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Studies on spatio-temporal analysis of migration dynamics of radioactive nucleus

in forests

Chapter 1: Objective and construction of this study

Forestry industry was affected by radionuclides released from the Fukushima Daiichi Nuclear Power
Plant (FDNPP) accident following the Great East Japan Earthquake in March 2011, which had never been
experienced before. It is necessary to understand the migration dynamics of radionuclides for the
utilizations of forest resources affected by radiations, however, they are unclear about the factors of
spatial "heterogeneity" of radionuclide distributions and the migration dynamics of radionuclide in forests.
Therefore, it will be important to understand the migration dynamics of radionuclides in forests from the
viewpoint of consideration of multiple spatial scales and time-series. Furthermore, it is necessary to
consider the temporal "heterogeneity" of measured values of the air dose rates that reflect ambient
radionuclides contaminations, and to examine the cause of the "heterogeneity".

The objectives of this study were as follows. (1) Analyses of the migration dynamics of environmental
radionuclide at multiple spatial scales, (2) Analyses of the temporal changes and distributions of air dose
rates, (3) Considerations for monitoring of radionuclides in forest and using forest resources in the future.
This dissertation consisted of 6 chapters. Chapter 1 and 6 were the introduction and the conclusion,

respectively. Chapters 2-4 discussed about (1), Chapter 5 discussed about (2), Chapter 6 discussed about
3).

Chapter 2: Spatial and temporal distribution of air dose rates in forests

To elucidate the spatial and the temporal “heterogeneity”, in terms of spatial distributions and temporal
changes at variance, of air dose rates in forests at early phase of environmental radionuclides derived
from FDNPP accident, the relationships between air dose rates and topography or vegetation types were
statistically analyzed. The spatial distributions and the temporal changes of the air dose rates among three
types of forest stands (seed orchards, Japanese red pine and deciduous hardwood forests, Japanese cedar
forests) at the height of 0.1 m and 1.0 m above the ground from 2011 to 2015 in Koriyama, Fukushima
Prefecture, were investigated. In June 2011, the air dose rates were associated with the vegetation types
(seed orchards > Japanese red pine and deciduous hardwood forest > Japanese cedar forest) (Fig. 1). It
was suggested that the air dose rates influenced by the canopy interceptions during the initial atmospheric
fallout. The time-depended changes of air dose rates varied among three types of the forests from June to
November, 2011, the decrease rates of air dose were in the order of seed orchards, the Japanese red pine

and deciduous hardwood forests and the Japanese cedar forests. Therefore, it was suggested that the



time-depended changes of air dose rates were influenced by the vertical migration processes of

radionuclides such as above and below the ground.

Chapter 3: Individual differences of **’Cs concentration in xylem in a Japanese cedar forest

To examine the factor affecting individual “heterogeneity”, in terms of individual differences, of **'Cs
concentrations in the xylem of the tree trunks, we evaluated the influence of parameters related to both
the initial deposition by the canopy interception and the internal migration processes on **¥Cs
concentration in the xylem of Japanese cedar (Cryptomeria japonica) trunks in the early phase of
radiocesium contamination. The discs were used from 1 m above the ground obtained from each of 36
trees felled in the same Japanese cedar forest. The discs without bark were divided into heartwood and
sapwood. Samples were dried at 105 °C for 24 h, and *'Cs concentration per kilogram of dry weight of
the wood samples was measured using a Germanium semiconductor detector. The effects of canopy size
and tree height on **¥Cs concentrations in the xylem showed interaction with an inverse relationship
(Fig.2). Therefore, **'Cs concentrations in the xylem of trunks are influenced by the initial deposition and

internal migration processes.

Chapter 4: Seasonal changes of radiocesium concentration in a Japanese cedar trunk

To elucidate radiocesium transfer dynamics in standing trees, seasonal changes of radiocesium
concentrations in trees were measured by non-invasive sampling and invasive sampling, for example,
setting compact dosimeters on a trunk and measuring inner bark samples using a Germanium
semiconductor detector. Compact dosimeters covered with lead blocks were set on a Japanese cedar
trunk at two points of the heights of 0.5 m and 1m above the ground, and root at one point of 0.2 m under
the ground, through 360 days, from July 2016 to July 2017. The trends of the estimated internal dose of
the trunk at 0.5 m, 1.0 m and the standardized values of the compact dosimeters setting on the root were
synchronized with each other, such as the decrease from summer to early fall, the increase to late fall, the
re-decrease to winter, and the re-increase from winter to spring. Moreover, the relative seasonal changes
estimated by compact dosimeters were corresponded to the radiocesium concentration of the inner bark.
Therefore, this method will enable to observe the continual and long-term monitoring of radiocesium

concentration changes without damaging tree.

Chapter 5: Time-series analysis of air dose rates by a hierarchical Bayesian model incorporated
observation errors

We modeled the time-series fluctuations of the air dose rates measured by a compact dosimeter and



estimated the "true" dynamics of radionuclides depositions that could not be observed directly. In the
measurement of radioactivity, the air dose rates are converted into the amount of radionuclides
depositions, it is necessary to consider the environmental impact of the surroundings such as the soil
moisture. The air dose rates and soil moisture were measured at 1 m above the ground in a forest in
Kawamata, Fukushima Prefecture. The temporal changes of the air dose rates were analyzed using a
state-space model based on the hierarchical Bayesian framework. This analysis suggests that the soil
moisture content is a key factor that lowers the measured values of the air dose rates (Fig.3). It is possible
to estimate the migration dynamics of radionuclides in forests from the air dose rates by using the

state-space model incorporated noise components such as soil moisture.

Chapter 6: Conclusion and prospect toward the future

Factors of the spatial and the temporal "heterogeneity" of depositions at early deposition phase of
radionuclides derived from FDNPP accident by the spatial and the temporal analysis of radionuclides
depositions and air dose rates in trees and forests, were clarified. Research results that take these
"heterogeneity” into consideration are important not only in the research field but also in the field of

administrative measures.
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Fig. 1-1 Annual changes of wood production volume.
Y-axis represents the relative value of the wood production volume based on the volume in
2011.
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KOV TNVERGTHZ EREEEE NS Z BB TF oD, o, EHBREROWUEIC
EBREZYUTHE, INETCOFEFIETIIERMEFZOMUED I E L72D, Hon<
ADPBIM CEMBELRLHELTH, £OH, £OH ZEICHEMAILSE DN T’ LEW,
W E OB EEZ EEMICHRE TE AV L WO RBESRAL T 6N, 52, #BAD
ST HEEIEICER 2 TH & BIARZME LT 7RIS 2720, 7221k
EHETE NI &0, BIAOFHEZTE=4V L 7FHEOFTHLRICARARKEL,
TIVENRER L 72 D720, BIAROEKRT EMZL &L 0, EEYWEOEHEDE &
7R AEE LV, S W RTERRITF B D,

2 KA, 2016 4 3 HICEHS KR F AL R PR B R AT e RH I W T LR R & &
T L72/)1(2016) DA FERRE D FE R Tdo 5, AR IS 1T D BURPEWE OBV REIZII AR 22 55 A3
%\ (Mahara et al., 2014; Imamura et al., 2020), /NINIEEFRSCAEE L T, BARIZIST 50
DBHHEDE OERESA & ZF OBEEEEZH LI L, 5% OMEICE VTR, BHALY K
EREMAT =N, KRN EBE LN EE L 20 Z L 2RI TN D, BT,
INHORFERIZIE, FY T NOREMDONIEL X B/ TH L LI, TOEL DX
WA CTEERIZOWTHRHNT 2 Z ERMETH D EBREN TS, LT, KT
X, NI OIFFRRE A R R S 5720, $7p HRFZE] A 7 — L CHUR I E O BRIEE B D
FENT ATV, 15 DAV R & RO BUR T ETRE ~ORFHIE T Z L 2 HRY L Lz,

2w, TR FHATINC I D FRARD ZE MR R O 43 A O REJENE) 27—~
(2, ZEEIBRE RIS R D - -O Rl & OBMRZMRNT 95 2 & T, AT 522 Mk
BEROE S DWW AT OFERIC G- % 5 BR & B 52T 5,
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MrdaZ&i280, FERMTIERELSZ"NELHEREZHAGLNZT 5,
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2.1 [FL&HIC

HAARBEENSIEEZ LTeBEFE R R ETFESOCLT  FREEL)ICL Y KRFIC
REDOHBINYEWE D Shuiz, B ST BEYERE O © BK 80%IT R FFHEITHRE T L7z
—7. K 20% 3 A AROREEEIZ RS LTc Z & HEE S LTS (Koo etal., 2014) . B H AR1X
BCEDN I ILERTET CTH 0 | FHCIEROFEL G S RITR LD 7 12 /N ED 5,
JFOR MU L0 i SV EE DL < BBRRIZTEE LT 2 Linh . BRNRAERRRICE
D S E D53+ BRE O HE A EEEE T & % (Hashimoto et al., 2013),

SCHRFFE 0L < OWFZERER 23 s U7e THURPEYE O o A RIS (2 B9 2 FR AR 4T
a7 M BEEE ORGSR N IRERIZ 72 Y FHA S 71U C & 7= (Saito and Onda,
2015), ZO7r Y=/ MIEVHZEHE =4V 7 (Sanada and Torii, 2015; Sanada et al.,
2016), A{TH—A (Tsuda et al., 2015; Andoh et al., 2015), #4347 —1 (Andoh et al., 2018),
E S E (Mikami et al., 2015a; 20150)(2 & 5 22 M &R ORIENMTHI., 85 R& OZF 0T
B IR 2 A S B E I DL AE AN DN SN TE 72, L Lo, BEHEE E /N
SWHRKRTOH ERIEIZH012ThTE Tl R E % O RS ICH T 5 220
PR O A FFECREE AL Z B T 5710, BN THIET 5 2 & OMLEEPED N
< OMDIFFRICB N TREN TS, Gonze etal. (2016)1%. FRARAN FE 713 B4k Lo 22 &
HIPRHERO R S & RAROFSIHEE VT AU : CS)DMME A IHBEIND Z L2 RE L
T\ 5, F7-. Atarashi-Andoh et al. (2015) 1%, BRMRIZIIT DT —_AIZ LV | LT
=2V 7 TR SN0 o T B AR E R R EME O iR A b 2 & &
ELTWD, LENR-ST, BMHIROZEMBEROFEICIL, N2 ERIENEETH
% &z Hiub(Kato et al., 2018),

— 07, BRAICILAE LT i O SR IE T MO 43 A 1, R E & BB b L2 2 &N
& TE 72 (Imamura et al., 2017), AR TIE, FREFHUC L VBT L EHEHE O£ < 23
MIICHIE S5 & & biT, FRRICIEE LIz O Y B ISR OFGE & & B ISR D B AR
IR~E . FICHHREOEEEIC LD BIT LIz, AFHREDE 2 FHRIZEBWT, BRERONS
DR M ORI & £h 5 ¥'Cs 2 O IE L7~ Kato and Onda (2014) (2% T #:0> 90%L1
DRI AL, T BRI 5 4 AR L7z 2011 4F 8 ARERIZH VT H 60%LL A HK
PR L TV EHEE L TV D, 72, AF 5 (2015) X, m & 01m & 1.0 m D2k
BAPA L, KRR O RN O 22 B R D2 & B YE Cs OERE A D2 LD
AR LTV D,

I BT, BRICEIT DR ERIT, HEOMAEDOREZZIT, 20, FERMICE(L
L7z Z &0 ST & 7= (Atarashi-Andoh et al., 2015; Kato et al., 2018),, ZZRi#R &R OH|E
ISFRICB T D E OBELZ R T H27-DICEETH L Z b, ERBIEICLD
TRIF AL NS ST X 72054545, 2015; Kato et al., 2018), &I 1 41 1 BIFLE IS F
V. K0 EEZR AR IZ OV T Kato and Onda (2014) & BV Tl s 3 b 7e v, 72,
ZE R SR O HIBRAY /AR 1235 1) D WFZE13 Atarashi-Andoh et al. (2015)% BRUVCidlE & A E
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HahTz &#otoﬁm PRI ENE U T2 T E D ERE T M O3 A DS B 24k L
72 2011 ARIZ I3 1T D Z2 B SR D MIBRAY 534 S OV DAL & fi#MT L7oBF9EIE 2 E Tlo il
éﬂfw%mx

ARETIE, ZERBRERITH T 21 & M DORRZ -G L. & BISRFE(L O R
oA E Lie, BRARDHDAHANCELE SN HFHE xR L L, 2011 4 6 H
LRI E R C A JIE U 72 Z2 AR R & W CREGHRO 2R RIT 21T o 72,

22 Hik
221 AEHEEHBERDRIE

B R L LT IS AT 8 2 48 8 KRR 2 & o & — 0N ORIl & 226 L 7= (Fig. 2-1),
W x—i%, B ZKBECESHIC DL, &K 230 m 255 260 m, B FE I3
BhaThd, Yo & —Id, tha RHp sy FRARBANAE L., @IRZEDH D BEHT
BDHITEMD, ZEEBR RIS D I & R O BISR OFETIC I L 7R Th 5 &
BExOND, BHNIZ 2 AOEREZRT, @301 m, 1.0 m OZERBESREHIE LT,

ZERERORE I IT = R L X —HHiER GM F X —~1 2 — ¥ (Mirion Technologies,
RDS-31S/R) A vy, 143MILL B k% OfE A Fesk L7z, 20114F 6 H 26 2011 4F 11 H £ T
FHRTHEA LEOREETT->7-, 6 HIX8HE9HIZ, 7HIZ12H, 15H, 22 HIZ, 8
AIZ9H, 10H, 12H, 17 HIZ, 9 AIZ 13 HE 14 HIZ, 10 i 12 H & 27 HIZ, 11
AU 17 BICSEN i U7, ARSI A AR5 (C) (13 HiR), 7 1~ K HE IR HERI AR /7 (PD) (24
HiAL), BRAERE - BREHER(SO)(B His)D 3 D7 TV —ICX A L TRE L, 7B, 22T
IXE ARDAFED T2 IR O A B B ERR S -k, KON i LB B IfIZ
R SN E . ENENERAER . SRR & S,
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FDNPP

o 100 200 300 400 km’

Fig. 2-1. Location of the study site and photographs of vegetation categories.
The vegetation was classified into three categories: Seed Orchard (SO), Red Pine and Deciduous
hardwood forest (PD), Cedar forest (C).
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2.2.2 HRETEEMT
2221 EHMBCHEDHE

JRRE M X0 34 LT 7 v — A OB BN O RV D EREAE B ET D &,
Bz 2 MR 1T 2 22 MR ERPITVE L 722 X 5 R 22MIF 22 KAFRAMR AN E U 5 AlhE
PEAE 2 B D (Atarashi-Andoh et al., 2015), = DO ZEME) 7K FEIR 2 MEE T D 7=, 22
H ORI 2 © &9 5 Moran @ | fat &2 Q-1 & 9 35 L7-(Moran, 1948), 52025 R
oA/ EER L, ERESNT-Z2 A0S L 0 BEERETE L., BEODH
D, L% 10 DX I —EHIC IV BEL, EREAHFITHIW OITfE 112725 X9 H#
¥At L7=(Bivand et al., 2008), 723, R /A ZAF LIL, Fil EICEEO S E ST
WAHRE, fEEDRE ., ZOEA L TEMASTIL TERENIZAETH L, ZDL X,
ZEI AT TATHI W DT wij % 2 EEEAMRBIZ I VRO LD IZE&E LT,

wij=11: 2/ 1L EAE RS E SO, 00 ALK i NIEERSZ T
AN

n Py Xy wy (g — %) (x; — %)

I = =
Yieg L1 Wij 2i, (i — X)?

(2-1)

2222 SUALTALRIZKDEIRBDHT

T PEE DO HIFRAY 72540 1. HRPE 7 L — A OB N WA H AT & 2 - T
&7 2 & ARG X 4T B (Atarashi-Andoh et al., 2015; Sanada et al., 2018), Z D 7=, BE
TR LIV EHEN TV DIERTH LR, REHFEANT A =2 L Uiz, 2k, B
FALiE 0 FE(EAR)—360 E(EAL) THEIVICER Lz, I OOHBICEET 537 A —X
1Z. kS & e 71 (DEM: Digital Elevation Model) (f#f£5£: 10 X 10 m?, [E +-HuBEpz) %
HAWTEHE L,

F7o, HETHIE S D 2R ER L RO EHOBGARE SN TW5D 2 &b (Kato
etal, 2018), MIAIZIIT DHEAEZL . AFXMIy, T H~ « WHIRFERIM Sy BAEE - BRAE
DIODATAY —IZX5y L, AL ELE LT,

LB ET —F BT D56 FURSITIIARIRFEO—D2THL DD, £
TANEMEETH L0, STV n BEBOE p LV bHLNIKREVWEAETHD, L
L. 7 A n BDEBOH p L0 b0 R0EEICRE W T oH R ARTE (CART:
Classification And Regression Trees) |&. M FIRETdH D Z & 23 S 41TV 5 (Grémping,
2009), ZiUiE. CART EIZHIT HET VOMERFRIZIE W TARBERELN G ENRN &
WCERT 5, AFFETIL, CARTIEZ ML T2T7 0 TV FERMOVEDTHL T X
27 4 L A (RF: Random Forest) % FHVN T, ZERFBR RIS 9 DR A0, Em, ZE/HIA
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CAARE. HEE A T 2V —OBHRZ f#HT L7=, Breiman(2001)IZ & » CTHRME S N/Z RF X, /v~
NIANY) I RFETHD #n’%%‘ﬁ%ﬁﬁﬁfﬁﬂﬁ ZHURBNCET b T D BB
THILNTED, 2B, RF OFHTICIT %M H OB N T X — 2 (ISR, BREE ]
V7= (e.g., Di Vittorio and Lopez-L6pez 2014; Snapir et al., 2019),

RF 7L U X AOHEIILL F D & F Y ToH % (Breiman, 2001; Liaw and Wiener, 2002),
1) T—%%y b LEMEICEY BEOT— A T v THEREART D,
2) %7 —FA N7y TEARIZH LT, CARTIEIZ XV ERAZERT D,
ZORE, T U F ARSI p HOEEE ROV THB ATV, T XTORMmD /) — R
TAZXRmMED B/hELRDETHRSES,
3) ®TORYFAZFYT 5 Z & THEEETT VAR T 5 (3K(2-2).

B
1
FE) =% hy(X.6,)
b=1

(2-2)

REIZEBWT, bBFEHDT— F AN T v TR O 1> BEDNTZ TRIFIE hy(X, ) TERI
5o O T H NI OB/ 7 — R A T v AR TH D,

WIZ, 7= bR T v TERZERT OBEICEEN R >T2T7 — % & v }(00B:
Out-of-bag)Z 1) B FHRIKEEE &2 AV CAE % D B (VI: Variable Importance)Z i L7-, b
BHOT — A NT v THER Oy 1> 5EDILTZTRIT hy(X, G)ITDWT, O0B, 7 — ¥ % AU
T HIFEZE errOOB, 2R3 %, O0OBy 7 — 4% WD j & HOFBAZEE X D% T o 2 MITE
T HZLICEVRTERSTZEE, HORHALE X & BREEK L ORfFRZE 7 < Lt
errO0By ;2 315 %, TORR, ENET FREAZESENT 20 &2 E L, 3 XTO TR
FRED T T 5 2 & CEBOEEE LT 5 (H(2-3)),

B
1 —_
vi(x;) = EZ(errOOBb — errO0B, )
b=1
(2-3)

AMFSE T, B=2,000, m=5, p=2 & L 7=, f#bTIC1E R BiBE K T928 & Ty % random Forest”
2\ - —3/(Liaw and Wiener, 2002) D7 /L2 U X A& =,
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23 BREEBR
23.12011 £ 6 AICHE T A EMBRER OB

2011 = 6 HIZH1T 2 ZE MM & O /mfi & Fig. 2-2 123, 2011 46 HIZH1T 5 22/M
PREERIE, " & 01m T0.97~245uSv/h, HE 1.0m T 0.84~1.98 uSv/h TH v, HIFAYIC
REGRGAANEL T, TRENOESICBIT 2 Z2MBRERZHFOFXEHAVT Fig.
2-3 ", ARMIEAICIS T D ZE IR ER O EEEORRITNTNLOE S ITB N T, Hfd
cBHETRLE S ROTT I~ « WEEIRIERS . AXMHOOIRIC 2> 72, IR
T L OE SO EREORER O E AW TFig. 2-4 1277 AT E DR S 01m
L 1.0 m OZEMFREFEO (0.1 m/1.0 m)DOFEEMEORFRIT, BHEE - R R LE <. K
WTT A=« HIEILIERM Y. A OIRIZR Y . ZhEhom ST 5 /M4
T L D2 ERO KNSR & —E L7z (Fig. 2-3, Fig. 2-4), £7-. ML DOES01m &
1.0 m DO ZE MR ER D EE(0.1 m/1.0 MDD BMR S L B &S 1.0 m DO Z2 IR E R O
FUTEHEN D DOFHENKE WD & DURIE X 7 (Fig. 2-4), Moran @ 1 fEFHEIE, @ X 0.1m
DZEEFREERITKT LT 0.19 (p=0.01) . & & 1.0 m DOZEEFREZRITK LT 0.25 (p < 0.01) & 72
V. 5% EAKEO T THEREOZERPIA CHENRBD b, Z07H, EWlllRHO
72 MR BRI E L T A A 2 RIE S T,
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Air dose rate
(uSv/h) (1.0 m)

o0 084-1.13
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100 200 m

Air dose rate
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0 097 -134
0 134-171
@ 1.71 - 208
@ 208 - 245

100 200 m

Fig. 2-2. Spatial distributions of air dose rates on June, 2011.
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0.5

0.0 0.0 +
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Vegetation Categories ' l Vegetation Categories '
Fig. 2-3. Boxplots of air dose rates on June, 2011.

Closed circles represent the mean values

Ratio of air dose rate (0.1m/ 1.0m)
»
1
|

SO PD C

Fig. 2-4. Relationships between air dose rate at the height of 0.1 m and 1.0m above the
ground on June, 2011.

Boxplot of ratio of air dose rates classified by the vegetation categories.

Closed circles represent the mean value.
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2.3.22011 £ 6 ADEMIRERE L PR UHMIEEDRERF

RF IZ L D EHBOMAAEEE % Fig.2-5 127 L, 80 0EE~7 2 > b % Fig. 2-6 IR, &
S01m & 10m OZEMBERIZK L, WTHOEIIZEBWT i b ZEMRERE L BE) R
Mo ToBEENIHRMEAE TH > 72,

HATER T 1y Fins BRYEE L AR OBRAE O D, EEICOW T, 235 m
T ORKE R CEMMBERO EAMMAA LIV, o, Emm < R DIZ2 T 00T
e[RRI LR T DA AR ST, BHEFAIZOW TR, A~ ORE T 500
2R E RN R AN Nz, L LARN D, ZERRERICH T Do RHm
J5 L O BAFRVE 1T AR AR A O BB IS T/ & < (B (El): 12-13%, 4% S5 AL (Asp):
12-22%(Fig. 2-5))., AKIGHINIZI W TIEL, HIICBI# T2 /837 X —& 10 & 44 (VC)
D7 INZE [ B R L B AR ) o 72 AIREME AN R S Fu7-, Atarashi-Andoh et al. (2015)1%, &
WU O LIEERC 2013 4F- 8 A, 9 AICFHE 21T\, ZERIAR &R O -FR) A0 DS HUI L 4R A7 L |
FEHE T 7V — B DRI B HE o THUH M E DU FE 3T R S LTz ATREME 2 - L C
WD, AR I T, 2012 4 9 ITHI 70 4R D =T A48 L, BN AR *Cs, ¥Cs
JREE 2 E L7z Mahara et al. (2014) 1%, ALvE 7 AN U PEE O k& O B ERBLEL S i,
ZDOFENT N—LOBENREE & —8 L= 2 & 285 LTV 5b, RIFFEIZE VT RF Off
Ko EEORHE AN & 22 MR EROBRITHFHRMEAEICH W2 ERRB I, 2
WO DOHIE/XT A —F DR T BRI OV TR, RPHE X O & 220500/ &
WZ LI T /2 < . Atarashi-Andoh et al. (2015)7235%F 5 & L 7= il & i3S R B A B 2 L
NEE L= mTREME N % 2 B 5, Atarashi-Andoh et al. (2015) 0t G it C IR RE ML 38
L7z 07 ARG TR S e S Lol Ch o722 LM EE ST\ 5 (Katataet al.,
2012; Terada et al., 2012; Gonze et al., 2014), BRI LV 1 BICphE 3 2L E IS, §2
PEULAE CIIHIE 22 SISHE D TR O Z 1T Tk LI Rt B 2 b, E#kAo
EO DN ZE R ER O MBI AR B 5 L7z "lREMER B 2 b b,

S 1.0 m OZEFFRER L FRMNEAE & OBEIZW < OO TG ST E 2(e.g., 4
k5, 2015; Kato and Onda, 2014), ZRHRIZE W TIX, 74—/ 7 7 MREISHEIC X 0 e
BT X7 2 & BHEE S LTV S (Komatsu et al., 2016; Kato et al., 2017), Kato and Onda
(2014) 1T A UL HAR, VEBEILEERT - 7~ YV IRAZHRIZEB W T, MIENSRE E TE S BIIC
2011 4ED 5 2012 ARIZ T TR R 2 A L, A AR Cldtloe Bl Ch b w22/
PRER AR LIZOITR L, BEEEIRER - 7~ VIR TITHE I TR EVE L 725
Tl & EHELTWD, 201149 AND 11 AITH T THREFTARIE L 7@ B R OO &
E 10 m OEMBERICONT, MEHET=F ) 7IckvEoniz ¥'Cs miEYEE
(kBa/m?)IZ & 0 HHeEL4 5 = & THMMEAE L 22 R0 BR 2 74T L7~ Kato et al.(2018)
1T, HREBEER AR RN TR LRI O T N S W ER S E SN 2 L2 HE L
TWD, EHIT, KA D (2013) 1348 & AR LT O AR B TORFHA A S VEIZ59 10 km),
2011 A 9 A HIHL, PEIEILTERIAR, B RESIEERIAR CTE S 1.0 m OZERIFR R DORE 21TV
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TREHEERI AR & VEIEIATERIAR, VETEIRZERIAR & RO BEREIL & H1TK 100 m), BHI A & &
WZERIMERZ R U, £72, FREEHERBIARIC R OISR L ZERIAR O T 08 B O 22 BB R T
HolmZ EEWELTVD, KA D (013)IEMEE 1.0 m THIE S 415 ZE MR E=RIZ OV T,
$h DWERE A 2 FAVNTHIRTEE & ARER D> & NS 2 B 2 o0 0 TR L. H Rk EER AR I HE
TEIERIERIR D T, MR D DTGRP KRENoTo T L &R LTz, KA 5 (2013) 23R4t
B L LTEARRITB T, HEERKIR(AX - & /&), JRIER KR A~ - LER)ICE T
LHEFEA G . KON, SV Bk ¥Cs SRR A A L7 H 5 (2016)1. 2012 4
4 A Ci, SFEERIXIRIC R URZER IO S REWVETH 722 2R E LTS, b
OFERND, B S 1.0 m OZERIFRERIT, WRICHERE U772 ORISR B %2 21T 5 Z &N
WS D, R D Q013)DFEFIL, FHRkSHHERIARIZ & L T EHUIHK 1.68 5D 22 &3¢
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Fig. 2-5. Relative variable importance generated by the random forest algorithm.

El: Elevation, Asp: Slope aspect, X: Longitude, Y: Latitude, VC: Vegetation Category.
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Fig. 2-7. Time-depended changes of air dose rates.
Error bars represent the standard deviations.
Closed circles and open circles indicate the mean values and Maximum-Minimum values, respectively.

Grey lines represent the physical decay of radiocaesium.
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Table 1. Time-depended changes of air dose rates.

Jun Jul Aug Sep. Oct. Nov.
Days since the accident 89 123 151 186 215 251
Phys. Decay rate (1.00) (0.98) (0.96) (0.94) (0.92) (0.90)

Mean sD Mean sD Mean sD Mean sD Mean sD Mean sD
All 121 0.24 121 0.22 1.20 0.2 110 0.18 114 0.17 113 0.16

(1.00) (1.00) (0.99) (0.91) (0.94) (0.93)
SO 1.64 0.19 1.48 0.21 1.48 0.18 13 0.13 1.41 0.18 1.26 0.14

(1.00) (0.90) (0.90) (0.79) (0.86) 0.77)

1.0m
PD 1.23 0.17 1.24 0.21 1.22 0.16 114 0.15 1.15 0.13 1.15 0.16
Ve

(1.00) (1.01) (0.99) (0.93) (0.93) (0.93)
C 1.02 0.11 1.05 0.11 1.04 0.11 0.96 0.12 1.03 0.08 1.03 0.08

(1.00) (1.03) (1.02) (0.94) (1.01) (1.01)
All 1.53 0.38 1.44 0.28 1.44 0.27 1.39 0.28 1.26 0.26 116 0.21

(1.00) (0.94) (0.94) (0.91) (0.82) (0.76)
SO 2.15 0.21 1.79 0.23 174 0.24 174 0.21 15 0.23 1.26 0.16

(1.00) (0.83) (0.81) (0.81) (0.70) (0.59)

0.1m
PD 1.59 0.29 15 0.24 15 0.25 1.44 0.23 1.29 0.27 1.22 0.22
vC

(1.00) (0.94) (0.94) (0.91) (0.81) 0.77)
C 117 0.11 1.2 0.15 1.23 0.15 117 0.19 113 0.15 1.03 0.1

(1.00) (1.03) (1.05) (1.00) (0.97) (0.88)

SD: Standard Deviation

The decrease rates of air dose from June are given in parentheses.

The vegetation was classified into three categories: Seed Orchard (SO), Red Pine and Deciduous
hardwood forest (PD), Cedar forest (C).
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Closed circles represent the mean value.
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WS RIS L0 R S EE RO 5 6, BT PCS(BLT Cs) o it 1349
VETHY, BRETICRIIMICHE Y 76T 2, 74 —/A7 U MRHIHHREO B B liHE
STz Cs D—ERNRIRITHHARNIZIRV IAE NI Z &6 BERO PGSR DLE, BEa)E
FH O ZE R R0 Cs BRb & 92 Z & 231 54U 5 (Kuroda et al., 2013; Komatsu et al.,
2016), ZAVE T, BIARICE T DIHRSAA0WAE BIZOW T, FeEAE WML 72 &0
KREGMED R 528 (Petroff et al., 2008a, 2008b; IAEA 2009; Prohl 2009), 57 2 fs F fiH]
TOZEH (Ohashi et al., 2014; Komatsu et al., 2016) 23 i ST & 72, LM LR S, BTG
Zud, F—MaNICHET RO AR TS, HAZ LICRESRR D Z &l Sh T
% (Yoshihara et al., 2014; Coppin et al., 2016; Komatsu et al., 2016), = DX H> & 1%, HHE-Ht
fin, ERURAE, BHOROMMS L EOfkc RERZME S MEARZE] LIRS 2500,
B ZE3 A4 U 2 BEIR] 2 fifthT U 72 R B3 7eun, [A—H#RrNICIs 1T 5 Cs IR EE DO ER 71T,
BIARIZIIT 5 Cs BE~DIFAEMEIC L, S 61T, EHMEREDFFHOIHY L~ L a5
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BB ORI, WEOEM DB TIIREREE o T\ D,
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al,.2001; Petroff et al.,2008a, 2008b; IAEA 2009; Prohl 2009; Coppin et al., 2016), Komatsu et al.
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e L2 TREME 2 SCRF L TV 5,
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3.2. Ak
321 YU TILFEmE Cs REDAIE
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3.2.2 MEHEHT
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%17 - 7= (Jaccard and Turrisi 2003), #8247= ¥ 1T AIC (Akaike’s Information Criterion)(Z J
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ET N HENRA NETIVRIZEO KA L 772 LT-(Burnham and Anderson 2002), fi##T(21% R
ver.3.2.3(R Core Team 2015) % H\ 7=,
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E(Y) = =X{B ; Y;~Normal(u;,o*)
(3-1)

TIT Y ARAEEL X AR, 6 RfRETH S,

3.3 #R

T IVERIZ LD AAICS2 OFFT /L%, null model & 8 C Table 3-1 (2”4, O4f - 2
M OFFEMTRERIE, B, B & BUEREmABE O EAEM . DA L0k D Cs LSRR K
BT MBI, XA RNET NV EREOET MIRDDIFTE N RETALETTHY &
By RET MR TOEMNE T, 7o, e, Bm L a0 BEER, O
B L0R D Cs JREHITITA BRSO Hivlz, BEREEET, pEAEWEE o7
DO, Y RETMTRIRE N, B8 L BRSO R AR O R % Fig.3-1 127
T, BHEREEEI/ DS THUE, BE ORI Cs I IR T 528, BhE RN
KREL D e, BEOEIMZMED CsIREN AT DM Z /R Uiz, O &M D Cs JREE
L Cs IREDBIfRZ Fig.3-2 (27”7, L &M D Cs IREELL ORI EV, 388 Tl Cs
BEMETT 577, O T Cs I EN ER-4 2 m AR L,
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Table 3-1 Results of model selection based on Akaike’s Information Criterion (AIC).

Coefficients
Response variables = Model Rank Interaction AIC AAIC
Intercept Projected canopy area Tree height (Projected canopy area Cs concentration ratio
x Tree height)
Heartwood 1 52.1" -10.0° 3.8 48.3" 371.30 0.00
2 50.0" 2.49 -10.6" 3.4" 49.7 372.70 1.43
13 145.4° 393.61 2231
Sapwood 1 115.4° -6.2" 2.3" -19.2° 335.66 0.00
2 115.7° -0.4 -6.2" 2.2" -19.5° 337.62 1.96
15 82.8" 350.35 9.71

An asterisk indicates a statistically significant variable based on p value (p < 0.01).
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Fig.3-1. Relationships between projected canopy area, tree height, and **’Cs concentrations in

heartwood and sapwood of Japanese cedar.

(a) The ruled surface of interaction between projected canopy area and tree height. (b) Relationship

between *¥'Cs concentration and tree height. (c) Relationship between **'Cs concentration and

projected canopy area.
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34 BE
3.4.1 Cs MILEHIFEAT

%G & LT ot O F-41E, 183 m Tho7eDIZk L, B FEO T 9.1 m Tho
7o ZDI0D, %< OEIZEB W THEICHE Siiz Cs DE < 1%, MO FEN» D EET
BHANIZIRD IAENT- B2 bID,

D - I DONTHUCE N T, HEE SNTBEOREDNATH o722 Lovh | MR &
K7RBIEE, CSIENMETT LM RENT, ZOMRIL, EEHS FEICHT CoE
BTN 31T DRI BB PRV, R @O EIRHN BN TV D ATREMEZ R L D 5,
STHROIEYE R T o 5 ATMRE (I ER 2 | PN ESIHE T 2 L. L TIE0.38, UM TiX
0.36 L 72 o7z, KRS, DM TIZREDHEIMIHENZE DIFERAED RE < RD70H, T5o&
IFRESAZD, L, FHTELDZ LICL ML L7262 1%, (D & Tlg e
A E—E L7z, Ogawa et al. (2016)i%, FFIT O I 2 BB S5 [0 OILBEIREAT 2 W5 LT
DN AMGREIZ L O M OB T AMIZB W TS BE SIS T DI OENE T,
FEROD Cs P FEIBEAZEIZBE G- L TN ATREME DS RIS X7z,

3.4.2 BRIZEH T2 Cs DKERF

Fx V) TA VRSB FLN S 10 FFLL Efl LEFRREICH DI —n v T I~
YTl MO CsIBENOM L b otz 2 &2V & TV 5 (Thiry et al., 2002;
Soukhova et al., 2003; Yoshida et al., 2011), —F, AFX =X RICHEI N 70— LT —
VT T MZHEKT D Cs O OKEDAIB TR, WMLV LM OHRENZ &R
Wi STV A (Chigira et al., 1988; Kudo et al.,1993; Mahara et al., 1995; Momoshima et al.,
1995; Kagawa et al., 2002), Z 15 DEFE/AIZ OV T L 5 1E W T 5 ATREMEN R &
AL T 5 (Ohashi et al., 2014), L DFERL & KIZ K D KETF [~ Dk A 71 = X NI4T L
L LTI TV W E OO (Nagai and Utsumi 2012; Barnard et al., 2013; Kuroda et al.,
2013). Cs O H 0]} OFEE S AA~DOBITNIE ST & 72 (Garrec et al., 1991; Mahara et
al., 2014; Ogawa et al., 2015; Wang et al., 2016), A X DM IFTEKENELS, BV T LR ED
TNAVEBENPLFENTND Z ERFN LTV 5 (Matsunaga et al., 2006), T4 D52 T
X, T VAR, BCs, BROVLE YT MIFMIE A L RIS REICEEIT S 2 b
DNHE ST 5 (Okada et al., 2012; Aoki et al., 2017), AWFZE Tld, Lo & 10484 D Cs L
MREVIZE, OO Cs RENMET L, LA O Cs IREITHMT DM REshiz, —75
T, DM &M O E ORERHEIZ R 2 Y . AE RSN T, 88 D Cs b &I~ T
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4.1 [FL®HIC

R L B SN R BRI O 5 B T PTCs O FIIEA 30 4T
B REPICRABICED AT 5, RNTIKAROKEELZ LD L5 —FH T, HFHEKICE
BB TRD TIREM TH W BIEDH L < @ PCs 2 W Cs(BAT: MUt Co) & (145 L T\ 5,
7 =7 U NEEEEITE SV E Cs 13X, BEIVEIC KD R A HRICAT LT
(Coppin et al., 2016),

F V) T AVIEFFHIZ L0 S Cs 13, MiREICERT 52 & Tkl
IV —AGEEPR) E R0 | BIRZ LTEPEERICE D . BHNCH - 0 FRARAERERNITAATE Lt
iF TV 5 (Fesenko et al., 2001; Kruyts et al., 2002), ZD7= . FHRIICI 1T 5 E W7 o
Cs B2 T 572 DI, MIARZ N LIEERICIER 75 2 & NEZETHh 5 (Koarashi et al.,
2014; Yoshihara et al., 2014, 2016a),

ZAVE THHANIZEI T 5 Cs OB TEIRE NS W S 4T & 7223 (Yoshihara et al.,2016a; Mahara
etal., 2014; Ogawa et al., 2016), FIH-CHIER & DIRE Z & ORI F 2 0F%EH13 %<, 2
O OEBIOBATRR 2 D BIAREAIROERE~BIH ST 5 Z L 3RO b D, BHAD Cs iR
Wi, FEREOEEA L, R, Mok ME ST\ d Z &5 (Yoshihara et al.,
2014), THHLDEWEBE LTCE=F ) 7 0EE SND, A ORI ZIET 5
TeOIZZNETE L OFENFEM SN TE D, FITHEBOREIT, IR ETIHARDLK
B, MRHEORMEDO—HBE L L o, BHRT —Z OBERRETH L, L
T BIRZRE L CERILL 72> PV B BNICERIE LT = RV X — iR % & S Higs(e.g.
T =y NEERRES, I RV AT L—ra VREER)EHVT, KED
P TNV ORI CsIREZRIEST 2 2 L1, FEICEHOEDHEENTIIZRVY, L
Mo T, BIARIZET 2R CsEBBZRET 27202, L0 @D, I ROIER
IR TFIEDMEL RO B AL D,

AIFFEIE, "D-v % AR TRET 27 2 ) e v 5 /N SR ERE &2 V05, ADSt
X ZWET D 2 &2 FRBRICBRRE Sz D-2 v M, EARTOfEF & LT
Ji < Af ) & 3TV A (Adachi et al., 2016; Naito et al., 2015,2016; & 5 2016), 7=, D-> '+
MUVITBRRE IR OE =2 U 712G v )OI RIZ 3810 5 HEER D 6 O y #7H
7E(Konoplev et al., 2018)<°, B AR D y I E D> I 2 L—3 3 7 /L (Kurita et al., 2018),
N AR U TR D B O y $R)%E (Yoshihara et al., 2016b) 23 S LTV 5, AiE Tl
BEARRD O ORFE RIS L0 . WIBR O Cs REDOFFHE(EZRALMNCT D L LB,
Ry MNEEFEZSREICKH 1 FRERE LR O, BN oREO T & HEE
L. W DR M Cs IREE DFHIZAL & ik L7
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4.2 Hik
421D v % RILIZDNT

D-> % FVIE(Fig. 4-1A), /NS TROU Y a b BFERRHEREI 2.77 X 2.77 X 0.32
mm®) THERR ST 0 L DR ¥'Cs 3 i3 % 662 keV DY+ THEIE & 1T % (Naito
etal., 2016; Cemusova et al., 2017), D- v b LT —f%A9 722 B 28 A6 U SR EEt & AR I
EXTRToH % 80 keV ~ 1.25 MeV O T /L X —HiPHIZ I TIEERAE 30% AN & 72 5 K 9 %G
SNTEY, B Cs o S LD y BAFHIIT 5 Z LA TE 51U 2018), Z Dft&E
FHIMHBEIRNO = XL X =0 G5 SN0 AE T v F L AT 5 Lem fiay
%G‘% BY)USVIN)~E BT 5, VFELLEANY TV —2ZHEFICHETHZ N TE, 4

H(USv/h) & MAFERHRE(0.1 uSv — 99.9999 mSv) & Ftdk T & A (K1l 2018),

(H45, p|t D15)

Fig. 4-1. Photograph of dosimeters set-up for field measurements.
(A) “D-shuttle” dosimeter, (B) lead shielding holder, (C) photograph of dosimeters fixed on a
tree trunk and poles.
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422D v MILICKBHIE

&SRR UARRXIZAFT T HH 50 FADAF 1 K255 L L, D-v v bk, @
MEOEmS 05m, mS 1.0m, T 0.2m DOIRD 3 AT E L7 (Fig. 4-1C), 72, #rE
FHIHAORN L — % 27130 X 95 X 45 mm® D ORI Z FAV TER D FEHE LS D
Ji % Bt > 1= (Fig. 4-1B), & 0.5 m O ERATOH, M A 4 X 6om* DR E & TR
LNBHZICHE T2 LD ICRE Lc, £70, IBRARPOH ImEEL T, HE ImDOmI Ty
7770y ROEMBEOWEEZIT- T, ERBMEFEOREDOEIIR T vy 7 2 HWTiIc,
TTAF TR, WIEIL 2016 457 A 3 HA S 2017 46 A 27 HE T 360 H[H
1To7=,

423 NERICEFENDMEE Cs BREDAIE

TRRATH O A TR T MK 35 454 . DBH 37 cm D A ¥ 1 A& A A L LT E L7 (Fig.
4-2A), #1 EFE 0.8 m~1.4m DS CTRHEZZ 10 cm x 10 cm DK X S TH|FZ L 7= (Fig. 4-2B),
PRIUREHNIE 2013 428 H 05 2014 4F 10 H £ Cid 1, 2 » HREBRE L. 2014 4 10 A LIFR 134
B E U, BRELL 7 B AME Rz & R EZIZ X 43 L 7= (Fig. 4-2C), W o 7 ViR i &
ZRER T L, 105 CT 24 ez U CRzie A IER . U8 TR EE L T Ge
e AR H 25 (SEG-EMS: SEIKO EG&G Inc. GC2513: CANBERRA)% FV T, 20,000 # ~
40,000 75 CHMEE RS 720D O CsIREARIE L, [F—H (2011 4E 3 A 15 H)ZHRIAMIE L=,

A
Inner bark
sampling area ~
| ~_Study area
3 N
o s - mimJ

Fig. 4-2. Photograph of inner bark sampling.

(A)sampling site, (B) Photograph of peering the bark, (C) Photograph of the bark divided into
the outer bark (left) and the inner bark (right).
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424 T—2 DIFEL
ARFFETIL, SICRRE LA 7y MREFIOME, Ny 7 770 ROBBEEZRE LR v b
FREFHOME, R U CTERILL 2B O &4 i3 5, k2B 2 #Eim T 57290, (4-1)
AT K VD0, B 1 L7 D X ORI LT,
z;=(x;—x)/o
(4-1)
ZIT, g L LTME, X BE, X Y, o IRERETH D,

425 BBAIZE TS Cs EEDEHELDHE

IR R IEICRRE LI EGHT, SMBIRZ. WIBERZ, #FE0. R ORI i@ﬁﬁént = [T
BENE LI EBZ DD, IMIEICHITE S 7z Cs IR L S hic< wz &
ﬁﬁ%émrwé&%@>mmn@maagmno%@t@\ﬁ%a:i@ﬂméhéﬂ@
B OBEITNR EDORREMECLIVER L 5 508, S OB Cs EEREITIZIFE—TE
Thol EET D, 4-1)FUT X VEERE U2 HDEMIL, MRy 7222 Wﬁ§$®ﬁm£&
X722 R DR BER DL EDEH LB X DN DH((4-2)RX), DF 0, EHE(L L =HEMmD
5. FXBY 2= EROE R Z WL, AR R O ER O (b EE R L D
Do

EENER DS Cs SR EIE, Ny 7 7T 07 RRAMEEIZ A TA 20, JlERREDE
BAR/NELT 720, 10 HHOBEEREZ AW THEEZ1T -7,

STD = frap,rip) = RAD + RID
(4-2)

Z ZC, STD: the Standardized Total Dose rate, RAD : the Relative Ambient Dose, RID : the

Relative Internal Dose rate of the stem Tk 5,

4.3 #ER
431D ¥ MILICKDAIERER

DY ¥ MIUZEDAERTHESNZ 1 HY72 Y OFEREREOHERE % Fig.s-3 1ITRT,
Y720 OFERERITE VT NOIEIC, Ny 7 770 K @S 05mDAFOR, &S
1.0MmDAFO, T 02m OAXDRDIE L 7272, SRR Z VT 2 X0 HE
Loy » MREF O, hiEfkEZ A nIc Ny 7 770 FofaEsflE L7z D &
¥ MVOEOR US BREThH 7o, Ko T $hERTARIZ K 0 JEFH D v $Ro>FEEE DS KRIRIT AR
TEXIEDIREBI N,

AR - ARICRE L7 D v MR OZERBRELRELZHEL7ZD % hro 1 HY47D
OB EROHES ZAEHEL LT Figd4-4 |79, AFXORBRICHE LD vy MLOEE X
FEICRHRBE L TRy 7 7 RERELEZD vy hLORMICIE, LS5 2 & T, il
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Fig. 4-3 Changes of the total dose rate per day (uSv/day) observed by the D-shuttle dosimeters

from July 2016 to July 2017.
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Fig. 4-4 Changes of the standardized total dose rate per day observed by the D-shuttle
dosimeters from July 2016 to July 2017.
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Fig. 4-5 Change of *'Cs concentration in the inner bark from 2013 to 2015.
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12 A0S 4 AIIEE0REL2Z1)7, D vy MOBREMBRESIETLEZZ &b, =

DEIM & bR THEE 21T o 72,

(4-2)RI2 LV, mE05m, &S 1.0 m OFERFH) e kiR N AR

BEGE L, AT —NEEAHZDTOICHOERE Lk R4 IR~ T (Fig.4-6), A TR
IZRRE L7z D v b 10 A OREEMR R AR L TSR T (Fig4-6), —ARDAKRD
FC, IREBROBMEOFHEMITL S —F L, ENSHRITHT THA, BRI T THY
L BB TR, A0 DRICHEMNT 2 &0 ) BfRE R L,

Fio, @2QRICEVFHELZEmS 05 m, &S 1.0 m OFERA 7 fap NAREOHERIZ . £
L 72RO Cs IREAAEHE( L, B TRAR LI(Figa-7), HEE L7oBiipit oL
bix, B OFEEHZELE L —& L, ENLMA~DHN, M LE~DRD, XnbE
WCHEIINT 2 &0 ) BfRE R LTz,

Standardized Internal dose

3 - Summer Fall Winter Spring Summer

7/3 81 9/110/1111/112/1 1/1 2/1 3/1 4/1 5/1 6/1 7/1
Date

Fig. 4-6 Changes of the relative internal dose of the cedar trunk and root.
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Standardized Internal dose
(@]
|

7/3 8/1 9/110/111/112/1 1/1 2/1 3/1 4/1 5/1 6/1 7/1

Date
Sampling years of inner bark
= 2013
4 2014 — 0.5m
® 2015 — 1m

Fig. 4-7 Changes of the relative internal dose of the cedar trunk.
The lines indicated the values of the estimated relative internal dose of the cedar stem.
The points indicated the relative **’Cs concentration in the inner bark.
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4.4 EE

PNASHRZ VKRR & & FRIEAL, R AR B AR S O BB~ KB R EY S &3 D
Mchsd, £, BRI N-BYIAEEZE L CHOKREMRM~EFoELSND, BY D
ACAT KIS EMEAS LR SN Z ENFHoNTEY  KERIUTAA Y &BICET S
Cs OBHAND AR, A Y 7 A LT 5 2 & 23 X TV 5 (Rnneau et al., 1991; Yoshida
etal, 2011), ED7=, WHEHEZ D CsIREDREIZ LY . BHANIZI T D Cs fik O FEHZ1L
R TE D ARRENEZ DD,

HROL9)IE, IAXAFOBKICEEND IAXTAOREARE L, KIREX, 4 A DB
ATORENR—FER TR b E <. Z0% KIREIXHAT 223, 11 BIZ—FIc LA L2 &
s Uz, BEN 5 (1993) 1%, L 4ELL BT 720 AXDEEIZE END I X T /VIREZHIE L.,
KIEEIX5 AR b, LAFCHT TR Z2HE L T 5D,

WD Cs IREEIE, 4 A & 11 HIZEWIRE % 7~ L7 (Fig.4-6, Fig.4-7), 4 HIZNKIEZ D Cs
DERE Th 7= Z E1E, F 5 (1991)°EEN 5 (1993) DA -5 . BHESCHED K IR E O
AL —ET 5L L HiIc, 11 HICEBETH- 722 & bARLA9) DA L P+ 5, —F
T, DITDRROH 4 ADORELIY 11 HOFBRERE L7257 0I12i%, SRBUFRRSCEEH
DRGE B INT-RE b HER SN D,

BEAN 5 (1993)1%, 1 L EICH 2 &S, AXDOEIZE TID I R T VIRE O
REICEDEVEARE LTS, £, HH0A991)i1., BHRICEEND KIBEDOR Z L D%
fba#HE L Tno,

HIFIZE DY 7Y o 70%, #fe i aE S EE L <. AHFZE TR, 1A DS AEIC—
DY TV TICEDMMETH-T-Z 006, EIRHASCEDOEWVCL2ZEIE L L2 b
RinoTelew B2 BD, MA T, 11 H OPE R ' — 713 2013 FFITHERR S Hu, 2014 41
BWT, 11 ADOREIZ 4 H X VIRWVMEE 72 o7c, AXOHEIZE Fh D CsiREIX, 2011 42
5 2015 AR HNT TR 2R BEE 2N i & Cu D (Yoshihara et al., 2016a), — 7. PR T
X, FERICEE D BRI IS SN2 0 o T2 b OO FEI R AR 2 [T )T
72 A0 2 R) LT=(Fig.4-5), 11 H OEEE 2 v — 713 2013 FEICEIZR S, 2014 ARV T,
11 ADREIT A A X VIERWEE o7 2 L b BHADOLREFT 2 Cs BB Lot
Ezbhb,

BEERFZEICEBV T H . Cs AMEREIC K W BT LTV D ATREME 2N & C & 7= (Yoshihara et
al., 2016a; Kanasashi et al., 2015), Kazda and Weilgony (1988)i%. #HEIZ & 115 I R T VIRE
13, HEH AR & OBHAPIER 2 K 5 LT\ 5, Cs IEDOEHZLIIZL Y, BFICIE
BeTp E ORI~ FKFEITITFOIR 22 & OBt B~ S0 5 rIREMEA RIR Sz,
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45 F£F&H

@-D)RZEAVCTEELLZZEICEY, Ny 7 T T 00 ROEEEROZHNETORE
Bl EHEEM L . ROBMELIAEFR U Ay — /L CTHEST 2 Z LR TE, WiE DL
ITEL = LT, &6, #HEE Lo ki, 2013 455 2015 42 HIE L 7= st
D Cs REE BRIU A —/LCRiiT 5 Z A TE, WiFOFEMOEITLL &Lz,
KITHEMIEIZ L B EN D TEHEKD—DOThH b, K OBHIERMAETH 5 K Iix, BRFICLT
FEL. 89.1%7% BHAEEIC L W A v A(*PCa)IT72 b . 10.7% 0N E T 24 L 7 L= (PAr)
72 DBRIC 1.461 MeV D y & it 2 (A BART A v b—T71% 2011), Ml Cs%E L
ToRREEHE, B D B BA R L W e rletEid Ry, F72, D-v ¥ Mo R ¥—
RHBEIIE, 60 keV - 1.33 MeV Th 5728, “KITEKT % y BUIHH S, Liza-
T, RFEIZEY, BIREZESIT L Z L, #ENICETO CsIREDEZRETE S
AIREMEDS R ATz,
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51 [FL&IC

HBEHREDOREIZB N TH LN EMBERIT, WEE~OBENARETH Y | JHFE DK
FHEDOZER 2 EEAICIERE T 5 Z LN TE 5 (Mikami et al., 2015; EH & 2017), ¥R ESHET
RET 7 7 VDBgE Uz 8RR MR EFH(D-> v PA)IIAS Yy T U =N ShTE Y,
—ERE TSI R OREE N ATRETH D, ZERIMRER D O O MY E L&
EEDOEREN D v ML EAWZRIEIZ L AT S LTV 5, Yoshihara et al. (2019)1%, D
v MVERWE BB ERORFIEICL Y, FRICEB T 2RO REZHRE L T\ 5D,
Konoplev et al. (2018)i%, Il DILEEFICIIT D D ¥+ hba FW = ZE MR ER O & |
T T OV T Y BN O & HERRIZfE O BURTEMEEIREZ B 5 M2 LT D,
LNLRNBZED—FT, EHBERDEFHOMAMEMESEHEE L ORBRFRIEITEMETD
BV | ZE MR EIR T P O B YEE O EILAE A0 O AR E MO, T, N D EY)
72 EOMERN BANAEKIFET H Z L BN E BTV 5 (Saito et al., 2015; Malins et al., 2015;
Yoshimura et al.,2017; Ishizaki et al., 2017; Kato et al., 2018; Kim et al., 2019), 72 B4+ o & M
RN T, EEMERITTEAKSIC L 2EHRIREZZ T L2 P RESN TV LH(EAED
2015; Yoshihara et al., 2019), & J&5 WA RAT IR BHLX O FRMRIZISN T, 22 R & 1K
YR EREHET LA BRADOHBENH 1= 2 L s, HHERBICER LI REA KIC &
DM SN B Z & TR E RO (LS LKy RICEB S N R Z RS ST
WAHMEHAD 2017), 2012 LA, ZRAROD LSRG FE O KR/ 13K g 1l 7e K o ik IC
BITLTWAZEREONTEY ., FEHEANKEE LZESHARREOHKICIE T, K
FEEEROSMARZAEPMHEEICE L TS Z L iFE 2 Ic WS 2017), HIE S22
MR EEROMEN, KSR EOBFOREICEEINI 22 b, ZEHHFERICE-
THEBOKHEERZ#Hm T 2B 810, ThOOREBEZETILNERH L EEZ DN
%y

PN L 0 1F D NTBHME O | EEEELRI T X RV EORRE Z S X 5 & T D HEHEE
(IRREZEME TV L MHEN D HHAR LN D (D 2011; R4 2016), AHAFZETiL, D
% MU Ko THIE SN T2 M ERORSRYIT — 2 b, ZEHBERO R RINEE) %
ETME L, EEBRITERWBUREE OB AHET 5 Z LA R E Lz,

5.2 Ak

521 AT—4

52.1.1D ¥ v MMLIZ& 2 ERBEEDEIE

e e VR THRAT LR BB HI K Z 38 C L AR A 3 E LR ARITE 4 m LR L TH Y | 32
EIRPLX Fig.d-1 218, D-v % hAZHWTHILE Im DE S TRy 7 7T 7 RO E
KOWEZEIToT2, ZEREROPEDRIIR— N THIEEMA, 7T AT v 7 FKEITA
iz, BIEIX 2016453 H 22 A5 2016 4E7 H1 HETL LT,
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5.2.1.2 TIEESKELBEAE

D vy ML EFE LI ETIC LKy - RO o — &8k L7 — & v 7 —(Em50:
Decagon Devices, Inc.)Z &% & L7-, HEL7220164-3 H 22 A»>5 2016 457 H 1 HE TD,
A SRR K OF A S O HIRIRRE S K R 2 fRAT I A T2,

5.2.2 #REtFEEMT
5221 KEZEMETILEIF

RAEZEM]ET /LT DOV TIX, KD 1E2> (2011) . Durbin and Koopman (2012) . #4:(2016).
{F#(2016), HAHI(2016)72 & DLHRIZFEL VY, T 2 TIXZN D DOERA B BT L7208 HIRAE
ZEMET NVEBAT 5,

RHEZZ [ E 7 /L (state-space model)i%, ¥ 27 AETF /L EBRIET L EFIEND 2 DDET
MMZ L5 TRERFINKRBLEN D HFHET VT D, ZOET/ATIEH, KRt (t=1.,T)
B SN DRERINT —Z X7 bb y & E#ENICIIBRE SRV ERZEHR L LT
GERIENRY bbx (t=0,1,.., T) OEBBET /ML END, RIEZMET VO ik

BIZLIFO XL 51225,

xe~p(X¢|xe—q, 0)

(5-1)
Ve~ (Yelxe, 0)
(5-2)
xo~P(xo)
(5-3)

X 1) BLOK Q) FEAEREET L, BIET VLN D, t=1,., T XL
T, WEBET VT 1 DRTORE R OIRAE g (TRAT LIIRE X O EMEREE DA 2R L
TR, BHET IXFE—FFROREE X \HEIFLT2T — &y DR EHEREE M AR
LCW5,01F2 DDMERBEFH ZFAI DT DT NVD/INTG A= ML Th %, (3)
IRIRBEDPIHIE xo DHERBEE Sz 52 TWD, DX ICEKRSNHIREZEMTT L Ok
E#R B Fig.5-1 (TR,

— plrrler_p,8) —
e Y

pyr_ylr_, 8) plyrler.8)

58 Q-0 €D

Fig.5-1. Directed acyclic graph for the linear Gaussian state-space model.
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5222185 A=A DA XHFE

WEEZERIE T N D/NTG A—ZHEFEIZIT, DIV~ T A NBRORFT 4V E | T &
B IR ETIOHEE N STV DN, —fRICET ADBEML LT < ERBHEE 70 & AN A
ERDIEPIMOENTNDTZD, T2 TIEA AHEEEZHAND, A AHEEIET, RiEzE
METNVERAL ZETVE LTERI ONT A =X FRinMAzfEE) L, 737 A
— & LARKEICBET 2 F 4040 p(0, X1|Y1) ZHREET D HIETH D, /3T A—HZITkIT 5 #Fni
SAiE pO) LT DL, FEROMIRKNTERLND,

p(Yr|X7, O)p(Xr|0)p(6)
p(Yr)

_ p(x)p(O)p [Ti=1 0 elxe, OIp(xelxe—1, 6)
p(Yr)

p(6, Xr|Yr) =

(5-4)
p(YT) ITHASALEL & MEITIL, Z DFRNEE LW 2 DICFE A0 O 2R RE 5720,
FDIOFEEICIL, w3 ZEBE T B L (MCMCEID X > THE D D DA Ak
KRERGFDHZ LIZ Lo THERI S LD, FHRADAMITNT A—5 0 LARHE Xy O RIFEAG (24 &Sy
H)TH D2, ZELLTO X 9 (ZE84k(Integrate out)d 2 Z &2k > T, BLOHLHE
DRTA—=F GIZET D (HERD) FEAFEIMBEOLIND,

p(@1¥y) = j j p(8, Xy|Yy)d6_idXs

e—i = (01! Y 01’—1! 0i+1! )
(5-5)

MCMC (T & » TE O N RIFFSESSMEARD O RO ENER ST 2551205, FH oM
FEARD S BEALOBHBH/XT A—X2 1 DIZHOWNTONAERIUT IV, FEEC, [RRFE%5
i DJEDAIZ K- T FFEDEER tIZB T DAREE x O b mnts o b,

p(x|Yr) = f “'fp(e, Xr|Yr)dOdxy - dxe_1dxeiq - dxp

(5-6)
ZDE DT, MCMC 1T &> TH LA LIREBOSMITETOBBT — % Y7 IS FiEt
AT D, RIREE x DL FRIAMIE, RRFFRIMNENT A —=F Z T 25 2
LIZE-THELNDTD, NTA—FDORMEEEZRR Y AT M E 72D,
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5223 KEBEMETILZRAV-ZERHREXDETI VY

BEHIANA X7 L— LT — 715 | IREBZEME T V& AV T M ER DO RFH 221t
TS 2. ZZTHWLET VI, BISNeT — 2 OEBZHIT 27200 1 SDF
FIZTE R0, Zhud, 5 3 BCHo ko7, BERIEET VORERYT —2 ~DH
RIRYLETH D, ZOHETIE, FEICELT DREE NTA—FOW LA HEETTE
HEEBIZ, TNODORMEIMELBETE D,

— i E’Jiin‘%ﬁ/ﬁ U ARARREZERHIE T VT, BRI SRR E LTk X 5 125k
S b,

vy = Fexp + vy, v,~Normal(0,V;)

(5-7)
xt = Gtxt_l + We, Wt~NOTmal(0, Wt)
(5-8)
YOl ERER 2B DB D7 b, x IR tIZBI 2REBOXT ML THD, Fn G

WIREBATHITH Y . v« W IZZF LTI, BHITET LB LI ORETT VOERStD /) A A7
MV TH D, VATBIRIET VD ) A ZOL IS5 EATH. W IDIREEET VD ) A XD 43R
5 HATHITH D,

REE x &, BEEETHD L VUV W S -1 OIS t £ TO L~V OB LE(R
U7 MTHD o s L, &I, FAt1 0 5ESt £ TO LV OBRIZ 2R ER D B R

BRI EDIET 2B ET 5 LRETRAILLTO LS ITRRETE 5,

Be = He—1 + Teq " Me—1 + 61 + Wy, wg~Normal(0, o)

(5-9)
St = 26t—1 - 6t—2 + Zt, Zt~NOT‘mal(0 O-Z)
(5-10)
In2 In2
Rt — CCS—134- - exp (_m . t) + CCS—137 - exp (_m . t)
(0<R; <1

(5-11)

COoH¥ COBhz v 4 134, 137 DZERR R~ OB BEHFRIES 0.73:0.27 £ 5 (EPA,

1993),
AEHNSE v  134, 137 ORI & | E 2 2.0648 4F, 30.1671 4R & T B (4
WAEENENB AT A Y b —7" 43, 2011),
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Te-1 =R — Ry, (10)
(5-12)

BIHME yoi, VoV w2 HEERE ORI ex (I EEZZ TS L &bz, HESD-
V?hM@@f%@%ML%O;Eﬂ% BRI GREXILUU T Lo IciEik Tt 5,

Ve = a; + v, v.~Normal (0, o)
ar=pe-a-exze+frexsy
(5-13)

FBED(5-7)F L ONGB-8) Trn L@l A, R HFRKIZB N T, ZOETIFKRD L
INZFEIRTHZENTE D,
Fz, ElRoBHRAE AT Fig5-2 IZKRT 5,

xe=[u 1 8 6-q]"

147 0 1 0
1o 10 o0
Ge 0 0 2 -1
0 0 1 0
Fo=la-ex;y Brex;r 0 0]
Ve = [03]
62 0 0 0
0 0 0 O
G, =
t 0 0 o2 0
0 0 0 O

(5-14)
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T A —ZHEE 1T RStan /X 47— (Stan Development Team 2019) % {# [ L 72 MCMC (Calder
etal., 2003)IC L > CTiHH L7z, 3ARDMN. L7 MCMC F=—>%3{TL., MCMC %> 7Y
> 7R 12,000 [E1 & L, N—2f (U — LT v ) & L THRAID 2,000 [6] % fEEE L
P 7 E 110 125 &E Lz, MCMC > 7 U & 7 OINKIZ, MCMC kL —ADF = v
7. KOAFY » FF o —2 @ Rhat 23 1.1 A3 & ZEHEIZ KT L 72 (Gelman et al., 2013),

R = /VKR/W

(5-15)
W iLdh DY 7 FINDSrEL. VARhat 1380 F% 046 D43k, B i3> 7B o4 i %
R,

Cro) A o) e
R;_ R R, Cs—134 —nz_
zg%%ﬁo) t-1 A \_t/\_A/ t+1 . cCs exp( a1 t)
oo e g
(0<R, <1)
. . (6 = 8¢-1) = (61— 6¢-2) = 2,
ZRREFED © 6¢=26¢-1 — 6¢- -2 + 2
RAEAE @ & ) '@ (z.~Normal (0, 62))
S S T maoss
TEANE @ @ @ Be = M1 + Temg " Pem1 + 8eg + Wt
(we~Normal (0, 62))
spE | Q= He G eXpp+foexyy
ZRREED @ @ @ Ye=a+v,
HRAE ga@ | We~Normal(0, a2))

Fig.5-2. The diagram and the equations of the model.

Shaded nodes indicate variables that are unobserved
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53 BREEBR

HeE L7287 A—4 @ Rhat fEIZT T L1 RiiThH o7, D-v+ b X D8HME &R
REZERE T M X 0 HEE SN2 ERBERO LV OHER Z Figbs-3 IR d, £/o, 7 /L
INT A —H (B, 6y, Ow, 03) D JEL A% 534 DT E % Table 5-1 12787,

Fexix, TN ZT — &T%é\mm$4ﬂ~ﬁﬂiflﬁﬁ R R Y S
OIS L HAE SN DA AARBBEE W R T IC L 0 . ZERIRRESR & kR
Dl ﬁ@ﬁ+ﬁﬁ%ﬂﬁ%nt_&%%¢bfm5@ﬁ%2mn Ky RO N
T A—4 B D 95%(E XM/ (-51.889, -34.768) T 0 2 & £/ o722 Enh, IRREET /LT
LAULVERe R Y 7 bRy, 2RI B O B ARIRIC L DR T 2B Lo kgZEfe 7 L
IZBWTH, KGRI EHBERLIR T SEL2ER L 70D 2 L DURB S LT (1),

FERRCBII S AT B v L H 2 RESET LT\, Fio, BHOKGEL D-v v
FVOIRERMEZZE LT o ICBWTHBUHIEEZ L < FL—2A T 2EF R HESINT, —
77 CLEBIBEED LUV w13, BURAE O B Z58) & 136 IRAY 721 2 00 AR HEE S
i, MIEZBLAL 2016 4F 4 AT, BARIZBWT, FRFHIC LY hE Lo ids e

DIFE A ENHRICERE L T2 Z ERHE STV % (Mikami et al., 2015; Imamura et al.,
2017), FE7o. FRAO LEIZEE LI CRTEME O AKEBENC OW L, HEEE RIS
HEIRIIREN TH 5 2 L BHRE SN TV D EAEEICE T 2K~ ¥'Cs DA
HE=RIL, 0.07%(Yoshimura et al., 2015), 0.5% LA (Ueda et al., 2013), 1.1%LL T (##% & 2015)
&i&iéﬂ‘(b\é) ARHIT T EEAIC L VB I , HRb DL Th oz, HIE
ENT-ERERIIE 2 RESEB L T e—F, HEE SN ZERIBERDO LUV i
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Fig.5-3. Observed air dose rate and Estimated air dose rate level that were obtained from the state—
space model.

(a) Observed air dose rate.

(b) Estimated air dose rate o.

(c) Estimated air dose rate level u

The black thick line represents the posterior median of estimated air dose rate.

The 95% credible intervals are denoted the dark gray scales.
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Table 5-1 Main statistics of the marginal posterior distribution for the parameters.

Parameters

Mean

95% credible interval

Lower bound Upper bound R
Wt 0.280 0.027 0.619 1.013
zt 0.002 0.0003 0.009 1.021
vt 0.878 0.691 1.065 1.004
B -43.262 -51.889 -34.768 1.000
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