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Highlights
« This car-borne survey provided the detailed dose distribution in metropolitan Tokyo.
« Ambient dose rate after the Fukushima accident was 24% higher than that before.

« Effective dose rate after the accident was 15% higher than the value for all of Japan.

Abstract

A car-borne survey was made in metropolitan Tokyo, Japan, in December 2014 to estimate
external dose. This survey was conducted for all municipalities of Tokyo and the results were
compared with measurements done in 2003. The ambient dose rate measured in the whole area
of Tokyo in December 2014 was 60 nGy h' (23 — 142 nGy h™"), which was 24% higher than the
rate in 2003. Higher dose rates (> 70 nGy h') were observed on the eastern and western ends of
Tokyo; furthermore, the contribution ratio from artificial radionuclides ('**Cs and "“’Cs) to
ambient dose rate in eastern Tokyo was twice as high as that of western Tokyo. Based on the
measured ambient dose rate, the effective dose rate after the accident was estimated to be 0.45
uSv h in Tokyo. This value was 22% higher than the value before the accident as of December

2014.
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1. Introduction
Large amounts of artificial radionuclides were released from the reactors into the
environment in the March 2011 accident at the Fukushima Daiichi Nuclear Power Plant
(F1-NPP) of the Tokyo Electric Power Company (TEPCO). The released amounts of artificial
radionuclides, excluding those directly dispersed in the direction of the ocean, were estimated to
be: 0.6-1.9 x 10" Bq of '¥Xe, 0.7-5.0 x 10"” Bq of "*'I and 1.0-5.0 x 10'° Bq of '*'Cs (Koo et al.,
2014). For '*'Cs, this value is about 42% of the estimated amount emitted in the 1986 Chernobyl
accident (Stohl et al., 2012). According to the simulation study by Koo et al. (2014), for the
17Cs released into the atmosphere, 20% was deposited onto the land of Japan and the other 80%
was transported to the ocean or other areas of the northern hemisphere. For the Japanese land
deposition, most of the artificial radionuclides deposited on the ground in a northeastern area
from the F1-NPP (Yoshikawa et al., 2014), but some of the artificial radionuclides were
subsequently diffused within an altitude of 0-1000 m from ground level and deposited on
southern and southwestern areas depending on the topography, wind direction and precipitation
field (Kinoshita et al., 2011; Morino et al., 2011). Especially, the distribution of artificial
radionuclides was affected by the land altitudes because the southern and southwestern areas
from the F1-NPP are mixes of mountainous regions (altitudes of 600 — 800 m) and flatlands.
In metropolitan Tokyo (Fig. 1A), the artificial radionuclides were wet-deposited on
March 21-23 by rainfalls (Kinoshita et al., 2011; Morino et al., 2011). In fact, artificial
radionuclides such as "'I, "*’I, **Te, **Cs, "°Cs, and "*'Cs were observed on March 22 at the
Canadian embassy located in Tokyo (Zhang et al., 2013). According to the results of air-borne
monitoring done in September 2011 for Tokyo by the Ministry of Education, Culture, Sports,
Science and Technology, Japan (Ministry of Education, Culture, Sports, Science and
Technology, 2011), higher ambient dose rates were observed on the eastern and western ends of
Tokyo. Air-borne radiation monitoring has been continuously performed, mainly by the Japan
Atomic Energy Agency (JAEA) (Yuuki et al., 2014). The high dose rate areas (i.e. within 80 km
from F1-NPP) continue to be conscientiously monitored; however, metropolitan Tokyo has not

been included in those monitoring areas since May 2012. Andoh et al. (2015) have also made

_3-



Journal of Environmental Radioactivity

car-borne surveys in eastern Japan since June 2011. However, the whole metropolitan Tokyo
area has not been included in these surveys. The Tokyo Metropolitan Government also carried
out measurement of the ambient dose rates at 1 m from the ground surface using Nal(Tl)
scintillation survey meters at 100 locations in Tokyo in June 2011 (Tokyo Metropolitan
Government, 2011). Currently, ambient dose rates at eight locations in Tokyo are provided on a
website by the Tokyo Metropolitan Institute of Public Health (Tokyo Metropolitan Institute of
Public Health, 2015). However, these “point” data are not sufficient to obtain a complete view
of the ambient dose rate in Tokyo and to evaluate safeguarding of the health of area residents.

Measurements for the whole metropolitan Tokyo area should be continually performed
to estimate the migration of radionuclides because ambient dose rate has been drastically
changed by rainfall, natural decay of radionuclides and decontamination work. Especially, there
have been no reports about the migration of artificial radionuclides in big cities which have
large areas covered with asphalt and concrete. In addition, it is necessary to consider the
presence of natural radionuclides such as K, **U series and **Th series (i.e., background) to
more accurately assess the impact from the accident. The authors recently reported detailed data
for ambient dose rates (n = 669) measured in 2003 for Tokyo (excluding the Pacific Ocean
islands that are within the Tokyo Government’s jurisdiction) (Inoue et al., 2015a). The
arithmetic average ambient dose rates were 47 nGy h” (18 - 61 nGy h™) in the eastern area of
Tokyo (A1 in Fig. 1B) and 54 nGy h"' (34 - 76 nGy h™') in the western area (A2 in Fig. 1B), and
there was some dependence of the dose rates on the geological age and the natural
environments.

No severe nuclear power plant accident has occurred that engulfed a large metropolitan
center such as Tokyo where 13.35 million people live (the F1-NPP is more than 200 km from
Tokyo). Easy-to-understand and accurate information about ambient dose rate in Tokyo is
desired by local governmental agencies, autonomous communities and community residents to
evaluate the impact of the severe accident at the F1-NPP in detail, to determine ways of
safeguarding the health of residents and to assess migration of artificial radionuclides. In this

paper, a car-borne survey was carried out for the whole metropolitan Tokyo area in December

4 -



Journal of Environmental Radioactivity

2014, and a detailed dose rate distribution map was drawn using the obtained data. Based on the
measured data the impact on Tokyo by the F1-NPP accident was estimated. Additionally,
mid-and-long term studies are required to investigate migration of artificial radionuclides in
large cities such as metropolitan Tokyo. Therefore, as a baseline for future investigation of
migration, the detailed radioactive contamination status in Tokyo after the accident was

reported.

2. Materials and methods
2.1. Survey route

The ambient dose rate (nGy h™') from the artificial radionuclides such as '**Cs and "*’Cs
and the natural radionuclides such as *K, **U series and *’Th series were measured on
December 6-8, 13, 21, and 27, 2014, in Tokyo, excluding its Pacific island chain that lies in a
southeastern direction from the main Japanese island. The weather condition was sunny or
cloudy throughout these measurement days, and there was no snow cover or rainfall on them.
The survey route encompassed 23 wards (Al in Fig. 1B), 30 cities, towns and villages (A2 in
Fig. 1B). Main roads excluding expressways were used to the extent possible, primarily
centered on residential areas (Fig. 2). The survey route was 725 km long. This route map was

drawn using the Generic Mapping Tools (GMT) created by Wessel and Smith (1991).

2.2. Car-borne survey

A car-born survey technique is a common method for fast assessment of dose rate in
a large area (Hosoda et al., 2011). The present car-borne survey was carried out using a 3-in x
3-in Nal(Tl) scintillation spectrometer with a global positioning system (EMF-211, EMF Japan
Co., Osaka, Japan). Latitude and longitude at each measurement point were measured at the
same time as the count rates in gamma-ray energies of 50 keV — 3.2 MeV were recorded.
Measurement of the counts inside the car was performed every 30 s along the route. Car speed
was kept around 40 km h™'. The photon peak of *K (E, = 1.464 MeV) was used for gamma-ray

energy calibration from the channel number and gamma-ray energy before the measurements.
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The peak position was determined accurately by smoothing the gamma-ray pulse height
distribution. Because the count rate was measured inside the car, shielding by the car body was
also corrected by making measurements inside and outside the car at 62 locations (Fig. 2).
Those measurements were done above asphalt surfaces because so much of the metropolitan
area has been extensively covered with asphalt and concrete, making it impossible to find open
fields near roadsides for the measurement. Measurements were recorded over consecutive 30-s
intervals during a total recording period of 2 min. A shielding factor was obtained from the
slope of the regression line in the relation between count rates inside and outside the car, and
count rates inside the car were corrected by multiplying with this shielding factor.

In addition to the above measurements, the gamma-ray pulse height distributions were
also measured outside the car for 10 min at 62 locations (Fig. 2). The Nal(Tl) scintillation
spectrometer was positioned 1 m above the ground surface. The gamma-ray pulse height
distribution measured with the Nal(T1) scintillation spectrometer was then unfolded using the 22
x 22 response matrix method (Minato, 2001) and ambient dose rates were calculated. These
calculated dose rates were used to estimate the dose conversion factor (nGy h™'/cps) from the
count rates outside the car to the dose rates. Because detection of the photon peak of each
gamma ray is impossible in the 30-s measurement in the car-borne survey on roads, ambient
dose rates on the roads were estimated by multiplying the dose conversion factor by the
corrected inside count rates. In this study, the dose conversion factor was obtained from the
slope of the regression line in the relation between corrected inside count rates and ambient dose
rates obtained at 62 locations.

All data obtained from the car-borne survey were plotted on the distribution map of the
ambient dose rate in Tokyo using GMT (Wessel and Smith, 1991) and compared with data
measured in 2003 (Inoue et al., 2015a). A minimum curvature algorithm was used for the data
interpolation by GMT. This is the method for interpolating data by presuming a smooth curved
surface from the data of individual points. Additionally, the calculated ambient dose rates
obtained at 62 locations (Fig. 2) were separated as artificial radionuclides ("**Cs and *’Cs) and

natural radionuclides (*K, *®U series and *Th series) using the 22 x 22 response matrix
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method. The obtained gamma-ray pulse height distribution was converted to the energy bin
spectrum of incident gamma-rays which is a distribution of gamma-ray flux density to each
energy bin. The energy intervals for the bins were given from Minato (2001). The calculation
for the 22 x 22 response matrix for the 3-in x 3-in Nal(TI) scintillator was done using the Monte
Carlo code, SPHERIX (Matsuda et al., 1982). The gamma-ray flux density and dose rate per
unit solid angle are assumed to be almost isotropic in a natural environment. After unfolding the
gamma-ray pulse height distribution, clear peaks from '**Cs (bin numbers 6 and 8, energy range:
0.55 - 0.65 MeV and 0.75 — 0.85 MeV), *’Cs (bin number 7, energy range: 0.65 — 0.75 MeV),
“K (bin number 14, energy range: 1.39 — 1.54 MeV), *“Bi (bin numbers 16 and 18, energy
range: 1.69 — 1.84 MeV and 2.10 — 2.31 MeV) and **T1 (bin number 20, energy range: 2.51 —
2.72 MeV) were observed in the spectrum. The contributions from natural and artificial
radionuclides could be separated using these techniques. The detailed method has been reported

by Minato (2001).

3. Results and discussion
3.1. Shielding and dose conversion factors

A shielding factor is influenced by several factors such as the type of car used in the
survey, the number of passengers and the dosimeter position inside the car. A number of
previous reports published the shielding factor as 1.4 to 1.9 (Hosoda et al., 2011; Inoue et al.,
2015b; Maedera et al., 2015; Inoue et al., 2016). Fig. 3A shows the correlation between count
rates inside and outside the car obtained at 62 locations (Fig. 2). The shielding factor and the
standard uncertainty (Joint Committee for Guides in Metrology, 2008) were calculated to be
1.33 and 0.07, respectively.

The correlation between dose rate (nGy h™') calculated from the software using the 22 x
22 response matrix method (Minato, 2001) and total count rate outside the car is shown in Fig.
3B. The dose rate conversion factor and standard uncertainty were evaluated as 0.15 and 0.01
(nGy h''/cps). In the method for determining the ambient dose rate from count rate, the

dispersion of dose conversion coefficients are affected by the abundance ratio of *K, ***U, **Th
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(Shimo et al., 1999), "**Cs and "*’Cs. The decision coefficients (R?) obtained from measurements
in 2014 and in 2003 (Inoue et al., 2015a) were 0.759 (n = 62) and 0.671 (n = 27), respectively.
Compared to those measured in other previous reports in India (R* = 0.964, n = 34) and
Brunei (correlation coefficient = 0.97, n = 16) (Hosoda et al., 2015; Lai et al., 1996), decision
coefficients calculated for metropolitan Tokyo had lower values. In metropolitan Tokyo, stone
quarried from adjacent prefectures has been utilized to construct paved roads. Therefore,
because the abundance ratio of the natural radionuclides in quarried stone differed depending on
the production areas of the stone, mid-level correlations were exhibited by the measurements in
metropolitan Tokyo. While the relative standard deviation of the ratios of total count rates to the
dose rates at each measurement point was given as 8% in this study, this value was slightly
higher compared to previously reported values (3 — 4%) (Inoue et al., 2012; Minato, 2015),
However, the dose conversion factor that was determined from measurements on Izu-Oshima
Island (Maedera et al., 2015) was almost the same as the present value obtained using the same
Nal(T1) scintillation spectrometer in 2014. Thus, the difference of measurement points for dose
conversion factor is likely negligible. Both shielding factor and dose rate conversion factor were
used with Eq. (1) to calculate the ambient dose rate (nGy h™) outside the car 1 m above the

ground surface (D,,,):

D,,=C,x133x0.15 (1)

where C,, is count rate (cps) inside the car obtained by the measurements for 2 min.

3.2. Distribution of ambient dose rate in Tokyo

The average ambient dose rate (range) in the whole area of Tokyo measured in 2014
was 60 nGy h” (23 — 142 nGy h). According to the Tokyo Metropolitan Government (2011),
the average ambient dose rate measured at 100 locations in June 2011 was 61 nGy h™' (30 — 200
nGy h™). Thus, the average dose rate in metropolitan Tokyo has not significantly changed in the

past 4 y. Compared with the ambient dose rate before the accident measured in 2003 (i.e., 49
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nGy h™', range of 18 — 76 nGy h™) (Inoue et al., 2015a), the average ambient dose rate measured
in this study was still 24% higher. Additionally, by comparing to the average ambient dose rate
for all of Japan (i.e., 50 nGy h') (Furukawa and Shingaki, 2012), the average dose rate
measured in 2014 was 22% higher.

Fig. 4A shows the distribution map of ambient dose rate in air in Tokyo in 2014. This
map was drawn using 4,018 data. Higher ambient dose rates were observed for both eastern and
western ends of Tokyo. The average ambient dose rates (ranges) in eastern (n = 2,010) and
western (n = 2,255) areas (i.e., Al and A2 areas in Fig. 1B) were 60 nGy h"' (23 — 142 nGy h™)
and 61 nGy h' (32 — 102 nGy h™), respectively. Fig. 4B shows the distribution map of the
ambient dose rate measured in 2003 (n = 669) (Inoue et al., 2015a). This map and the map for
2014 were both drawn with the same magnification and gradation scale using the GMT. Before
the accident, the average ambient dose rates in A1 and A2 areas were 47 nGy h™' (18 — 61 nGy
h) and 52 nGy h' (34 — 76 nGy h™), respectively. Compared with those dose rates, the average
dose rates after the accident were increased 27% in A1l area and 17% in A2 area.

Table 1 shows ambient dose rates measured in 2014 and 2003 (Inoue et al., 2015a) in
all municipalities of Tokyo. In A1 and A2 areas, the highest ambient dose rates (> 70 nGy h™)
were observed in Katsushika Ward (#22 in Fig. 1B), Hinohara Village and Okutama Town (#52
and #53 in Fig.1B) that are located on eastern and western ends of Tokyo. In addition, the
higher dose rates (> 60 nGy h') areas had expanded towards the southwest from Katsushika
Ward and towards the southeast from Okutama Town. According to the air-borne radiation
monitoring during August 2011 to May 2012 (Torii et al., 2012; Yuuki et al., 2014), higher dose
rates were observed for western areas of Gunma and Saitama Prefectures (Fig. 1A). The high
dose rate areas then extended towards the southeast direction (i.e., western Tokyo). In addition,
higher dose areas were also observed for the south area of Ibaraki Prefecture and the
northeastern area of Chiba Prefecture (Fig. 1A) and then they extended toward the southwest
direction (i.e., eastern Tokyo). Thus, these two shifts might have influenced ambient dose rates

on the western and eastern ends of Tokyo.
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It was difficult to estimate in detail the impact on ambient dose rate from the F1-NPP
accident in Tokyo using only data reported after the accident (Yuuki et al., 2014), however, it
becomes possible by comparing dose rates measured before the accident. For example, the same
higher dose rates (> 70 nGy h™') were observed for eastern and western ends, but the increase
rate of ambient dose rate was significantly different. The western area of Tokyo including
Okutama Town has a naturally higher dose rate (61 nGy h™') because it is mainly formed by
black shale which is a sedimentary rock and 98% of this area is covered with forest (Fig. 1B)
(Furukawa and Shingaki, 2012; Inoue et al., 2015a). For a more detailed analysis, Fig. 5 shows
ambient dose rates from the artificial radionuclides (‘***Cs and '*’Cs). Those dose rates were
calculated using the 22 x 22 response matrix method (Minato, 2001). The ambient dose rates
from artificial radionuclides in Al (n = 26) and A2 (n = 36) areas were 8 nGy h' (8 — 19 nGy
h™) and 4 nGy h"' (0 — 12 nGy h™), respectively. Thus, the impact on ambient dose rate from
artificial radionuclides on the eastern side of Tokyo was twice as high as that on the western
side.

The standard uncertainties of one time measurement (30 s) can be calculated from the
measured value. The obtained range of counts inside the car was 3450 — 21570 (counts per 30 s)
in this study. The standard uncertainty depending on measured counts was calculated to be 118
— 294 (counts per 30 s). The range of relative standard uncertainty for 30 s measurements was
also given as 1.4% — 3.4%. Here, the relative standard uncertainties for the shielding factor,
dose conversion factor, traceability of the dose rate, and the dose calculation procedure by the
response matrix method were given as 5.4%, 7.2%, 4.1% (k = 2) (Pony Industry Co., Ltd.,
Osaka, Japan), and 5.0% (EMF Japan Co., Osaka, Japan), respectively. Thus, the maximum
combined relative standard uncertainty to the estimated ambient dose rate in this study was
calculated to be 11.1%. However, the real combined relative standard uncertainty would be
estimated as more than 11.1% because the uncertainty for the repeated measurement results at
the same place in repeated paths could not be considered in this study.

The external effective dose rates (uSv h') based on data obtained in December 2014

and in September 2003 (Inoue et al., 2015a) were given as 0.45 uSv h" and 0.36 uSv h' using
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the dose conversion factor from the dose rate to the effective dose for adults (0.748 + 0.007 Sv
Gy™") (Moriuchi et al., 1990). Thus, the effective dose rate has increased 22% compared to that
in 2003. In addition, as the effective dose rate in Japan by terrestrial gamma-rays is 0.38 uSv h™'
(Abe et al., 1981), the effective dose rate for the whole Tokyo area in December 2014 was 15%
higher than the value for all of Japan. Actually, estimated external effective dose rates in
December 2014 might be lower compared to the above value (0.45 uSv h') because the
occupancy factor (0.9 for indoors, 0.1 for outdoors, for residents in metropolitan Tokyo)
(Statistics Bureau, Ministry of Internal Affairs and Communications, Japan, 2014) and the ratio
of indoor dose rate to outdoor dose rate (i.e., dose reduction factor) will be considered for the
estimation. The general dose reduction factor for artificial radionuclides of 0.4 was used for
wooden houses by the International Atomic Energy Agency (1979). However, metropolitan
Tokyo has many kinds of residential spaces such as 1 or 2 story wooden houses, 1 to 5 story
rebar concrete houses, 1 to 60 story high-rise apartments, and basements. Since the dose
reduction factor depends heavily on the structures and locations, there is a limitation to estimate
the effective dose rate accurately for residents of metropolitan Tokyo. In addition, the dose
reduction factor depends on the energy of the gamma-rays. Thus, this factor for both natural and
artificial radionuclides has to be considered. Thus, if a uniform dose reduction factor is utilized
when the effective dose rate is calculated for the residents of metropolitan Tokyo, the effective
dose rate would include large uncertainties.

The dose rates measured above roads are generally lower than those in surrounding
fields in contaminated areas because contamination can be washed away more easily by rain
(Hosoda et al., 2011). Thus, if obtained dose rates above asphalt surfaces are utilized, the
determined effective dose might be underestimated. In the authors’ experience (Inoue et al.,
2015b) however, dose rates observed above asphalt surfaces were higher than those in
surrounding fields in Katushika Ward (Fig 1B, #22). Especially, higher dose rates were
observed above highways and main city streets. The asphalt paving materials in recent use for
highways and main city streets are porous mixtures. Those roads have higher percentages of

voids compared with older local roads. Thus, it was considered that many artificial
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radionuclides had accumulated inside the porous asphalt. Metropolitan Tokyo has large areas
covered with such asphalt materials, and Tokyo residents are living in such areas. Therefore, the

outside effective dose can be properly calculated from dose rates measured on asphalt surfaces.

4. Conclusion

The car-borne survey using a Nal(Tl) scintillation spectrometer was done in Tokyo in
2014 and results were compared to dose rates obtained in 2003. The ambient dose rates (range)
in 2014 were found to be 60 nGy h"' (23 — 142 nGy h™") for the whole Tokyo area, 60 nGy h™'
(23 — 142 nGy h™) for the eastern end of Tokyo and 61 nGy h' (32 — 102 nGy h™) for the
western end. These values were 24%, 27% and 17% times higher than those of 2003. Similar
higher ambient dose rates (> 70 nGy h') were observed for the eastern and western ends;
furthermore, the contribution ratio from the artificial radionuclides (***Cs and '“’Cs) to the
ambient dose rate in the eastern end of Tokyo was twice as high as that of the western end. The
estimated effective dose rate based on dose rate measured in December 2014 and September

2003 was 0.45 uSv h''. This value was 22% higher than the value before the accident.
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Fig. 2. The survey route for measuring the ambient dose rate in Tokyo. A car-borne survey was
carried out using a 3-in x 3-in Nal(Tl) scintillation spectrometer in December 2014. Total
distance traveled was 725 km. The fixed-point measurements outside the car were also

performed for 10 min at 62 locations.
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that implemented the 22 x 22 response matrix method (Minato, 2001). The slopes of these

regression lines were used as the shielding factor and the dose conversion factor.
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35°30'

Fig. 5 Ambient dose rates from the artificial radionuclides (**Cs and '*’Cs) at 62 locations in
Tokyo. The obtained ambient dose rates were separated as artificial radionuclides and natural
radionuclides (“’K, **U series and *°Th series) using the response matrix method (Minato,

2001).
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