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Fukushima exclusion zone using multispectral satellite imagery
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The radionuclide emission risk assessment is very important to mitigate the impact of a nuclear accident. Based on the experience

in Chernobyl, we evaluated risks in Fukushima exclusion zone for long term management using remote sensing and empirical
radionuclide data. The possible emission of plant-accumulated radionuclide is incorporated into the known models for wildfire
ignition and spread. Satellite data acquiring enables continuous monitoring of wildfire hazard.
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1. Introduction

Satellite monitoring is an important and useful tool
for natural resources state assessment inside the exclu-
sion zone, as well as an effective way of the potential
hazards risks mapping. One of the most dangerous haz-
ard is the fire emergence on the areas contaminated with
radionuclides. In this case, the radionuclides adsorbed
by plants will be emitted up to atmosphere that would
be resulted in the contamination zone expansion. Fire
threat grows especially inside territories left unattend-
ed. The threat of dangerous secondary emission of radi-
onuclides due to a wildfire in Chernobyl Exclusion Zone
(ChEZ) still up to now [4]. This threat has strengthened
in the summer of 2012, 2013, and 2014.

In previous work the fire risk assessment in the Cher-
nobyl exclusion zone using satellite data (SPOT-4,
14.07.1998) was carried out on a nominal level without
the use of the presented model of the risk of secondary
contamination with radionuclides. The segmentation of
the area concerning the fire risk (high, medium, low lev-
el) was based on the classification of satellite image with
the identification of plots where the pine forests affected
by pine moth. These forests are deadwood in severe and
in some cases even with medium stage of impact. Besides
the water index calculated according SPOT-4 also was
considered for evaluation, of land cover moisture [9].

The paper is organized as follows. Section 2 describes
anumerical model for fire risk assessment. Section 3 pre-
sents ecological analysis and classification of the basic
types of biotopes within the study area. Section 4 dis-
cusses the preliminary results obtained by multispectral
satellite imagery processing. Section 5 makes this re-
search conclusions.
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2. Risk assessment model

Main score values of fire danger in mapping of radi-
onuclide emission risk should be considered an igni-
tion probability P and a fire potential area A [2]. In this
case the risk at the point (X, y) of a possible fire acci-
dent can be evaluated as

Risk(x,y) = P(x, ) Z(X, ), (D

where Z(x,y) is the adsorbed radionuclide content in
vegetation fuel per area unit. Accordingly, the radionu-
clide emission total hazard within A will be

Hazard (4) = [ P(x,y)-Z(x,)ydxdy . (2)

Hazard prescribe in integral form (2) requires quite a
sophisticated geospatial simulation taking into account
terrain elevations, wind direction, natural fuel specifica-
tions, etc. Typically, many of these data are unavailable or
highly dynamic. Therefore, we had to accept a significant
simplification of the model. In particular, if we consider
the rate of fire spread R over ground as uniformly isotro-
pic, and spatial distribution of the radionuclide content
as constant, then the (2) equation may be rewritten

Hazard(x,y) = nP(x,y)-Z(x,p) [R(x,y)-dt]2, (3)

where dl is the time period of analysis. It is obvious that
dt cannot be too large.

3. Fire spread model
To evaluate the ignition probability the Schroeder’s

(1969) spontaneous ignition model [14] and the Latham’s
(1979) model of ignition by lightning [8] were used:
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where P’(x, y) is the spontaneous ignition probability,
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where Q' (x, y) is the heat of preignition, the energy per
unit mass required for ignition, which approximated as

Q'(x, ) =138.77 + 619.57w(x, ), ©)
where w(x, ) is vegetation water content fraction.
P"(x,9) = 0.64 exp[-0.072w(x, )] @)

is the probability of ignition by lightning approxima-
tion. Aggregated probability of ignition was calculated
as the joint probability of independent events:

P,y) =1 - [1=P)] 1= P"(x))] &)

The rate of fire spread is described by Rothermel’s
(1972) fire spread model with minor adjustments by
Albini (1976) [12]:

12, ) S, ML +u(x, ¥)+5(x, )]
p(x,)e(x,9)Q(x,9) ’

R(xp) = ®
where/ (x,)) is reaction intensity, the energy release rate
per unit area of fire front, {(x,)) is a propagating flux
ratio, #(x, y) is a wind multiplier, s(x, p) is a slope multi-
plier, p(x, ») is an amount of fuel per unit volume, £(x;, )
is an ignition proportion, Q(x, y) is the heat of preigni-
tion. The main variables in (9) are determined by the
following semi-empirical equations:

106,) = T(60) m(x, )b, ) [1-wx, ))]n,(10)

where I" (x,)) is reaction velocity, the energy release rate
per unit area of fire front, 72(x, )) is a net fuel loading,
b(x,y) is the heat content of the fuel, commonly » =
19.6 .. 21.4 MJ/kg for dry vegetation and » = 10 MJ/kg
for fresh one; nis a mineral damping coefficient, its nor-
mal value is n=0.3074 ... 0.3207;

rex,y)=r__(x)exp[8.09330(x,)y) 8%, (11)

max

Fnax@3) =[0.0591 +2.9260(x, )],
where o(x, ) is a surface-area-to-volume ratio of natu-

m
ral fuel. With regard ? = Jig fuel depth, the (9) equa-
tion becomes

106, 9) 6 (x, ) [L+u(x, ) +5(x, Y)]
p(x, 1) e(x,0) (X, )

where the following approximations may be used:
Q(x,p) =581 + 2594 w(x, y),

R(xy) = L (12)

O(x,9) =581 + 2594 w(x, ), (13)
4.528

£(x,y) = CXp’ B O—(x,y) (14)

exp[0.792+3.7597a(x, »)"°]
(D)= T 19247.90950(x, ) (15)
1(x,)=0.715 exp[—0.87 1 10(2x, ) 55](3.28 10/)0159887x. 054,
(16)
$(x, ) = 5.275711g*[@(x, )], 17)

where v is the wind velocity at midflame height, ¢(x;,))
is an angle of slope.

4. Radionuclide transfer model

In the first phase of radioactive contamination
spreading after a nuclear accident, directly deposited
to vegetation cover radionuclides produce the main
contribution to the fire risk [3]. In this case, the quanti-
ty of radionuclides emitted by fire is simply proportional
to contamination level of the territory:

Z(x5,9) = {Z,(x,9), (10)
where Z,(x, y) is a total surface contamination by radi-
onuclides, {is a fraction of radionuclides, deposited in
vegetation fuel. This value is typically less than 0.1-0.15.

After 1-2 years after a nuclear accident, the main
source of radioactive emission in case of fire are radio-
nuclides adsorbed by annuals and perennials from the
contaminated soil.

Values of soil to plant radionuclides transfer factors
(TF) are significantly different for various soil types [1].
The TF for ¥’Cs are 7—15 times higher for all vegetation
types on the peat-swampy soils than on the soddy-pod-
zolic, 10—-20 times higher than on the grey forest, and
15-30 times higher than on the chernozem ones. The
TF values for %Sr are 5 times lower on the grey forest
soils and 10 times lower on the chernozems than on
the soddy-podzolic soils [7].

One can notice that it is almost impossible to deter-
mine experimentally the TF in the year of radionuclid-
es fallouts because plants contamination after the acci-
dent is mainly stipulated by the surface radionuclides
precipitation. The simulated TF values for the moment
of radionuclides fallouts for the ChEZ are given in Ta-
ble 111, 13].

In addition it is determined that the TF values are
decreased at time. And the main factor changing the
radiation condition on the contaminated territories is
considered to be the radionuclides immobilization with
a soil absorbing complex. The velocity of the radionu-
clides accumulation factors (AF) decrease at the ex-
pense of this process for '¥7Cs and *°Sr is significantly
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Table 1
The TF values for '¥’Cs, kg~"'m?

Vegetation type Peat-swampysoil Soddy-podzalic soil Grey forest soil
natural grass 223 10

coniferous forest 002 00017 00005
broad-leaved forest 002 0.002 00007

higher, than because of natural decay. So, for the peri-
od after the Chernobyl accident, the TF values for radi-
onuclides transfer into plans have decreased for '37Cs
by approximately 100 times on the organic soils, by 10—
30 times — on the mineral ones; and for *°Sr — by 2—3
times on the mineral soils. At the same time, it is fore-
casted a significant further slowing-down of auto-re-
habilitation processes; and a decrease of plants contam-
ination is supposed to be determined by half-decay pe-
riods of *’Cs and *°Sr (Fig. 1).

AF
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0o
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Figure 1. The TF dynamics for '7Cs of natural grass on the peat-
swampy soils (a), soddy-podzolic soils (b) and chernozems (c)

As to the forest ecosystems, the character of their ra-
diation contamination is essentially different because of
their complicated vertical structure and significant vol-
ume of over-ground phytomass. Right after the radio-
nuclides precipitation, their vertical migration starts from
the upper phytocenosis layers to the soil surface.

Long-term research of °Sr and '*’Cs distribution in
the pine forest biocenosis of the ChEZ shows that the
main part of °°Sr and ¥’Cs (76—83%) is located in the
soil, 6-13% is accumulated with the forest bedding, 6—
10% is kept in the leaf canopy, and the mossy cover
contains the rest (1-5%). The trees’ steams are con-
sidered to be a main depot for the balk content of ra-
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dionuclides (36—53%) in the over-ground part of for-
est plants [16].

Itis determined that with time, the increase of a spe-
cific activity of '¥’Cs in the majority components of tim-
ber stands — sprouts, leaves, bark, wood — occurs in
almost all wood species (Fig. 2) [5].

Bq
kg
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1000

1991 1993 1995 1997 1999 2001 2003 2005 2007 200 201 2013 years

Figure 2 . Long-term dynamics of a specific activity of ¥’Cs in Scotch
pine wood when density of radiation contamination of soil equaled
370 kBq/m? (a) and '®> kBq/m? (b)

5. Study area

Fukushima exclusion zone includes the following
types of landscapes: urban/suburban area, abandoned
farmlands, coastal area and highland forests.

The study area is clearly divided into plain coastal
zone and mountain area. The coastal zone is about
7 km wide in the region of the Fukushima NPP. It is a
plain with low hills dissected by shallow and broad val-
leys of small rivers and streams. Further inland from the
coast, the mountainous part begins, where the absolute
level of relief achieved approximately 60—90 meters. In
the mountainous part the relief reaches of about 1 km
above sea level over a distance of about 30 km from the
coast. The mountainous part is sufficiently dissected by
deep valleys of numerous small rivers and streams. The
depth of the valleys is up to several hundred meters
(200-300 m).

The mountainous part of the territory and the hills
of the plain area are covered by forests. Those are mainly
mixed coniferous and broad leaves ever green and de-
ciduous forests. There are areas of homogeneous pine
and cedar forests of different ages.

For pre-classification the territory within Fukushi-
ma-1 area has been selected. It is about 20 x 20 km. The
classification was carried out on the base of Landsat-5/
TM image (http://earthexplorer.usgs.gov) on April 5,
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2011 (Fig.1a). During the pre-classification, carried out
by different methods, the following classes of land cov-
er have been classified: 1) the mainly coniferous forests;
2) the predominantly broad leaves forests; 3) the mixed
forests, 4) the grassy vegetation of meadows on water-
sheds, river valleys and within abandoned farmlands;
5) the man-made objects, 6) settlements 7) wet areas
of river valleys and abandoned rice paddies; 8) the sur-
face of water bodies (lakes, rivers, ponds).

The classification results by different methods were
similar. According to the method of maximum likeli-
hood (ML) and minimum distance (MD) supervised

Table 2

Statistics of land cover classification of study area
Class of land cover %
red pine forests 26.70
cedar forests 486
cypress forests 239
black pine forests 06
other broad-leaved forests 3548
larch forests 3.51
oak forests 1.77
meadows 6.53
wetlands 2.17
settlements 4.36
barren lands and man-made surfaces 1.24
water bodies 10.30
Total 100.0

The maximum likelihood (ML) and minimum dis-
tance (MD) supervised classification were carried
out using ground-based truth area of interest (AOT)
for each class/subclass. The outputs are shown in
Fig.3d.

Theoretical models of wildfire accident and
spread were adapted and debugged using U.S. For-
est Service BehavePlus fire behavior simulation sys-
tem [6]. The values of model parameters to perform
computations over the study area were collected
from the specifications of the most suitable
biotopes, documented by the U.S. Forest Service [15].

Asaresult the maps of spatial distribution of the point
source fire ignition probability (8) and integral hazard
of adsorbed radionuclide emission by fire (3) were ob-
tained within the study area. These maps are shown in
Fig.3f and Fig.3g, respectively.

The greatest risk of radionuclide emission by wild-
fire within the exclusion zone occurs in the central and
north-western parts, mainly inside the cypress and red
pine forest biotopes. Integral risk over land cover class-
es of study area is distributed as shown in Table 3.

Table 3
Average risk of radionuclide emission by wildfire over land cover
classes

classification (Fig.1d) the following relation of classes
within the land are observed (Table 2).

Mixed forests occupy the largest area, more than 35%,
coniferous forests cover the area more than 23%, de-
ciduous forest is about 20%. A large area is occupied
also by grassy vegetation of watersheds and river val-
leys within the meadows and the farmlands (about
15%). Field-survey within Fukushima exclusion zone
revealed that there are many abandoned dried rice
fields. Other classes take considerably less area.

6. Results and discussion

The developed risk assessment model was applied
to test site within Fukushima exclusion zone using
Landsat-5/TM multispectral satellite imagery (April 5,
2011, Fig.3a), ASTER GDEM digital terrain elevations
data (DTED, http://gdem.ersdac.jspacesystems.or.jp),
October 17, 2011, (Fig.3¢) and results of airborne
monitoring of cesium surface deposition by the Min-
istry of Education, Culture, Sports, Science and Tech-
nology (MEXT) of Japan (http://www.mext.go.jp/
english/incident/1303962.htm), May 6, 2011,
(Fig.3e). All seven spectral bands of TM sensor have
been precalibrated and converted into the land sur-
face spectral reflectance to avoid the influence of so-
lar irradiance and atmosphere. The water content
fraction (Fig.3b) was calculated using the normalized
water index (NWI) with the shortwave infrared
(SWIR) TM band [10].

Class of land cover Average risk

(Ci/min)

red pine forests 234
cedar forests 203
cypress forests 362
black pine forests 141
other broad-leaved forests 097
larch forests 264
oak forests 1.91
meadows 0.51
we tlands _
settlements _
barren lands and man-made surfaces -
wa ter bodies -
Average over land area 10

Coniferous forests in the foothills within the Fuku-
shima disaster area are under greatest hazard of radio-
nuclide secondary emission. Depending on weather
conditions and season the spatial distribution of haz-
ard can be varied significantly.

7. Conclusions

So, we have developed a complete geoinformation
technology for quantitative assessment and mapping
the risk of radionuclide secondary emission as a re-
sult of wildfire inside radioactive contaminated area.
Described technology takes into account both the
spontaneous ignition probability / fire spread rate
and the density of radioactive contamination of
ground. Known models of wildfire environment were
used, which are based on the natural fuel water con-
tent, terrain elevations data, wind conditions and soil-
to-vegetation radionuclide transfer. A significant sea-
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Legend

I —red pine  [J] - black pine
—cedar - cypress
— larch l — oak

B - broad-leaved trees
—meadows | — wetlands
B - settlements
— barren lands and man-made
surfaces
B - water bodies

h
Figure 3. Risk mapping of adsorbed radionuclide emission by fire over Landsat-5/TM multispectral satellite imagery of Fukushima disaster
zone

a — color-composite Landsat-5/TM image, b — normalized water fraction, ¢ — terrain elevations (m), d — ML/MD classification result, e — map of
vegetation adsorbed radionuclide content (Bq/m?), f — ignition probability distribution map, g — rate of fire spread (m/min) distribution map,

h — final map of radionuclide emission total hazard (Ci/min)

sonal variability of wildfire hazard requires continu-
ous operational satellite-based monitoring of radio-
active contaminated area.

The continuous joint research is needed towards
the improvement of risk assessment models for Fuku-
shima and Chernobyl exclusive areas.
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OULIHKA PU3HMKY BUKHWAY AICOPEOBAHKWX PAJIOHYKJIIAIB BHACIIAOK ITOKEXKI B 3OHI BIZYYKEHHA GYKYCIMU 3
BUKOPHCTAHHAM BATATOCITEKTPAJIbHMX CYITYTHMKOBHUX 3OBPA’KEHD

Cepriit Crankesuy, Onekcirt Caxanpbkuit, IMutpo Bo6po, Akipa Isacaxi, Iliniui Hakacyka, Ceiti Momimoro, Momixize AosiHari
O1iHKa pU3UKY €MICii palioOHYKI/IIB Ay>KE BAAINBA JU/IS1 ITIOM SIKIICHHS HACAKIB siIcpHOT aBapal. pyHTyI0uHCh Ha 10CBiai Hop-
HOGWJIS, HAMH OTPHUMAaHO JIOBI'OTPHBAJI OI{HKU PHU3HUKY B 30Hi Bifluy:keHHsI PyKyCiMU 3 BAKOPHUCTAHHAM JUCTAHIIHHOTO 30H-
JYBAHHS i JAHUX PO 3aPAKEHHS TEPUTOPIT PAJIOHYKITIAMU. MOXKIMBY €MiCiIo aJCOPOOBAHMX POCIUHAMU PAIOHYKIIi/IiB I10-
€JTHAHO 3 BIJOMUMHU MO/IC/IIMU BUHHUKHCHHS i TIOIIUPEHHS JIICOBOT ITOXKEX]. 3AIy4CHHS CyIIyTHUKOBUX JIAHUX JI03BOJISIE 320€3-
[evyBaTy 0€31ePEPBHUIN MOHITOPUHT ITOKEKOHEOEIIEKU.

K1r040Bi c7I0Ba: JUCTAHIIiIHHE 30HAYyBaHH:, K1acudikaliis 6araToCclneKTpaabHUX 300PAKEHD, TOKEKOHEOE3NEUHICTD, EMICi
PaliOHYKIIi/IiB, 30HA BijuyKeHHA DyKyCiMU

OLEHKA PUCKA BBIBPOCA AIICOPBMPOBAHHDBIX PATMOHYKIIMAOB BCIEACTBUE ITOYKAPA B 3OHE OTYY)KIEHMA
®YKYCHUMBI C UCTTOJIbBOBAHUEM MHOT'OCITEKTPAJIBHBIX CITYTHUKOBbBIX U3OBPAYKEHUI

Cepreit Crankesnd, Anexcert Caxarkuil, JImurpuit Bo6po, Akupa Usacaxu, llnnnan Hakacyka, Ceiin Mommumoro, Hommxuze
AosiHaru

OneHKa pycKa BbIGPOCA aICOPOUPOBAHHBIX PAJMOHYKINOB OUYE€HDb BAKHA I CMAIYEHUA ITOCJICCTBUIL AIEPHOU ABAPUU.
OCHOBBIBASICH HA OIIbITE YePHOOBLISA, MBI IOJIyYUIH JOJIOBPEMEHHBIE OLICHKN PUCKA B 30HE OTUYKACHUA DYKYCHUMBI C UC-
[IOJIb30BAHUEM JIUCTAHIIMOHHOI'O 30HAUPOBAHUA U JJAHHBIX O 3aPAKEHUM TEPPUTOPUU PAJAUOHYKIMAAMU. BO3MOXKHAS SMUC-
CUA AACOPOHUPOBAHHBIX PACTEHUAMU PAJUOHYKIUIOB OObEJUHEHA C U3BECTHBIMU MOJE/IAMU BOZHUKHOBEHUSA U PACIIPOCTPA-
HEHMA JIECHOI'O ITOKapa. [IpuBieyeHre CIlyTHUMKOBBIX JJAHHBIX ITIO3BOJIIET O6ECIIEYMBATD HEIPEPBIBHLIA MOHUTOPUHI I1OXKA-
POOMACHOCTH.

KiaroueBble CJI0BA: JUCTAHIIMOHHOE 30HAMPOBAHUE, KIACCU(PUKAIINA MHOTOCIIEKTPAIBHBIX M306PAKEHNH, ITOKAPOOIAC-
HOCTb, SMUCCHs PAAUOHYKIN/OB, 30HA OTYYKIeHHs DyKyCHUMBbI
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