Cs-137 plume, which
unnaturally spread through the Naka-dori valley. In contrast, the 3-km and 500-m grid simulations produced very
similar Cs-137 concentrations and depositions, and successfully produced the plume blockage and deposition along
the Naka-dori valley. In conclusion, low-resolution (15-km grid or greater) atmospheric models should be avoided
for assessing the Fukushima nuclear accident when a regional analysis is needed. Meanwhile, it is reasonable to
use 3-km grid models instead of 500-m grid models due to their similarities and the high computational burden
of 500-m grid model simulations.

Keywords model simulation; resolution dependence; data assimilation; Fukushima nuclear accident; cesium-137

Introduction at the Fukushima Daiichi

Nuclear Power Plant

1.1 Atmospheric simulations of the Fukushima
nuclear accident

The 2011 Tohoku earthquake occurred off the

Pacific coast of Japan on March 11, 2011 and trig-

gered tsunami waves, which caused severe disaster
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(FDNPP). The accident became the largest nuclear
disaster since Chernobyl, and resulted in the disper-
sion and deposition of a large amount of radionu-
clides in the environment of eastern Japan. Since then
many numerical simulations have been performed
to predict or assess the effects of the nuclear acci-
dent using atmospheric chemistry transport models
(e.g., Chino et al. 2011; Morino et al. 2011, 2013;
Yasunari et al. 2011; Takemura et al. 2011; Schop-
pner et al. 2011; Sugiyama et al. 2012; Mathieu
et al. 2012; Stohl et al. 2012; Katata et al. 2012a, b;
Terada et al. 2012; Christoudias and Lelieveld 2013;



50 Journal of the Meteorological Society of Japan

Table 1.
domain.
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Spatial resolution of Fukushima radionuclide atmospheric simulation models with a global

model

spatial resolution

Schoppner et al. (2011)
Takemura et al. (2011)
Yasunari et al. (2011)

1°x 1° (=90 km x 110 km)
0.56° x 0.56° (~ 50 km x 60 km)
1°x1° (=90 km x 110 km) [global domain]

0.18° % 0.18° (= 16 km x 20 km) [regional domain]

Stohl et al. (2012)
Mathieu et al. (2012)

0.5° x 0.5° (= 45 km x 55 km)
0.5° % 0.5° (= 45 km x 55 km) [global domain]

0.125° x 0.125° (= 11 km x 14 km) [regional domain]

Christoudias and Lelieveld (2013)
Arnold et al. (2015)

0.5° x 0.5° (= 45 km x 55 km)
0.2° x 0.2° (= 18 km x 22 km)

0.5° % 0.5° (= 45 km x 55 km)

Table 2.
models with a regional domain.

Spatial resolution of Fukushima radionuclide atmospheric simulation

model

spatial resolution

Chino et al. (2011)

Morino et al. (2011)

Katata et al. (2012a, 2012b) and Terada et al. (2012)

Sugiyama et al. (2012)

Adachi et al. (2013)
Morino et al. (2013)
Hu et al. (2014)
Saito et al. (2015)

2 km x 2 km
3 km x 3 km
6 km x 6 km
9km x 9 km
3km x 3 km
1 km x 1 km
27 km x 27 km
9 km x 9 km
3km x 3 km
1 km x 1 km
3km x 3 km
3km x 3 km
3 km x 3 km
5km x 5 km

Adachi et al. 2013; Saito et al. 2015; Hu et al. 2014,
Arnold et al. 2015). Some models were used to esti-
mate the amount of radionuclides released from the
FDNPP, coupled with a reverse analysis. Others were
used to estimate the health damage to local resi-
dents or to investigate the meteorological causes of
inhomogeneous radioactive contamination. Those
models can be categorized into two types according
to their domains: global and regional models. Global
models have a large domain covering not only Japan
but also America and Europe; however, their reso-
lutions are not very fine compared with regional
models. The horizontal resolutions of global models
are approximately 50 km varying from 11 km to
110 km (Table 1). In contrast, regional models have
a relatively finer resolution, but their domains often
only cover eastern Japan. The horizontal resolutions
of regional models are often 3 km, varying from 1

km to 9 km (Table 2). Incidentally, the atmospheric
simulation models of the Chernobyl nuclear acci-
dent have often had lower resolutions, even when
they were used with regional domains (Table 3). The
lower model resolutions are most likely attributed
to the topographical features of Chernobyl, which is
located on very flat terrain. The nearest mountains are
more than 500 km away from Chernobyl. It would be
unnecessary to make the model resolution very high
for continental-scale or very flat area simulations.
However, it is unclear what resolution is good enough
to regionally represent the advection and deposition
of radionuclides in the case of Fukushima because
Japan has a complex topography. More than 70% of
the Japanese territory is mountainous. Small plains
and basins are scattered throughout the remaining area
where the population is concentrated. Fukushima is
not an exception to the topographical complexity.
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Table 3.
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Spatial resolution of Chernobyl radionuclide atmospheric simulation models.

model

spatial resolution

Bradt et al. (2002)

25 km x 25 km [outer domain]

5 km x 5 km [inner domain]

Davoine et al. (2007)
Evangeliou et al. (2013)

1.125° x 1.125° (= 110 km x 140 km)
2.5° % 1.27° (= 230 km x 140 km) [global domain]

0.66° x 0.51° (= 60 km x 55 km) [Europe domain]

15-km grid topography

(a)

30 km

Fig. 1.
cates the location of FDNPP. The Abukuma Mountains have peaks of approximately 1000 m. Fukushima City is
located in a narrow basin 70 m above sea level (asl). Mt. Azuma has several peaks of which the highest is 2035
m asl.

1.2 Fukushima s topography

Fukushima is a mountainous region with few
plains. FDNPP is located on the coastline of the
Pacific Ocean, but the flat area around the power
plant is very narrow (Fig. 1c). The Abukuma Moun-
tains, which are as high as 1000 m, are located just
behind the power plant; the distance between the
FDNPP premises and Abukuma Mountain foothills
is only a few kilometers. Fukushima City, the capital
of Fukushima Prefecture, is situated beyond the
mountain range; it is located in a long narrow basin
that is approximately 70 km from FDNPP. Further-
more, 2000-m mountain peaks (Mt. Azuma) are seen
just behind the city. These mountains and the basin
are well depicted in Fig. 1c with a 500-m horizontal
resolution grid. In contrast, it is difficult to recognize
those features in Fig. 1a with a 15-km horizontal reso-
lution grid. Fine structures, such as small valleys, are

3-km grid topography

500-m grid topography

(b)

<>

<>

30 km 30 km
Mt. Azuma Abukuma
Mountains

Fukushima City

Fukushima’s topography depicted by the (a) 15-km, (b) 3-km, and (c) 500-m grid scales. The cross indi-

not depicted in Fig. 1b (3-km grid) compared with
Fig. 1c (500-m grid), but the rough shapes of the
mountains and basins are apparent in the 3-km and
500-m grid maps.

As mentioned above, the 3-km grid is the most
popular horizontal resolution in the regional simula-
tion models of the Fukushima nuclear accident (Table
2). However, it is not evident that the 3-km grid reso-
lution can properly reproduce the advection and depo-
sition of radionuclides associated with the FDNPP
accident. On the other hand, the global simulation
models of the FDNPP accident (Table 1) commonly
use much lower resolutions than the 15-km grid scale
that cannot depict Fukushima’s complex topography
in detail (Fig. la). Nevertheless, some researchers
validated their global simulation results with domestic
observations in Japan (e.g., Stohl et al. 2012) and
investigated the health damage to local residents (e.g.,
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Christoudias and Lelieveld 2013). If their simulations
are accurate, then there is no need to use higher reso-
lution models, because the computational burdens
exponentially increase with finer model resolutions.
However, the validity of using 15-km or lower resolu-
tions for the regional assessment of the FDNPP acci-
dent has not been proven.

1.3 Objective

This study investigated whether the 3-km grid
(representative of the regional model resolution)
and 15-km grid (representative of the global model
resolution) models adequately simulate the radioac-
tive pollution of the FDNPP accident compared with
a very high-resolution model (500-m grid). These
simulations focused on Cs-137 radionuclides only
because the available observations were spatially
dispersed throughout Fukushima and its neighboring
areas. To double-check the resolution dependence, we
managed two types of chemistry transport models:
the Eulerian and Lagrangian models. Both models
were driven by the same meteorological analysis with
15-km, 3-km, and 500-m horizontal resolution grids.
Eulerian models indirectly describe air motion by
focusing on specific locations through which the air
flows over time. Lagrangian models directly describe
air motion by following an individual air parcel as it
moves. Both models have advantages and disadvan-
tages. For example, Eulerian models explicitly fore-
cast radionuclide concentrations, and can implement
chemical and physical processes in detail, but are not
good at handling point source emissions. In contrast,
Lagrangian models are good at handling point source
emissions, but are susceptible to sampling noise when
there are few Lagrangian particles.

In addition, we generally encounter difficulties in
obtaining meteorological analyses with arbitrary hori-
zontal resolutions. It is impossible for Lagrangian
models to arbitrarily obtain a high- (low-) resolution
analysis just by using simple interpolation (averaging)
of the meteorological fields because the amount of
information is not adequately increased (decreased
enough) in the meteorological field by such simple
calculation. Meanwhile, many Eulerian chemistry
transport models are driven by the meteorological
analysis calculated by their own dynamical module,
wherein the meteorological field is nudged by another
analysis with a different resolution. Consequently, the
calculated meteorological analysis may be a mixture
of the dynamical module simulation and another
analysis with a different resolution. Therefore, we
conducted the data assimilation to make the arbi-
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trary-resolution analysis independent from other reso-
lution models and analyses. The details of our data
assimilation are described in Section 2.1. Then, the
chemistry transport models are described in Sections
2.2 and 2.3. We present the results and discussion in
Section 3, and the conclusion in Section 4.

2. Methodology

2.1 Preparation of meteorological analyses

Prior to calculating the radionuclide transport, we
prepared meteorological analyses, which had three
different horizontal resolutions, using a flow-depen-
dent data assimilation system assembled and vali-
dated by Kunii (2013). This data assimilation system
comprises the Japan Meteorological Agency’s nonhy-
drostatic model (JMA-NHM) and the local ensemble
transform Kalman filter (LETKF), which are together
called NHM-LETKF. The system calculated all the
necessary meteorological variables, which were stored
every 10 min, to subsequently drive the radionuclide
transport models. In this study, the horizontal reso-
lutions were set to 15 km, 3 km, and 500 m. Here, a
one-way nested data assimilation scheme was imple-
mented, wherein the first guess of a lower resolution
model is used as a boundary condition for finer-res-
olution model integration (Kunii 2013). The nested
inner model runs independently from the outer coarse
model, except for the boundary condition. We defined
the 15-km resolution as the typical grid scale of
high-resolution global simulations (cf. Table 1). The
3-km resolution was defined as the typical grid scale
of regional simulations implemented for the FDNPP
accident (cf. Table 2). The 500-m resolution was
considered higher than that of any other Fukushima
simulation models and was expected to depict
Fukushima’s complex topography.

The meteorological model IMA-NHM was devel-
oped by JMA (Saito et al. 2006, 2007) and has been
used for government-operated weather forecasts.
Operationally, JMA-NHM is initialized by the JMA
non-hydrostatic-model ~ four-dimensional  varia-
tional data assimilation system (JNoVA, Honda
et al. 2005). Most of the regional simulation models
for the FDNPP accident use the JNoVA grid-point-
value (GPV) data as the initial/boundary conditions
or pseudo-observations (Chino et al. 2011; Morino
et al. 2011, 2013; Katata et al. 2012a, b; Terada et al.
2012; Adachi et al. 2013; Draxler et al. 2015; Saito
et al. 2015). In contrast, we calculated the meteo-
rological analyses by running our own data assim-
ilation system (NHM-LETKF) instead of using the
JNoVA GPV. The data assimilation scheme LETKF
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Fig. 2. NHM-LETKF model domains of the (a) 15-km, (b) 3-km, and (c) 500-m grid spacing analyses. The cross

in panel (c) indicates the location of FDNPP.

is an ensemble Kalman filter (EnKF) implementa-
tion developed by Hunt et al. (2007). The applica-
tion of EnKFs enables an evaluation of uncertain-
ties of the analysis fields and leads to a probabilistic
prediction through ensemble forecasting. LETKF has
been applied to various simulations, such as weather
forecast modeling (e.g., Miyoshi and Aranami 2006;
Miyoshi and Yamane 2007; Miyoshi and Kunii
2012; Kunii and Miyoshi 2012; Kunii et al. 2012;
Kunii 2013) and chemistry transport modeling (e.g.,
Sekiyama et al. 2010, 2011a, b; Kang et al. 2011;
Miyazaki et al. 2012; Nakamura et al. 2013).

In this study, the 15-km grid spacing analysis
was calculated by the outer NHM-LETKF, whose
domain covered East Asia (Fig. 2a), and was initi-
ated at 6:00 UTC March 9, 2011 with 20 ensemble
members. This domain comprises 241 x 193 hori-
zontal grid points on the Lambert conformal projec-
tion and 50 vertical levels up to approximately 22
km in the terrain-following hybrid vertical coordi-
nates, which include 11 levels below 1 km but above
ground level (agl). The horizontal coverage of this
configuration is similar to that of the JNoVA system
routinely operated by JMA. The initial and boundary
conditions of the NHM-LETKF cycle were obtained
from the JMA operational global prediction system.
We added initial and lateral boundary perturbations
derived from the JMA operational one-week ensemble
prediction system to each ensemble member in
accordance with Saito et al. (2012). The 15-km grid
spacing JMA-NHM implemented a modified Kain—
Fritsch convective parameterization scheme (Kain and
Fritsch 1993) along with the 3-ice-bulk cloud micro-

physics (Lin et al. 1983). For the turbulence scheme,
the improved Mellor—Yamada level 3 closure model
(Nakanishi and Niino 2004, 2006) was implemented.
This LETKF analyzed all the prognostic variables of
JMA-NHM, i.e., wind components (u, v, w), tempera-
ture (7), pressure (p), water vapor mixing ratio (gq,),
and water/ice microphysics variables. Here, LETKF
employed an adaptive inflation scheme, which adap-
tively estimates the multiplicative inflation factors at
each grid point (Miyoshi 2011; Miyoshi and Kunii
2012). The covariance localization parameters were
set to 150 km in the horizontal, 0.2 In p coordinate
in the vertical, and 3 h in the time dimension. These
localization parameters correspond to the length at
which the Gaussian localization function becomes
e 3. The NHM-LETKF cycle was succeeded with a
6-h time interval, wherein the observation data were
grouped into 1-h time slots and were four-dimen-
sionally assimilated (Hunt et al. 2004). To assimi-
late the observation data, we used JMA’s operational
dataset, which was integrated and quality-controlled
for the JNoVA mesoscale weather prediction like
Kunii (2013). The JNoVA dataset contains observa-
tions acquired by radiosondes, weather observato-
ries, pilot balloons, wind profilers, aircrafts, ships,
buoys, and satellites. However, satellite radiances
and radar precipitation analyses were not assimi-
lated in this study because observation operators
for these observations have not yet been installed
in the NHM-LETKF system. Instead, we addition-
ally assimilated surface wind observations acquired
by the automated meteorological data acquisi-
tion system (AMeDAS) and Tokyo Electric Power
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Company (TEPCO) monitoring posts. AMeDAS is a
surface observation network managed by JMA. The
network currently comprises approximately 1,300
stations throughout the country, which are laid out at
average intervals of 17 km. The TEPCO monitoring
posts are placed at FDNPP, and the Fukushima Dai-ni
Nuclear Power Plant that is located to 12 km south of
FDNPP. The monitoring post datasets are freely avail-
able to the public at the TEPCO website (http:// www.
tepco.co.jp/nu/fukushima-np/index-j.html).

The 3-km grid spacing analysis was calculated by
the nested NHM-LETKF, whose domain covered
eastern Japan (Fig. 2b), and was initiated at 6:00 UTC
March 10, 2011 with 20 ensemble members. This
domain comprises 215 x 259 horizontal grid points
in the Lambert conformal projection and 60 vertical
levels up to approximately 22 km in the terrain-fol-
lowing hybrid vertical coordinate. The lateral
boundary conditions were supplied from the outputs
of the outer (15-km grid) NHM-LETKEF cycle. Here,
nearly the same configurations were implemented in
both the 3-km grid spacing JIMA-NHM and the 15-km
simulation, but the convective parameterization
scheme was not activated for the former. The covari-
ance localization parameters were set to 50 km in the
horizontal, 0.1 In p coordinate in the vertical, and 3
h in the time dimension. The inner NHM-LETKF
cycle was succeeded with a 3-h time interval, and
its data assimilation was performed four-dimension-
ally. We used the same observation data (i.e., JNOVA,
AMeDAS, and TEPCO datasets) that were used in
the 15-km data assimilation. Furthermore, the 500-m
grid spacing analysis was calculated by the second
nested NHM-LETKF whose domain mostly covered
Fukushima Prefecture (Fig. 2¢) with 281 x 301 hori-
zontal grid points in the Lambert conformal projection
and 60 vertical levels up to approximately 22 km in
the terrain-following hybrid vertical coordinate. In
Fig. 2c, the location of the FDNPP is indicated with
a cross along the coastline. The lateral boundary
conditions were supplied from the outputs of the
3-km NHM-LETKF cycle. The covariance localiza-
tion parameters were set to 25 km in the horizontal,
0.1 In p coordinate in the vertical, and 3 h in the time
dimension. Basically, the same configurations were
implemented for the 500-m grid spacing JIMA-NHM
and the 3-km simulation. Moreover, the same obser-
vation data were assimilated during the second nested
NHM-LETKEF cycle. The triple-nested data assimila-
tion experiments were conducted with horizontal reso-
lutions of 15 km, 3 km, and 500 m.

To generate the terrain features in the computa-
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tional domains of these 15-km, 3-km, and 500-m
grid JIMA-NHMs, we used the global digital eleva-
tion data with a horizontal grid spacing of 30 arc s
(GTOPO30), which is approximately 900 m in the
east-west direction and 700 m in the south-north
direction, provided from the U.S. Geological Survey
(https://lta.cr.usgs.gov/GTOPO30). For each domain,
the GTOPO30 data was smoothed in the approxi-
mately 1.5 times coarser resolution of each model
(i.e., 800 m for the 500-m grid model, 5 km for the
3-km grid model, and 25 km for the 15-km grid
model). In general, this smoothing procedure is
indispensable for meteorological model simulation
to avoid the computational instability and error-am-
plification caused by precipitous terrains (= coordi-
nate distortions). Figure 1 shows the terrains after the
smoothening.

2.2 Eulerian transport model

We conducted FEulerian simulations using the
Regional Air Quality Model 2 (RAQM2) that was
originally developed to simulate Asian air quality
and aerosol properties (Kajino et al. 2012). RAQM2
implements a Eulerian transport scheme and a
triple-moment modal aerosol dynamics module. The
aerosol dynamics, such as dry deposition, grid-scale
rainout (cloud condensation nuclei and ice nuclei
activations, and subsequent cloud microphysical
processes), and washout (coagulation between aero-
sols and settling hydrometeors) processes, as well as
advection, diffusion, sub-grid-scale convection/scav-
enging, and gravitational settling are calculated offline
by coupling with meteorological models. In this study,
RAQM2 was driven by the meteorological analyses
with 15-km, 3-km, or 500-m resolutions prepared by
NHM-LETKF. The analyses were taken into RAQM2
every 10 min and linearly interpolated within each
10-min interval. RAQM2 and NHM-LETKF shared
the same model domain and horizontal grid resolu-
tion, but their vertical resolutions were converted
from NHM-LETKF’s 50 or 60 layers (expanded
from the surface to approximately 22 km asl) to
RAQM2’s 20 layers (expanded from the surface to
approximately 10 km asl). The radionuclide transport
version of RAQM2 was developed for the Fukushima
nuclear accident simulation (Adachi et al. 2013). This
version of RAQM?2 implements simplified aerosol
dynamics compared with those of Kajino et al. (2012)
by assuming aerosol hygroscopicity and perpetual
particle size distribution; nucleation, condensation,
and coagulation were not considered here. Still, we
described the nature of the aerosol dynamics, such as
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dry deposition and grid-scale rainout/washout (i.e.,
wet deposition) processes, based on the prescribed
size distribution. Details of the dry and wet deposition
processes are described in Sections 2.2.7 and 2.2.8 of
Kajino et al. (2012), respectively. In this study, all the
radioactive Cs-137 was contained in sulfate aerosol
particles (mixed with organic compounds) when
it was transported in the atmosphere. The particle
size distribution of sulfate aerosols was assumed to
be log-normal with a number equivalent geometric
mean dry diameter = 0.5 pm, a geometric standard
deviation = 1.6, a particle density = 1.83 g cm™3, and
a hygroscopicity = 0.4, assuming a sulfate—organic
mixture. We used the emission scenario of the Cs-137
release from the FDNPP that was estimated by the
Japan Atomic Energy Agency (JAEA) (cf. Chino
et al. 2011; Katata et al. 2012a; Terada et al. 2012).
Following the time series of the emission scenario,
Cs-containing sulfate aerosols were injected into a
grid cell above the FDNPP at every time step. The
grid cell was assigned by the Cs-137 release height
scenario estimated by JAEA that varied temporally
from 20 m to 150 m agl.

2.3 Lagrangian transport model

We conducted Lagrangian simulations using the
JMA operational regional atmospheric transport
model (JMA-RATM) that was originally devel-
oped for volcanic ash fall forecasts (Shimbori et al.
2009, 2010). JIMA-RATM uses a Lagrangian scheme
(Iwasaki et al. 1998; Seino et al. 2004) and imple-
ments advection, horizontal and vertical diffusions,
gravitational settling, dry deposition, and wet scav-
enging processes offline. The radionuclide transport
version of IMA-RATM was developed by Saito et al.
(2015) for the World Meteorological Organization
(WMO) at the request of the United Nations Scien-
tific Committee on the Effects of Atomic Radia-
tion (UNSCEAR, Draxler et al. 2015). In this study,
JMA-RATM was driven by the NHM-LETKF mete-
orological analyses with 15-km, 3-km, or 500-m
resolutions. The analyses were taken into JMA-RATM
every hour, and the vertical advection was calcu-
lated using a spatially averaged (9 grid cells) vertical
velocity and was assumed to be terrain-following at
the lowermost model layer. All the radioactive Cs-137
was assumed to be contained in sulfate aerosol parti-
cles when it was transported in the atmosphere.

For the wet deposition of Cs-containing aerosol
particles, only a washout process (i.e., below-cloud
scavenging) was considered, wherein the scavenging
rate was set as 2.98 x 107> x P%7 57! for liquid rain
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and 2.98 x 107> x P930 g71 for solid snow; P is the
surface precipitation intensity [mm h™!']. The wet
scavenging was applied under the height of approx-
imately 1500 m asl. The dry deposition was simply
computed by the deposition rate of 107> s™! according
to Sportisse (2007) and Draxler and Rolph (2012). For
the gravitational settling, the particle size distribution
of sulfate aerosols was assumed to be log-normal with
a mean diameter of 1.0 pm, a standard deviation of
1.0, and a uniform particle density of 1.0 g cm™3. The
number of Lagrangian particles was set to a constant
100,000 per hour. The particles were uniformly
emitted at the location of FDNPP from the ground
surface to 100 m agl. After the model calculation, the
hourly particle concentration and deposition outputs
were multiplied by the hourly Cs-137 emission rate
of JAEA (cf. Chino et al. 2011; Katata et al. 2012a;
Terada et al. 2012) at the time of particles emission.
Then, the multiplied values were summed at each grid
point.

3. Results and discussion

3.1 Meteorology

In this study, we focused the simulation on March
15, 2011 (UTC) because we needed to investigate
the radioactive plumes that outflowed landward.
According to Morino et al. (2013), their standard
experiment with the JAEA emission scenario indicates
that most of the Cs-137 deposition over land (mainly
in Fukushima Prefecture) occurred during the period
from March 15 to 16 (Japanese Standard Time; JST)
and accounts for 72 % of the total deposition over
land between March 10, 2011 and April 20, 2011.

The comparison of the meteorological analyses of
NHM-LETKEF is shown in Figs. 3 and 4. It was either
raining or snowing over eastern Japan on March 15,
2011, as depicted by the JMA Radar/rain gauge-Ana-
lyzed Precipitation (RAP) data in Fig. 3a. JMA oper-
ationally produces the RAP data by calibrating radar
echo observations with 1-h accumulated rain gauge
precipitation data (AMeDAS) throughout Japan.
Figure 3a shows a 24-h accumulation of RAP inter-
polated onto 1-km grids on March 15, 2011 UTC.
In general, the quantitative simulation of precipita-
tion is difficult for models, compared with dynam-
ical variables, such as wind, pressure, and tempera-
ture because precipitation involves a chemical phase
transition. Nonetheless, the NHM-LETKF analyses
(Figs. 3b, ¢, d) demonstrated good agreement with
RAP in regard to synoptic-scale precipitation. Note
that the 24-h accumulated precipitation of the 15-km,
3-km, and 500-m grid spacing analyses were very
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outputs of the 3-km grid model JIMA-NHM, and (d) the outputs of the 500-m grid model JIMA-NHM.

similar. The difference among them was smaller
than that between RAP and the simulated precipi-
tation. This similarity suggests that there would not
be a large difference in the wet deposition due to the
precipitation distribution of each model resolution.

In contrast, there was a large difference among
the analyses of the horizontal winds in the planetary
boundary layer (PBL), as shown in Fig. 4. The wind

direction and speed (10-min mean) in the lowermost
layer (from the surface to 40 m agl) at 15:00 UTC
March 15, 2011 is depicted. The three scenes of Fig.
4 project the same area, including the northern part
of the Abukuma Mountains, FDNPP, and Fukushima
City. At the two AMeDAS points that were located in
Souma City near the coastline and Fukushima City in
the Naka-dori valley, we compared the wind direc-
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tions and speeds with the corresponding AMeDAS
observations (Table 4). The 15-km analysis (Fig.
4a) did not adequately simulate the northerly winds
around Fukushima City along the Naka-dori valley
because the model could not represent the Abukuma
Mountains or the Naka-dori valley. As shown in Table
4, the wind direction of the 15-km grid analysis at
Fukushima City was completely different from the
corresponding observations that were consistent with
the 3-km and 500-m grid analyses. For transport
simulations, it was important that the wind direc-
tion was southerly or northerly in Fukushima City,
because the Naka-dori valley is oriented in the north—
south direction. Between the 3-km (Fig. 4b) and
500-m (Fig. 4c) grid analyses, the wind fields were
roughly similar, although only the 500-m grid anal-
ysis depicted a fine wind structure over the mountains
and valleys. When the wind blows in the east-west
direction at the Naka-dori valley, the 15-km grid anal-
ysis performs reasonably in some situations. Indeed,
the predominant wind direction was often westerly
in the period between March 14 and 16, 2011 except
the afternoon of March 15, in Fukushima City. During
that period the 15-km grid analysis was sometimes
consistent with the 3-km and 500-m grid analyses;
however, the land contamination did not occur when
the wind direction was westerly. Furthermore, while
there was a large dependence of the PBL wind field
on the spatial resolution, there was little difference in
the free-tropospheric winds among the 15-km, 3-km,
and 500-m grid analyses (not shown). These features
are consistent with the previous study (Takemi 2013)
that compared local-scale wind fields over Eastern
Fukushima in March 2011 between 2-km and 400-m
grid models. In the case of the FDNPP accident, the
radionuclide release height was estimated to be low
(20-150 m agl; Chino et al. 2011; Katata et al. 2012a;
Terada et al. 2012); also winter is responsible for the

Fig. 4. Surface wind direction and speed (10-min
mean) in the northern area of the Abukuma
Mountains, Fukushima, at 15:00 UTC March 15,
2011 as simulated by the (a) 15-km grid model
JMA-NHM, (b) 3-km grid model JMA-NHM,
and (c) 500-m grid model JMA-NHM. The
orange lines depict the contours of altitude.
The cross indicates the location of FDNPP. The
diamond symbol indicates the location of the
AMeDAS Souma observatory, and the square
symbol indicates the location of the AMeDAS
Fukushima City observatory (cf. Table 4). Note
that the wind vectors of the 500-m grid model
are drawn for every other grid point.
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Table 4. Surface wind direction and speed (10-min mean) of AMeDAS and model simulations at
Souma observatory and Fukushima City observatory on 15:00 UTC March 15, 2011.

AMeDAS 15-km model 3-km model 500-m model
Souma SW SE SE
1.0ms! 3.6ms’! l.6ms! 12ms!
Fukushima City NNE NE N
0.6ms! l.4ms! 1.6ms! 1.6ms!

relatively stable PBL. Considering these factors, the
resolution dependence of the PBL wind field is likely
to cause a large difference in the advection of the
radioactive plumes between the 15-km simulation and
the other simulations.

3.2 Surface concentration of Cs-137

According to the TEPCO monitoring post data, the
northerly wind in the vicinity of FDNPP gradually
shifted clockwise to a southeasterly wind between
6:00 JST (21:00 UTC the day before) and 12:00 JST
(3:00 UTC) on March 15, 2011. Then, the southeast-
erly wind continued for more than 10 h and flowed
from FDNPP on the coastline to an inland area.
During that time, the radioactive plume is supposed to
sweep across Fukushima and the neighboring prefec-
tures. The simulation results of this dispersal is shown
in Fig. 5, which illustrates the 24-h averaged Cs-137
concentrations in the lowermost layer (from the
surface to 40 m agl) between 00:00 UTC on March
15 and 00:00 UTC on March 16.

Looking at the 3-km (Fig. 5b) and 500-m (Fig.
Sc) grid Eulerian simulations, the Cs-137 distribu-
tions agreed well. The Cs-137 plume crossed over
the Abukuma Mountains, and was mostly blocked
by Mt. Azuma and other mountains along the Naka-
dori valley. However, the 15-km grid Eulerian simu-
lation (Fig. 5a) did not represent the blockage of the
Cs-137 plume, which broadly spread out through the
Naka-dori valley as far as Yamagata Prefecture. As
expected by the PBL wind errors, the 15-km grid
transport simulation behaved unnaturally. Similar
characteristics were also observed in the Lagrangian
simulation results. The 15-km grid Lagrangian simu-
lation (Fig. 5d) behaved completely differently
from the 3-km (Fig. 5¢) and 500-m (Fig. 5f) grid
Lagrangian simulations. Similar to the Eulerian simu-
lations, the 3-km and 500-m grid Lagrangian simula-
tions agreed well; the blockage of the Cs-137 plume
was successfully reproduced along the Naka-dori
valley. In addition, the 15-km grid Lagrangian simu-
lation (Fig. 5d) had a very similar Cs-137 distribution

to that of the Eulerian simulation with the same grid
resolution (Fig. 5a); however, their concentrations
were quantitatively different. This similarity was not
expected because Eulerian models are generally not
good at handling point-source-emissions compared
with Lagrangian models.

An analogous diagnosis can be obtained by the
calculation of the absolute spatial correlation coef-
ficients among the 15-km, 3-km, and 500-m grid
Cs-137 distributions (Table 5). All the correlations
were calculated within the area of the 500-m grid
model domain using the concentration values illus-
trated in Fig. 5. The values were used without loga-
rithmic transformation. Both Eulerian and Lagrangian
simulations presented high correlations between
the 3-km and 500-m grid distributions (0.90-0.85).
In contrast, there was a relatively low correlation
between the 15-km and 500-m grid simulations (0.64—
0.65), and between the 15-km and 3-km grid simula-
tions (0.75-0.78).

3.3 Deposition of Cs-137

The Japanese government has conducted aerial
surveys since the nuclear accident to measure cesium
deposition amounts on the ground over the entire area
of eastern Japan with JAEA (Torii et al. 2012), as
shown in Fig. 6. Note that this deposition represents
all of the cesium emissions from the FDNPP accident
until the autumn of 2011. However, as mentioned
above, most of the Cs-137 deposition over land (espe-
cially in Fukushima) occurred only on March 15,
2011. Therefore, it is possible to validate the simula-
tion results of March 15, 2011, whether they are plau-
sible or not, by comparing them with the aerial obser-
vations of the accumulated deposition. In fact, Fig. 6
clearly illustrates the northwestward-flowing Cs-137
pollution emitted from FDNPP and its blockage by
the mountains along the Naka-dori valley. The model
results of the one-day accumulated deposition of
Cs-137 on March 15, 2011 UTC are shown in Fig. 7.

In both the 15-km grid Eulerian (Fig. 7a) and
Lagrangian (Fig. 7d) model results, a highly polluted
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Table 5. Horizontal distribution correlations of the surface Cs-137 concentrations as simulated by the models.
15-km grid < 3-km grid 3-km grid <> 500-m grid 500-m grid «> 15-km grid
Eulerian models 0.75 0.9 0.64
Lagrangian models 0.78 0.85 0.65

area broadly extended beyond Mt. Azuma and the
other mountains through the Naka-dori valley as far
as Yamagata and Niigata Prefectures. This distri-
bution is similar to that of the surface concentra-
tions shown in Figs. 5a and 5d. In addition, the most
polluted area was not located near FDNPP but in the
vicinity of the inland border between Fukushima and
Yamagata Prefectures. This unrealistic pollution was
caused by the wet deposition of the Cs-137 plume

that passed over the mountains beyond the Naka-dori
valley and intercepted a heavy precipitation area (cf.,
Fig. 3b). This pollution hotspot does not exist in the
aerial observations (Fig. 6), but Arnold et al. (2015)
also reported similar inland pollution with their
simulation using a 0.2° (= 20 km) model resolution.
This pollution might be a common characteristic of
low-resolution models. In contrast, both the 3-km
(Figs. 7b, e) and 500-m (Figs. 7c, f) grid models
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Fig. 6. Measured Cs-137 deposition based on
aerial sampling, which was conducted by the
Japanese government (Torii et al. 2012). Note
that this deposition represents all of the Cs-137
emissions from the FDNPP until the autumn of
2011.

limited the heavily polluted area to mostly within
eastern Fukushima near FDNPP and did not produce
an unrealistic deposition in comparison with the aerial
observations. However, there was a large discrep-
ancy in the distribution and strength of Cs-137 depo-
sition between the Eulerian and Lagrangian simula-
tions. This discrepancy was caused by the difference
of dynamical and physical processes in the aerosol
models, such as the treatment of rainout and washout,
which should be examined in a future study. The
correlation coefficients among the simulated Cs-137
deposition distributions presented a good agreement
between the 3-km and 500-m grid simulations, and a
very poor agreement between the 15-km and 500-m
grid simulations (Table 6). The correlations were
calculated in the same way as in Table 5. The coef-
ficient of the 3-km and 500-m Eulerian (Lagrangian)
model simulations was 0.84 (0.63), while the coeffi-
cient was 0.42 (0.27) for the 15-km and 500-m simu-
lations and 0.54 (0.54) for the 15-km and 3-km simu-
lations. This result indicated that a 3-km grid model
could be alternated with a 500-m grid model, but it
was unacceptable to use a 15-km grid model instead
of 'a 500-m grid model.

Vol. 93, No. 1

4. Conclusion

We investigated the horizontal resolution depen-
dence of atmospheric radionuclide simulations of the
Fukushima nuclear accident on March 15, 2011. We
used Eulerian and Lagrangian transport models with
low- (15-km), medium- (3-km), and high- (500-m)
resolutions. Both Eulerian and Lagrangian models
were driven by the same meteorological analysis that
was independently prepared by an EnKF data assim-
ilation system using the JMA operational weather
forecast model. This independent preparation of each
resolution analysis was definitely necessary for the
resolution-dependence investigation, excluding any
interpolation or averaging of meteorological fields.

Regarding the meteorological analyses, there was
a large difference in the PBL wind field between the
15-km grid resolution and the other grid resolutions.
The 15-km grid analysis could not reproduce Fukushi-
ma’s mountainous topography in detail. Consequently,
it failed to depict a complex wind structure over
mountains and valleys. This error in the wind field
caused a large difference in the radionuclide trans-
port and deposition simulations. In reality, the Cs-137
plume emitted from FDNPP was mostly blocked by
Mt. Azuma and other mountains along the Naka-dori
valley after crossing over the Abukuma Mountains.
However, the 15-km grid simulations did not repre-
sent the blockage of the Cs-137 plume, which unnatu-
rally spread through the Naka-dori valley. In contrast,
the 3-km and 500-m grid simulations successfully
replicated the Cs-137 plume blockage along the Naka-
dori valley. The 3-km and 500-m grid simulations
produced very similar Cs-137 surface concentrations
and deposition distributions. Notably, the Eulerian and
Lagrangian models qualitatively behaved in the same
manner, but quantitatively yielded different results,
although they were driven by the same meteorolog-
ical analysis. This was most likely because these two
models had completely different aerosol physics (cf.
sensitivity studies conducted by Draxler et al. 2015;
Morino et al. 2013; Hu et al. 2014) and vertical advec-
tion handling at the lowermost model layer.

In conclusion, we suggest that it is illogical to use
low-resolution (15-km or more grid) atmospheric
models to assess the Fukushima nuclear accident
when a regional analysis is needed due to the unre-
alistic performance of the 15-km grid simulations in
the local Fukushima area. Meanwhile, it is reason-
able to use 3-km grid models instead of 500-m grid
models due to the similarities between the 3-km and
500-m grid simulations and the high computational
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Fig. 7. Total deposition of Cs-137 accumulated from 00:00 UTC March 15 to 00:00 UTC March 16, 2011 as
simulated by the Eulerian model RAQM2 with the (a) 15-km grid spacing meteorological analysis, (b) 3-km grid
spacing meteorological analysis, and (c) 500-m grid spacing analysis. The same as simulated by the RAQM?2,
but simulated by the Lagrangian model JIMA-RATM with the (d) 15-km grid spacing meteorological analysis, (e)
3-km grid spacing meteorological analysis, and (f) 500-m grid spacing analysis.

Table 6. Horizontal distribution correlations of the Cs-137 depositions as simulated by the models.

15-km grid <> 3-km grid

3-km grid <> 500-m grid 500-m grid <> 15-km grid

Eulerian models 0.54
Lagrangian models 0.54

0.84 0.42
0.63 0.27

burden of 500-m grid simulations. In general, a
500-m grid simulation requires more than 200 times
as many CPU resources as a 3-km grid simulation.
Therefore, after ensuring the computational resources
to perform a 3-km grid Fukushima simulation, other
resources should be allotted for performing ensemble
analysis or high-quality data assimilation. However, it
is noted that the Fukushima nuclear accident occurred
during winter, and a different resolution-dependence

would have been found if the accident had occurred in
another season.
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G-3. NHM-Chem: Sensitivity of Cs deposition to the size and hygroscopicity of
Cs-bearing aerosols?!
G-3-1. Abstract

The emission, transport, and deposition of **’Cs released by the Fukushima Daiichi Nuclear Power
Plant (FDNPP) accident were simulated with consideration of the microphysical properties (i.e. size
and hygroscopicity) of the Cs-bearing aerosols (carrier aerosols of radioactive Cs). The sensitivity of
the simulated deposition of *’Cs to the size and hygroscopicity of the carrier aerosols was assessed
and compared with the sensitivity to meteorological fields simulated using different dynamics and
physics modules. Two types of Cs-bearing aerosols were considered in the simulation, supermicron
water-insoluble and submicron water-soluble particles, in accordance with previously published
observational evidence (Adachi et al., 2013 and Kaneyasu et al., 2012). Even though the same
transport model was used, the simulated depositions were very different when meteorological models
with different dynamics and physics modules were used. The sensitivity of **’Cs deposition to the
carrier aerosol size and hygroscopicity, in which the proportion of water-insoluble aerosol emission
ranged from 10% to 90%, during the early stage ranged from March. 11-12 to Mar. 12-20, was found
to be lower but still as important as the sensitivity to meteorological fields simulated using different
dynamics and physics modules. To better understand the environmental behavior of the radioactive Cs
discharged from the FDNPP, knowledge of the carrier aerosol microphysical properties is as important
as the accuracy of the meteorological simulation and the emission scenario.

G-3-2. Introduction

Three months after the FDNPP accident, Chino et al. (2011) estimated the emission amounts of
radioactive *’Cs and 31 associated with the accident by using a reverse estimation method in which
both the environment monitoring data and an atmospheric dispersion simulation were used (see
section D-2). Since then, many modeling studies have been conducted to assess the emission,
dispersion, and deposition amounts of radionuclides associated with the accident (Morino et al. 2011,
Yasunari et al., 2011; Schéppner et al. 2011; Takemura et al., 2011; Sugiyama et al., 2012; Stohl et al.,
2012; Terada et al., 2012; Katata et al., 2012a, 2012b; Morino et al., 2013; Adachi et al., 2013; Hu et
al., 2014; Katata et al., 2015; Sekiyama et al., 2015).

Because numerical models use uncertain parameters and rough assumptions, model
inter-comparison and intra-comparison (or sensitivity) studies are essential to assess the uncertainties
of numerical simulations. In fact, previous model inter-comparison studies have shown that simulation
results vary substantially among models (Draxler et al., 2013a; Katata et al., 2015; SCJ, 2014).
Although model inter-comparison studies can show how the simulation results of models using
different dynamics, physics, and chemistry modules and emission scenarios differ overall, the reasons
for the differences cannot be easily identified. In contrast, model intra-comparison (or sensitivity)

1 M. Kajino
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studies can identify the modules or parameters that are responsible for different results, but under
limited conditions that the simulations are performed only by a single model.

Morino et al. (2013) investigated the sensitivity of radioactive Cs dispersion and deposition to the
wet-scavenging modules and emission scenarios. Like most previous studies, for the meteorological
field they used the output of only one meteorology model. In this study, we used several different
meteorology models and simulation techniques to evaluate sensitivity of the transport model results to
different meteorological simulations as well.

Another important aspect of this study is that we examined the sensitivity of the simulated
deposition to the microphysical properties of Cs-carrying aerosols for the first time. Adachi et al.
(2013) reported that in the early stage of the accident, the carrier aerosols of radioactive Cs were
spherical, water-insoluble particles (hereafter, Cs-balls), and they predicted that the atmospheric
behavior of these aerosols would be different from that of the submicron water-soluble particles
described by Kaneyasu et al. (2012). Washout (or below-cloud scavenging) of aerosol particles (i.e., of
both types described in this paragraph) is not usually efficient because of their small inertia and slow
Brownian motion. In contrast, the submicron water-soluble particles are efficiently scavenged via
rainout (or in-cloud scavenging) because the Kelvin (curvature) effect is enough small. Washout is
probably the dominant scavenging process of water-insoluble aerosols, because very high
supersaturation conditions are needed for rainout of water-insoluble aerosols to occur.

The purpose of this study was to assess the sensitivities described above in order to evaluate the
uncertainties of the simulated deposition of **'Cs caused by aerosol microphysical properties (i.e.,
aerosol size and hygroscopicity) and to compare it to the uncertainty caused by the use of different
meteorological simulations.

G-3-3. NHM-Chem

NHM-Chem is a chemical transport model, offline- or online-coupled with Japan Meteorological
Agency’s non-hydrostatic model (JMA-NHM; Saito et al., 2007). NHM is a numerical weather
prediction model of JMA. An Eulerian regional chemical transport model, Regional Air Quality
Model 2 (RAQM2) (Kajino et al., 2012a), is used to simulate emission, transport, and deposition of
trace gases and aerosols. RAQM2 implements a triple-moment modal aerosol microphysics module
that assumes a log-normal size distribution of aerosol populations. This model describes the nature of
aerosol dynamical processes, such as nucleation, condensation, coagulation, hygroscopic growth, dry
deposition, grid-scale rainout (cloud condensation and ice nuclei activation and subsequent
mixed-phase cloud microphysical processes) and washout (coagulation between aerosols and settling
hydrometeors) processes, and sub-grid-scale convection and scavenging processes. In the study, the
offline-coupled NHM-Chem was used in order to use different meteorological models alternatively,
such as the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) to drive
RAQM2.
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G-3-4. Simulation settings

In this study, meteorology simulations were performed with NHM and WRF with two different
cloud microphysics modules, Morrison et al. (2009) and Lim and Hong (2010), referred to as
WRF-MORR and WRF-WDMS6, respectively. The two WRF simulations were used so that the
sensitivity to just the cloud microphysical process (grid-scale) could be assessed, because wet
deposition of *¥'Cs over Japan dominated over dry deposition in this study.

NHM, WRF, and RAQM2 shared the same domain, which consisted of 215 x 259 grid cells with a
3 km horizontal resolution; this model domain is slightly larger than the area shown in Fig. G-3-1.
There were 50 vertical layers up to 50 hPa in NHM, 28 layers up to 100 hPa in WRF, and 20 layers up
to 10 km in RAQM2. JMA Meso-Regional Objective Analysis data sets (3 hourly, 5 km x 5 km) were
used for the initial and boundary conditions of NHM and WRF. The same analysis data sets were used
for the spectral nudging in NHM and for the grid nudging in WRF.

The radionuclide transport version of NHM-Chem was developed for simulations of nuclear power
plant accidents such as the FDNPP accident (Adachi et al., 2013; Sekiyama et al., 2015). This version
of NHM-Chem uses an aerosol dynamics module that is simplified from that described by Kajino et al.
(2012a) because aerosol hygroscopicity and the particle size distribution are assumed to be constant
during transport. The nature of the aerosol dynamics such as dry deposition and grid-scale
rainout/washout processes are thus described on the basis of the prescribed size distribution and
hygroscopicity. Details of the dry and wet deposition processes are described by Kajino et al. (20123;
their sections 2.2.7 and 2.2.8). Even aerosols that are completely water-insoluble (i.e., hygroscopicity
x = 0) can act as cloud condensation nuclei under highly supersaturated conditions. Although
water-insoluble aerosols can coagulate with cloud droplets within a cloud (this is also rainout process),
for simplicity, in this study we did not consider rainout of Cs-balls and only washout in their wet
deposition modeling. Sub-grid scale convection and scavenging processes were not considered. The
fog deposition process of Katata et al., (2015) was considered.

We used the emission scenario for *’Cs discharged from the FDNPP from Terada et al. (2012), and
considered Cs-bearing aerosols to be of two types. Supermicron water-insoluble particles (Cs-balls)
had a lognormal size distribution, number equivalent geometric mean dry diameter Dgnary = 2.3 pum,
geometric standard deviation o4 = 1.3, particle density pp = 2.0 g/cm?, and x = 0 (Adachi et al., 2013),
and submicron water-soluble particles (Kaneyasu et al., 2012) had a lognormal size distribution,
Dgnay = 0.1 um, o4 = 1.6, pp = 1.83 g/cm?, and x = 0.4.

For the sensitivity studies, taking into consideration the findings of Adachi et al. (2013), we allowed
the proportion of early-stage emissions consisting of Cs-balls during the early stage to range from 10%
to 90%, and the ending date of the early stage to range from 12 to 20 March 2011.

The analysis period was from 00:00 UTC on 11 March to 00:00 UTC on 1 April, with a spin-up
period of 3 days. Thus, the entire simulation period was from 8 March to 1 April 2011.
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Fig. G-3-1. Cumulative precipitation (mm) from 11 March to 1 April: (a) Radar/rain gauge-analyzed
precipitation (RAP) data and precipitation simulated by (b) NHM, (c) WRF-MORR, and (d) WRF-WDM6.

NHM WRF-MORR WRF-WDM6
1000 s 4 1000 . . - 1000 . :
— () ib) ich
- d o .f. ?
o = im E = 100 fv'5, . — 100 ;
< £ £l SR
| E 10 E 10 I.‘:-‘. E
by ; (R P 4
] - [15] if "J. H '.. 1_.:' | 4] i o -
E » R=0 46, ME=-1.6 ST . "i
= - Obs. Ave. =509 o " R=0.41,MB=-7.8 , - R=0.4E MB=1.2
o1 - . o . o1 - .
01 1 10 180 1000 a1 1 10 100 100D o1 1 10 100 1000
Obssndation [mm| Chsarvation [mm] Chsarvation [mm]
10063 - - -+ 1000 - - ” 1003 - - ‘
()  R=0.86 ME=035 () R=0.67, MB=0.24 f R=0.71, MB=4.1
= Obs, Ave, = 2,56 -
oz 1009 4 g 100 106
. E 1 E s g
L §
1—'. % 10 E 10 1
| =
L 3 5o,
1 ' - 0.1 £ — - ¥ ncn -
10 100 1000 a1 1000 ! 0 1000
Observalion [mm| DObearvalion [mm]

Fig. G-3-2. Scattergrams of simulated and observed (RAP) cumulative precipitation; (a—c) from 11 March to 1
April and (d-f) in the afternoon of 15 March. Simulations were by (a, d) NHM, (b, ¢) WRF-MORR, and (c,
f) WRF-WDMS6. The plotted data are for all grids for which both observation and simulation data were
available. Although the data are plotted on a log-log scale, the statistics R, mean bias (MB), and the
observation average (Obs. Ave.) were calculated on a linear-linear basis.
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G-3-5. Results and discussion

We compared observed and simulated cumulative precipitation from 11 March to 1 April among the
three meteorology models (Figs. G-3-1 and G-3-2). For observed data, we used JMA’s radar/rain
gauge-analyzed precipitation (RAP) data, which were interpolated to the 3 km resolution grid. We also
compared observed and simulated cumulative precipitation on the afternoon of 15 March (Fig. G-3-2,
lower panels), when substantial deposition occurred on land (e.g., Morino et al., 2013). All three
simulations overestimated precipitation over the ocean by a factor of more than 10 (data points above
the 10:1 simulation:observation line in Fig. G-3-2), and the two WRF simulations also underestimated
precipitation in the southwestern part of the domain by a factor of more than 10 (data points below the
1:10 simulation:observation line in Fig G-3-2). Our focus was on land regions where the ¥’Cs
deposition was large (>10 kBg/m?) (see Fig. G-3-3), and we did not expect the large discrepancies
between the simulated and observed precipitation over the ocean to substantially affect the modeling
of ¥¥Cs deposition in land areas.

The differences due to the different cloud microphysics modules were notable. The simulated
precipitation spatial distribution patterns of the two WRFs were similar and different from the NHM
pattern, whereas the precipitation amounts in WRF-MORR were fairly close to those in NHM, and
those in WRF-WDM6 were much larger than the amounts in the other two simulations (Fig. G-3-2).
WRF-WDM6 overestimated precipitation substantially over high-altitude regions (corresponding to
locations where the simulated precipitation was >600 mm; Fig. G-3-1d). In the afternoon of 15 March,
the overestimation of WRF-WDM®6 was substantial; the mean bias (MB) was 4.1 mm and the
observation average was 2.36 mm. Judging from the values of the correlation coefficient (R), the
performance of NHM was best among the three meteorological simulations (R = 0.86, MB = 0.35 mm).
The MB of WRF-MORR was smallest (MB = 0.24 mm), but owing to the square shape of the plotted
data, R was 0.67.

Comparison of cumulative **’Cs deposition amounts between aircraft observations (Torii et al.,
2012) and simulations by NHM, WRF-MORR, and WRF-WDM6 (Fig. G-3-3), performed under the
assumption that 100% of **Cs was carried by water soluble particles, showed that NHM simulated too
much deposition in northern areas (Yamagata, Miyagi, and Iwate prefectures). This deposition was
caused by rainout of ice phase precipitation (snow and graupel). For accurate simulation of rainout
of 1¥’Cs, the vertical distribution of the *¥'Cs and the hydrometeor mixing ratio must be accurately
predicted. However, because no observations of the vertical profiles of *¥'Cs are available for the time
period of this study, the reason for this overestimation is impossible to identify.

WRF-MORR also simulated too much deposition in Yamagata and Miyagi prefectures, but
WRF-WDMBG6 simulated less deposition in this area. The two WRF simulations reasonably reproduced
depositions in the highest deposition areas (>1000 kBg/m?), but depositions in those areas were
underestimated by NHM. The two WRF simulations also reasonably reproduced the higher
depositions in the mountainous regions of Tochigi and Gunma prefectures, but they overestimated
depositions in the southern area (Tokyo, Kanagawa, Shizuoka, and Chiba prefectures). The NHM
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Fig. G-3-3. Cumulative *Cs deposition amounts (kBg/m?) in (a) aircraft observations and (b) NHM, (c)
WRF-MORR, and (d) WRF-WDMB6 simulations. Simulated depositions are shown only for land areas to
facilitate visual comparison with the observed deposition.

simulation underestimated deposition in all of these areas (i.e., in Tochigi and Gunma prefectures as
well as in Tokyo, Kanagawa, Ibaraki, and Chiba prefectures). It is notable that, even though the
transport model was the same, the simulated depositions varied substantially among the different
meteorological simulations.

Figure G-3-4 shows depositions of water-soluble and water-insoluble particles simulated by using
the three meteorological fields on both land and ocean areas. We compared the simulated depositions
with aircraft observation data (Fig. G-3-3a) interpolated to the 3 km resolution grids of the models in
Fig. G-3-5. Note that following Morino et al. (2013) and Katata et al. (2015), R and MB were
calculated only when the observed values were larger than 10 kBg/m?.
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Fig. G-3-4. Cumulative depositions (kBg/m?) simulated using the meteorological fields of (a, d) NHM, (b, €)
WRF-MORR, and (c, f) WRF-WDMB6 under the assumption that 100% of Cs was carried by (a—c) water
soluble or (d—f) water insoluble particles.
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Fig. G-3-5. Scattergrams of cumulative deposition between the (a, d) NHM, (b, &) WRF-MORR, and (c, f)
WRF-WDMS6 simulations and aircraft observations. The simulations were performed under the assumption
that 100% of Cs was carried by (a—c) water soluble or (d—f) water insoluble particles. Although the data are
plotted on a log-log scale, the statistics R and mean bias (MB) were calculated on a linear-linear basis.
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The simulated results were substantially different between Cs-bearing particles assumed to be 100%
water soluble or water insoluble, because rainout of the Cs-balls was not considered to occur (compare
upper and lower panels in Figs. G-3-4 and G-3-5), whereas the dry deposition velocity of Cs-balls was
approximately four times that of the water-soluble submicron aerosols. It is interesting that although
the simulation of precipitation by NHM/WRF-WDM®6 was good/poor, the simulation of deposition by
NHM/WRF-WDM6 was poor/good.

Adachi et al. (2013) detected Cs-balls only in samples collected during the early stage of the
accident (14-15 March), but they reported that radioactive Cs was carried by water-soluble aerosols
later (20-22 March). Kaneyasu et al. (2012), who analyzed samples collected from 28 April to May 12
and during 12-26 May (i.e., after the later sampling period of Adachi et al., 2013), also reported the
radioactive Cs to be carried by water-soluble aerosols. Therefore, the assumption of 100%
water-insoluble or water-soluble particles (Figs. G-3-4 and G-3-5) was not realistic; rather, reality
must lie somewhere in between. Therefore, under the assumption that Cs-balls, as indicated by Adachi
et al. (2013), were emitted only in the early stage of the accident, we used the following settings to test
the sensitivity to aerosol microphysical properties:

1. We set the proportion of Cs-ball emissions to values from 10% to 90% during the early stage.

2. We started the early stage on 11 March but varied its ending date between 12 and 20 March

2011 (i.e., before the later sampling of Adachi et al., 2013).

We next compared cumulative depositions simulated using the meteorological fields calculated by
NHM and the two WRF simulations between two extreme cases: 10% Cs-ball emission until 12 March
and 90% Cs-ball emission until March 20 (Fig. G-3-6). The statistics (MB, root mean square error
(RMSE) and R) of these comparisons are presented in Table G-3-1, together with the statistics for the
three meteorological simulations when emissions were assumed to consist of 100% water-soluble
submicron particles.

It is notable that even when the transport model settings and aerosol properties were the same, the
fractional bias (MB divided by the observation average) ranged from 0.25 to 0.74, differing by
approximately threefold, among the three different meteorological simulations. This difference is
marked, because it means, for example, that the emission amount estimated by an inverse model from
the deposition amount could vary threefold, depending on the meteorological model used. The ranges
of MB, RMSE and R in the sensitivity to aerosol properties test results were smaller than their ranges
in the sensitivity to meteorology test results (Table G-3-1), but the differences were similarly marked.
The fractional bias range differed by approximately twofold between WRF-MORR and WRF-WDM6
(0.35-0.74 and 0.38-0.66, respectively). Therefore, the sensitivity of *’Cs deposition to aerosol
microphysical properties was as important as its sensitivity to the meteorological simulation used.
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Fig. G-3-6. Simulated cumulative depositions (kBg/m?) using the meteorological fields calculated by (a, b)
NHM, (c, d) WRF-MORR, and (e, f) WRF-WDM6 between the two extreme aerosol microphysical
assumptions: (a, ¢, €) 10% Cs-ball emission from 11 to 12 March and (b, d, f) 90% Cs-ball emission from 11
to 20 March.

Table G-3-1. Ranges of the statistics between observed and simulated cumulative depositions between the two
extreme sensitivity tests (10% or 90% Cs-balls and 12 or 20 March as the ending date of the early stage) with
each meteorological simulation (first to third row). The bottom row shows the same statistics among the
meteorological simulations when no Cs-balls were assumed.

Sensitivity to mB' RMSE! R' Obs. Simulation settings
(min:max) (min:max) (min:max) Ave. . !
Meteorological . Ending date of
2 2 2 . . Cs—ball fraction
(kBg/m%) (kBg/m? (-) (kBg/m?) simulation early stage
Aerosol oo 5. 655 2743:2050  0.39 : 0.55 882  NHM 10-90% Mar.12 - 20
properties
Aerosol o5 . 228 2511:2725 053059 882  WRF-MORR 10-90% Mar.12 - 20
properties
Aerosol
: -546:-302 2259:2442  0.65:0.70 882  WRF-WDM6 10-90% Mar.12 - 20
properties
Meteorology g6 932 2330:2749 054 :066 gg2  NHM WRF-MORR 0% -

simulations WDM6
1. . ..
linear—linear statistics
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G-3-6. Summary

We simulated the emission, transport, and deposition of *3’Cs released due to the FDNPP accident.
The sensitivity of the simulated depositions of radioactive Cs to the size and hygroscopicity of the
carrier aerosols was assessed and compared with the sensitivity to the meteorological simulation.

Two types of Cs-bearing aerosols, water-insoluble supermicron particles (Cs-balls) and
water-soluble submicron particles were considered in the simulation. The simulated depositions of the
two aerosols were significantly different because rainout was not considered to occur with Cs-balls,
and the dry deposition velocities of Cs-balls were approximately four times those of the water-soluble
particles.

Even when the transport model was used with exactly the same settings, the simulated depositions
were very different among the different meteorological simulations: The fractional bias (MB divided
by observation average) ranged from 0.25 to 0.74, an approximately threefold difference. The
sensitivity of ¥’Cs deposition to particle size and hygroscopicity (determined by adjusting the
proportion of water-insoluble Cs emission between 10% and 90% and the ending date of the early
stage between 12 and 20 March 2011) was smaller but just as important as the sensitivity to the
meteorological simulation (in which 100% of Cs was assumed to be water soluble, as in previous
studies). To better understand the environmental behavior of radioactive Cs discharged from the
FDNPP, knowledge of the aerosol microphysical properties is as important as the accuracy of the
meteorological simulations and emission scenarios.

In future work, several new wet deposition modules and emission scenarios, together with new
meteorological simulations (for example, NHM-LETKF as in Sekiyama et al., 2015), will be added to
the current sensitivity analysis study to provide a more robust uncertainty estimation of the numerical
simulation techniques. It would also be interesting to estimate the sensitivity to the modeling approach
(Lagrangian or Eulerian), because the both approaches have been used in FDNPP accident simulation
studies.
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A caption of the cover art

Monthly depositions of *Sr and **’Cs before August 2015.

We have been monitoring the deposition amounts for the purpose of understanding the actual condition
of radioactive pollution after the accident of Fukushima Daiichi Nuclear Power Plant (FDNPP). The
monthly deposition amounts of both “°Sr and **’Cs, which were successfully fixed values after the
accident in March 2011, are shown in logarithmic axis with error widths. Since the deposition amounts of
134Cs were nearly equal to those of *¥'Cs, the total amounts of radioactive cesium were approximately two
times of the values in this figure. We would like to note that the half-lives of ®Sr and *'Cs are
approximately 30 years, however, ***Cs decays to half in about 2 years. The error widths are one sigma in
statistical error of measurements. Although the error widths of all measurement values were better to be
shown, error values used to be not shown on purpose to avoid busy figure in the former versions. In
addition, error data before several decades are not handed down.

For the analysis of samples collected before the accident of FDNPP and not measured then, significant
increase of background values were severe problem, because environments including laboratories and
instruments were polluted, and it was also problem that samples could have been polluted in the
operations of concentration or other preprocesses (contamination problem). We overcame the difficulty by
carrying the analysis out in western Japan (Kansai area) where the pollution level was low, however, the
data during the latter part of 2010 and the former part of 2011 were lacked in spite of our efforts as
described in the main text.

We are making efforts to recover clean working environment as before the accident, by cleaning of the
environments, exchanging instruments, etc. for the purpose of acquire the correct data. In addition, we
maintain the precision of the data, for example, by participating inter-comparison programs performed by
IAEA, so that, the credibility of the data are assured (please refer to the section: quality control of
radioactive analysis of atmospheric deposition samples ).
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