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Abstract
This study was conducted on the Fukushima Medical University (FMU) premises (in Fukushima 
City, Fukushima Prefecture) about four years after the Fukushima Daiichi Nuclear Power Plant 
accident.　Its objectives were (1) to create a map of the ambient gamma dose rate (air-kerma rate) 
distribution, (2) to evaluate the air-kerma rate originating from natural radionuclides, and (3) to 
investigate the effects of snow cover on changes in the air-kerma rate.　This man-borne survey 

revealed that the air-kerma rate varies widely, ranging from 0.038 μGy h－1 to 0.520 μGy h－1, and is 
higher on grass than on the other investigated surface types, such as soil, asphalt, and bricks.　In 

this area, the mean air-kerma rate from natural radiation was evaluated to be 0.03 ± 0.01 μGy h－1, 
which is close to 0.04 μGy h－1, which was measured in central Fukushima City by a local authority.
Furthermore, snowfall was found to reduce the air-kerma rate by 5%-30%.　This reduction was 
attributed to attenuation of the primary radiation while passing through the snow cover, and the 
measured contribution of scattered radiation to the air-kerma rate reduction was small.　The 
reduction rate was found to depend on the initial snow depth but to maintain a similar value for a 
couple of days, after the snow had partially melted and its depth had decreased.　Finally, analysis of 
the daily dose due to external exposure received on the FMU premises revealed that no further 
health effects due to chronic radiation exposure at this site are to be expected.
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Introduction

Large amounts of artificial radionuclides released 
due to the Fukushima Daiichi Nuclear Power Plant 
(FDNPP) accident were deposited on the ground, 
mainly in the eastern and central parts of Fukushima 
Prefecture1-3).　On March 15, 2011, contaminated air 
masses flowed northwestward from FDNPP, and the 
artificial radionuclides were deposited along with 
rainfall in Fukushima City, the capital city of Fukushima 
Prefecture4,5).　Fukushima Medical University 
(FMU ; 37.69°N, 140.47°E, 180 m in altitude) is 
located at about 7 km south of central Fukushima City 

(70 m in altitude) and about 60 km northwest of 
FDNPP (Fig. 1).　The univer sity organized a team 
who conducted radiation measurements on the 
university premises about one month after the nuclear 
disaster6,7).　These surveys were repeated twice a 
month for the first year, once a month for the second 
year, and every two months for the third year, and 
currently, they are repeated every three months, 
though fewer points are measured than those in the 
previous surveys8).

The radiation survey conducted in this study 
was designed for three purposes.　The first was to 
create a map showing the spatial distribution of the 
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ambient gamma dose rate.　As demonstrated by 
Bossew9), ambient gamma dose rates have hetero-
geneous distributions even on a small horizontal 
scale (～20 m).　In addition, it has been reported 
that the apparent half-lives of deposited radio-
nuclides depend on the surface properties and land 
use7,10), implying that artificial radionuclides can 
migrate and be redistributed.　Both the magnitudes 
and spatial distributions of ambient gamma dose 
rates are variable with time, and, therefore, creating 
and updating dose rate distribution maps can 
facilitate radiation protection and decontamination.

The second purpose of this study was to invest-
igate terrestrial radiation from natural radionuclides, 
which include elements of 238U and 232Th series and 
40K and contribute to about 20% of the globally 
averaged annual effective dose (excluding medical 
exposure)11).　The gamma dose rate from natural 
radionuclides depends on the local geology of the 
measurement site12,13).　At FMU, the gamma dose 
rate was only measured indoors, by using a thermo-

luminescence dose meter14) ; the outdoor dose rate 
has not been reported yet.

The final purpose of this study was to examine 
the effects of snow cover on the ambient gamma 
dose rate from artificial radionuclides.　In the 
winter, snowfall sometimes occurs in Fukushima 
Prefecture, and it is believed to affect the gamma 
dose rate, which has been reported to decrease with 
snow cover15-17).　Sievert and Hultqvist15) were the 
first to construct a model of snow cover shielding of 
natural radiation.　This model related the reduction 
rate to snow depth and snow density.　Their model 
was updated by Fujimoto18), who modified the ratio 
of the contributions of primary and scattered radiation.　
Nagaoka et al.19) presented a calculation method, 

which differed from the model of Fujimoto18) by only 
a few percent,  that yielded results in close 
agreement with the observational results.　They 
also showed that the model was applicable even in 
non-ideal conditions (e.g., on a gentle slope or under 
an inhomogeneous distribution of snow accumulation 
due to partial snow removal).　However, the 
ambient gamma dose rate reduction was not exam-
ined in case of lower-density snow (e.g., 0.1 g cm－3 
(fresh snow)).　In addition, these studies did not 
focus on radiation from artificial radionuclides.

In this study, we conducted a man-borne survey 
of the ambient gamma dose rate (air-kerma rate) to 
create a map of its spatial distribution on the FMU 
premises in the winter of 2015.　At several measur-
ement points, gamma ray pulse-height distributions 
were obtained to evaluate the contributions of 
natural and artificial radionuclides to the air-kerma 
rate.　In addition, some snowfall events occurred 
during the months in which the survey was 
conducted.　During these events, the air-kerma 
rate reduction due to the snow cover was analyzed.

Finally, the doses due to external exposure 
received on the FMU premises were estimated and 
found to be comparable to the globally obtained dose 
due to natural radiation ; hence, no additional health 
effects due to chronic exposure to radiation from the 
deposited artificial radionuclides are expected.

Materials and methods

Site characteristics

The FMU premises contain lecture and research 
buildings for medicine and nursing ; a university 
hospital ; an auditorium ; a library ; a gymnasium ; 
fields for baseball, tennis, archery, and soccer ; yards 
with grass, moss, and trees ; and parking areas (Fig. 
2).　Some of them were reconstructed or newly 
established after the nuclear disaster.　In chrono-
logical order, four primary developments on the 
FMU premises are as follows : (1) the westernmost 
part of the parking area near the nursing building, 
which was destroyed by the 2011 Tohoku-Oki 
earthquake, was recon structed and repaved with 
asphalt in April 2011 ; (2) the soccer field and 
nearby parking area were established on a former 
athletic field in March 2014 ; (3) a parking area was 
developed by cutting down a hill on the west side of 
the tennis court in September 2014 ; (4) some 
buildings are being constructed in former parking 
areas around the university hospital since July 2014 
(the latter two parking area and construction sites 

Fig. 1.　Locations of FMU and FDNPP in Fukushima 
Prefecture, Japan.　This figure was drawn using 
Generic Mapping Tools49).
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((3) and (4)) are not pictured in Fig. 2).
Before this study was conducted, decon tamin-

ation was officially performed in several areas.　
Sludge was removed from the gutters (including rain 
water drains) near the gymnasium, tennis court, and 
parking area in front of the nursing building, and 
they were pressure-washed.　The top 5 cm of 
topsoil was removed from a 3,170 m2 area on the 
archery field, and it was then buried 50 cm under 
vacant lots on the west and east sides of the field.　
Although topsoil was also removed from a 13 m2 
area behind the third-base dugout of the baseball 
field, decontamination has not been performed in the 
infield or outfield, and, therefore, the decont amin-
ated area is much smaller than the area that has not 
been decontaminated.　These procedures were 
conducted in 2011.　In 2014, the rooftops of most 
buildings and a parking area near the gymnasium 
were decontaminated.

Man-borne survey of air-kerma rate

A man-borne survey of the air-kerma rate was 
conducted on sunny and cloudy days from January 
20 to February 25, 2015.　The survey was per-
formed outdoors at 1 m above the ground level on 

the playfields, yards, and parking areas and along the 
roads and paths between the buildings.　For the 
survey, a CsI(Tl) scintillation survey meter (PDR-

111, Hitachi-Aloka Medical Ltd., Japan) was used, 
for which a calibration factor of 0.98 was obtained in 
a calibration test using a 137Cs source in June 2013.　
According to the survey meter manual20), its 
measurements deviate from the actual values by less 
than 15%.　Each measurement lasted a few to 
several minutes, depending on the air-kerma rate.　
At each point, four measurements were made in 
different directions.

The employed survey meter displays values in 
units of μSv h－1.　In addition, its response to 0.06-

1.25 MeV gamma rays varies by a factor of 0.5-2.0 
(reference : 137Cs)20).　In this study, the measured 
values were compared to the air-kerma rates estim-
ated from gamma ray pulse-height distribution 
measurements in order to obtain a conversion factor.　
The measurements (n = 19) were performed by 
using a spectrometer held 1 m above ground level 
over various surface types (soil/gravelly soil/grass/
artificial turf) in the presence or absence of snow 
cover.　The details of the measurement method and 
the analysis of the pulse-height distributions used to 

Fig. 2.　Aerial photo of FMU (dated April 2, 2014).　Symbols represent medical buildings (1), nursing building (2), 
university hospital (3), auditorium (4), library (5), gymnasium (6), baseball field (7), tennis court (8), archery field 
(9), soccer field (10), yards (Y), parking areas (P), and monitoring post for radiation measurement (M).　Scale bar 
length is equivalent to 200 m.
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calculate the air-kerma rates are described in the 
next section.　A positive linear correlation was 
found between the measured values and air-kerma 
rates, and the conversion factor was found to be 
0.642 Gy Sv－1 (standard error : 0.013 Gy Sv－1, Fig. 
3).　This conversion factor is in agreement with the 
values of 0.623 Gy Sv－1 and 0.640-0.652 Gy Sv－1 
that were obtained previously in the Tohoku region21) 
and in an uncontaminated area in Aomori Pre-
fecture22), respectively, using the same survey meter.　
Consequently, the effect of the energy response of 
the survey meter on the measured values was 
considered to be small, and only one conversion 
factor was applied to calculate the air-kerma rates.

To draw the air-kerma rate distribution map, 
the geographic coordinates at each measurement 
point were recorded by a handheld GPS (eTrex 30J, 
Garmin Ltd., Switzerland), and the air-kerma rates 
were then plotted using Google Earth.

Estimation of natural and artificial radiation

To measure the radiation from the artificial and 
natural radionuclides separately, the pulse-height 
distributions of the incident gamma rays were ob-
tained and analyzed.　In this study, a 3 in × 3 in 
NaI(Tl) scintillation spectrometer (EMF-211, EMF 
Japan Co. Ltd., Japan) was used.　The detector of 
the spectrometer was directed horizontally at 1 m 

above the ground, and each measurement lasted 900 
s.　The pulse-height distributions were unfolded in 
energies of 0.05-3.2 MeV (energy bin widths : 
0.10-0.28 MeV) based on a 22 × 22 response matrix 
method typically used to obtain incident gamma-ray 
flux density energy spectra23-25).　In this analysis, 
overlapping of the 1.365 MeV 134Cs photon peak to 
the 1.464 MeV 40K photon peak was removed25).

The air-kerma rates from natural and artificial 
radiation were calculated based on the energy and 
flux densities of the incident gamma rays, the mass 
energy-absorption coefficient for air, and the dose 
conversion factors corresponding to each of the 22 
energy bins23,24).　Here, although the absorbed dose 
rate in air was the quantity actually calculated, it can 
be practically regarded as the air-kerma rate for 
environmental gamma radiation.　To determine the 
air-kerma rates from natural radiation, we focused 
on the energy bins including the photon peaks of 40K 
(1.464 MeV), 214Bi (1.765 MeV and 2.205 MeV, 
238U-series element), and 208Tl (2.615 MeV, 232Th-

series element).　The concentrations of 40K, 238U, 
and 232Th were calculated by comparing the observed 
energy spectra with those simulated using unit 
concentrations of these elements in the soil.　Then, 
applying dose conversion factors to account for the 
concentrations of the respective elements, the air-
kerma rates were calculated.　The air-kerma rates 

Fig. 3.　Scatter plots of air-kerma rates against measured PDR-111 values.　Data were obtained in presence (n = 
13) and absence (n = 6) of snow cover.　Bars represent standard deviations calculated from four measurements 
at each point.　Broken line was fitted assuming intercept of zero.
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for 134Cs and 137Cs were determined based on the 
gamma-ray flux density distributions in the 0.05-

0.85 MeV energy bins, excluding the contributions 
from natural radiation.　In the analysis, the flux 
densities in the 0.05-0.45 MeV energy bins were 
assumed to result from scattered radiation, while 
those in the 0.45-0.85 MeV energy bins were 
considered to be due to both primary and scattered 
radiation.　Linear interpolation was performed in 
the flux densities to determine those caused by 
scattered radiation, and the remaining densities 
were regarded as resulting from primary radiation.　
The details of this analysis method are described by 
Yoshida et al.26).

The measurement points were selected care-
fully because the response matrix method can only 
be applied to infinite-plane radiocesium sources on 
the ground and homogenous natural radionuclide 
distributions in the soil.　Two points were selected 
on the baseball field, three in the yards, and one in 
the newly developed parking area near the tennis 
court ; the surfaces of all of these areas are unpaved.

Measurements during and after snowfall

During this study, snowfalls were observed by 
Japan Meteorological Agency in center of Fukushima 
City, on January 15, 17-18, and 30, as well as on 
February 13-15 and 18, 201527).　For the snowfalls 
on January 17-18 and February 13-15, snow cover 
had hardly been seen on the FMU premises when 
the radiation measurements began.　Thus, the 
snowfalls on January 15 and 30 and February 18 
were defined as the first, second, and third snowfall 
events, respectively.　During the three snowfall 
events, using the same method as in the man-borne 
survey, the air-kerma rates were measured in the 
yards, tennis court, and baseball field by the survey 
meter, and the snow depth at each location was also 
determined.　During the first and second events, 
the spectrometer was also used.　During the third 
event, the bulk snow densities on the tennis court 
and baseball field were determined by measuring the 
weight of snow that was collected in a plastic cup 
(55.4 cm3) from a cross-section of accumulated snow.　
The air-kerma rates were compared in the presence 
and absence of snow cover.

Estimation of dose due to external exposure received on 
FMU premises

Based on the air-kerma rate measurements, 
the doses due to external exposure on the FMU 
premises were estimated.　We assumed two typical 
university life cases : (1) a university student spe-

nd ing 8 h in buildings for lectures and 3 h on the 
baseball field for a club activity and (2) a student 
spending 11 h only in buildings.　Here, the baseball 
field was chosen due to higher air-kerma rates in 
that area (see the next section).　The air-kerma 
rate in the buildings was set to that in our second-

floor laboratory in building #4.　The air-kerma rate 
was daily performed (n = 19) during this survey by 
using the survey meter.

Different conversion factors from air-kerma 
rate to effective dose rate are given for exposures to 
natural and artificial radiation.　According to 
Moriuchi et al.28), the conversion factor is 0.748 Sv 
Gy－1 for exposure to natural radiation.　In contrast, 
the conversion factor for exposure to artificial 
radiation (134Cs and 137Cs) was calculated to be 0.73 
Sv Gy－1, considering the conversion factors from 
ambient dose equivalent rate to effective dose rate 
(0.58 Sv Sv－1 for 134Cs and 0.57 Sv Sv－1 for 137Cs)29) 
and the ratio of ambient dose equivalent rate to air-
kerma rate (1.25 Sv Gy－1)30).　For the more con-
serv ative dose estimation, the conversion factor of 
0.748 Sv Gy－1 was used.

Results

Spatial distribution of air-kerma rate

Fig. 4 shows the spatial distribution of the 
outdoor air-kerma rates on the FMU premises.　
The total number of measurement points was 136, 
consisting of points in the yards (n = 21), playfields 
(n = 15), parking areas (n = 57), and roads and 
paths (n = 43).　About half of the surfaces were 
covered with asphalt.　The air-kerma rates vary 
widely from 0.038 μGy h－1 to 0.520 μGy h－1, with an 
arithmetic mean of 0.175 ± 0.108 μGy h－1 (see also 
Appendix).　Higher values were measured in the 
yards and playfields.　The maximum value was 
obtained on the grass in the baseball field, although 
more moderate values were obtained on the soil in 
the same field.　In contrast, lower air-kerma rates 
were measured in the parking areas, roads, and 
paths.　In particular, the lowest value was obtained 
in the parking area in the westernmost part of the 
FMU premises, which was developed after the 
nuclear disaster (see the above descriptions of the 
site characteristics).　In Fig. 5, the frequency 
distribution of the air-kerma rates is shown.　At 
more than half of the measurement points, the air-
kerma rates are less than 0.15 μGy h－1 (the 
maximum air-kerma rate from terrestrial gamma 
radiation obtained by nationwide surveys in Japan12)).　
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Fig. 6 presents scatter plots of the relative standard 
deviations versus the air-kerma rates.　The highest 
relative standard deviation was obtained near plants 
on the road.

Fig. 7 displays the air-kerma rates on five types 
of ground surfaces : asphalt (n  = 76), bricks 
(including stone pavement, n = 18), soil/gravelly 
soil (n = 13), artificial turf (n = 2), and grass (n = 8) 

Fig. 4.　Spatial distribution of air-kerma rates on FMU premises (n = 136).　Scale bar length is equivalent to 200 m.

Fig. 5.　Frequency distribution of air-kerma rates (n = 136).
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and in newly developed areas (n = 19).　It is 
evident that the air-kerma rates on the different 
surface types vary significantly.　They are lower on 
asphalt and bricks than on soil and grass.　However, 
the newly developed areas clearly exhibit the lowest 
air-kerma rates, although various surface types 
(asphalt, soil, gravelly soil, and grass) exist in these 
areas.

Contributions of natural and artificial radionuclides 
to air-kerma rate

The air-kerma rates from natural and artificial 
radionuclides were evaluated by applying the 
response matrix method to the gamma ray pulse-

height distributions obtained with the spectrometer.　
The contributions of artificial radionuclides, except 

Fig. 6.　Scatter plots of relative standard deviation against air-kerma rate.

Fig. 7.　Air-kerma rates on different surface types and in newly developed areas.　Vertical bars represent standard 
errors.
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for those of 134Cs and 137Cs, were not identifiable in 
the pulse-height distributions (data not shown).　
Table 1 presents the air-kerma rates from natural, 
artificial and all radionuclides in the yards, baseball 
field, and unpaved parking area.　As shown, the air-
kerma rate from artificial radionuclides constitutes 
50%-90% of the total rate.　The air-kerma rate 
from natural radionuclides is 0.029 ± 0.008 μGy h－1, 
with a range of 0.013-0.035 μGy h－1, and is nearly 
constant regardless of the surface type, except in 

the parking area.　According to Minato31), terrestrial 
gamma radiation originates from the top 30 cm of 
soil.　Since the parking area was developed by 
cutting down a hill by several meters, the topsoil in 
that area may be different from that in the other 
areas, causing the observed difference in the air-
kerma rate.

Air-kerma rate reduction due to snow cover

Fig. 8 shows the temporal air-kerma rate 

Table 1.　Air-kerma rates from artificial and natural radionuclides.

Location Date
(YYYY/MM/DD)

Air-kerma rate (μGy h－1)1

Total 134Cs + 137Cs Natural

Yard (grass) 2015/01/23 0.493 0.457 0.035

Yard (trees) 2015/02/25 0.291 0.261 0.030

Yard (moss) 2015/02/25 0.468 0.437 0.031

Baseball field (soil) 2015/01/28 0.176 0.146 0.030

Baseball field (grass) 2015/01/28 0.568 0.534 0.034

Parking (unpaved) 2015/03/30 0.029 0.016 0.013

Average 0.029

Standard error 0.008

　　1 One measurement was made at each location.

Fig. 8.　Time-series variations of air-kerma rates on FMU premises obtained from spot measurements with survey 
meter and continuous measurement (sampled every 10 min ; 7-point moving average) with monitoring post 
installed by Nuclear Regulation Authority32).　Vertical bars represent one standard deviation.　Arrows indicate 
snowfall events examined in present study.　Snowfall and snow depth were observed in center of Fukushima 
City by Japan Meteorological Agency27).
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variations on the FMU premises.　One plot was 
constructed based on continuous measurements 
taken by a monitoring post (Fig. 2) installed by the 
Nuclear Regulation Authority32), and the others were 
obtained from the survey meter spot measurements 
taken in the yard (on grass), baseball field (on grass), 
and tennis court (on artificial turf).　Air-kerma rate 
reductions are clearly evident in the continuous 
measurements as well as in the spot measurements 
after the snowfall events and were estimated to be 
5%-30%.　During the second event, the duration of 
radiation reduction appears to differ between the 
two types of measurements.　In the continuous 
measurements, recovery to the normal level began 
within a day after the air-kerma rate reached its 
minimum due to the presence of snow cover.　In 
contrast, in the spot measurements, the radiation 
reduction continued for at least four days.　This 
inconsistency may be due to the difference between 
the locations at which the two types of measure ments 
were performed.　At the continuous measurement 
location, there is a parking area for guests and 
vendors,  and, therefore,  snow removal was 
performed after the snowfall.　In contrast, on the 
tennis court and baseball field, the snow was not 
removed artificially.　This difference may have 
caused the radiation reduction durations to differ.　
In order to confirm this possibility, further investig-
ations are necessary.

In this study, the dependence of the radiation 

reduction magnitude on the amount of snow cover 
was also investigated.　For this analysis, the ratio of 
the converted air-kerma rate above the snow cover 
surface to a reference air-kerma rate calculated from 
the two values measured with the survey meter on 
January 23 (or 28) and February 25 (see Fig. 8) was 
introduced.　The snow depths were 6 cm, 11-14 
cm, and 4-8 cm on the FMU premises for the first, 
second, and third events, respectively.　In addition, 
after the snowfall became light during the third 
event, the snow density was measured in the upper 
part of the snow cover, which consisted of fresher 
snow, as the lower part contained several-milli-
meter-thick ice.　The density was found to be 0.15 
± 0.03 g cm－3 (0.11-0.19 g cm－3 ; n = 4) at both 
the baseball field and the tennis court.　Fig. 9 shows 
scatter plots of air-kerma rate ratio versus snow 
depth.　It is clear that the air-kerma rate ratio 
decreases with increasing snow depth.　With the 
deepest snow cover (in the second event), it 
decreases by about 30%, while with the shallowest 
snow cover (in the third event), it is 5%-10%.

Gamma radiation can be divided into the 
primary and scattered radiation.　For clarifying 
which type of radiation contributed to the reduction 
of the air-kerma rate when snow cover was present, 
the pulse-height distributions obtained using the 
spectrometer were analyzed.　In this analysis, only 
the gamma rays emitted from 134Cs and 137Cs were 
focused on because the contribution of natural 

Fig. 9.　Scatter plots of air-kerma rate ratio in presence and absence of snow cover.　Ratio is unity with no snow 
cover.　Reference value was calculated from two air-kerma rates obtained on separate days.　Vertical bars were 
evaluated based on error propagation.　Suffix numbers represent lapsed days after snowfall.
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radionuclides to the air-kerma rate was very low 
compared to that of artificial radionuclides (Table 1).　
Fig. 10 shows the air-kerma rate ratios for primary 
and scattered radiation from 134Cs and 137Cs with 
respect to snow depth at five locations.　Significant 
differences between the primary and scattered 
radiation air-kerma rate reductions are evident.　
The air-kerma rates from primary radiation decrease 
by 40%-50%, while those from scattered radiation 
decreases by at most 10%.

Daily dose received on FMU premises

The arithmetic mean of air-kerma rate in our 
laboratory was 0.034 ± 0.001 μGy h－1 (n = 19).　
The contributions of 134Cs and 137Cs were not 
included in this value since the photon peaks of 
these isotopes were hardly identifiable in the gamma 
ray pulse-height distribution (measurement 
time : 900 s) obtained in the laboratory by using the 
spectrometer (data not shown).　In addition, the 
arithmetic mean of the air-kerma rate on the 
baseball field was calculated to be 0.363 μGy h－1.　
Consequently, effective doses over 11 h in the first 
and second university life cases were estimated to 
be 1.0 μSv and 0.3 μSv, respectively.

Discussion

One month after the nuclear disaster, the air-

kerma rates were observed to be 0.66-2.54 μGy h－1 
(ambient dose equivalent rates : 0.82-3.18 μSv h－1) 
on the FMU premises6,8).　In this study, it was 
determined that they had decreased to 0.04-0.52 
μGy h－1 about four years later.　The rapid decr-
eases in the air-kerma rates are considered to be 
governed not only by the physical decays of 134Cs 
(2.1 years), 137Cs (30.0 years), and any other short-
lived artificial radionuclides, but also by climate 
factors and human activities.　The climate factors 
are considered to be wash-off by rainfall and 
resuspension by wind33-36).　In addition, these 
factors are more effective on paved surfaces, 
resulting in lower radiocesium concentrations (and 
air-kerma rates) on paved surfaces than on unpaved 
surfaces6,7,37,38).　In this study, the air-kerma rates 
were found to be higher on grass and soil than 
asphalt (Fig. 7).　This characteristic is in agreement 
with the previous results.　Kakamu et al.7) also 
previously observed the same characteristic just one 
month after the nuclear disaster, however, sub seq-
uently, the apparent half-life was longer on asphalt 
than it was on soil or grass.　Assuming that the air-
kerma rate distribution was homogeneous upon the 
initial deposition of radiocesium, this result may 
imply that the adherence rate was low but the 
adhered radiocesium was not easily removed from 
the asphalt on the FMU premises.　On the soccer 

Fig. 10.　Air-kerma rate reductions due to snow cover for primary and scattered radiation from deposited 
radiocesium.　Data were obtained in first and second snowfall events.
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field and parking areas in the northernmost part of 
the FMU premises, the air-kerma rates of 2.18-2.54 
μGy h－1 (ambient dose equivalent rates : 2.72-3.18 
μSv h－1) on April 11, 2011 (noted as a track field in 
Tsuji et al.6)) decreased to 0.06-0.16 μGy h－1.　
These areas were developed after the nuclear 
disaster, which probably caused the significant 
decreases in the air-kerma rates.

In this study, the air-kerma rates from natural 
radionuclides on the FMU premises were observed 
to be 0.01-0.04 μGy h－1.　According to earlier 
reports39,40), air-kerma rates of 0.02-0.07 μGy h－1 
(0.04 μGy h－1 in Fukushima City) were measured by 
a survey meter in Fukushima Prefecture before the 
nuclear disaster.　In addition, in a health manage-
ment survey for Fukushima inhabitants, an air-
kerma rate of 0.04 μGy h－1 from natural radio-
nuclides was considered to evaluate additional 
external exposure during the four months following 
the nuclear disaster29,41).　The results of this study 
are comparable to those of the previous studies.

The results of this study demonstrate that air-
kerma rates are reduced with snow cover and are 
reduced more with greater snow depths.　However, 
snow depth alone does not govern radiation redu-
ction.　In fact, the air-kerma rates during the 
second and third snowfall events differed even when 
the snow depths were the same (Fig. 9).　In 
addition, a longer radiation reduction duration was 
observed even when the snow cover decreased 
during the second event (Figs. 8 and 9).　These 
differences may have been caused by dissimilar 
snow densities on the measurement dates.　During 
the third event, fresh snow accumulated on the 
measurement date and had a density of about 0.15 g 
cm－3.　This value was obtained by a simple method, 
but it was confirmed by another evaluation based on 
the amounts of rainfall (1.5 mm, an equivalent value) 
and snowfall  (1 cm) measured by the Japan 
Meteorological Agency in the center of Fukushima 
City27).　In contrast, during the second event, the 
first measurement was made three days after the 
snowfall (Fig. 8).　According to the meteorological 
data provided by the Japan Meteorological Agency27), 
the snow had a density of 0.09 g cm－3 (an estimated 
value), its depth reached 25 cm on January 30 
(intermittent accumulation (4 cm) occurred on 
February 1), and its depth then decreased to 8 cm by 
February 2 (Fig. 8b).　It can be presumed that the 
snow density increased as the snow cover melted.　
This hypothesis is supported by a study by Kondo 
and Numata42), who reported that snow density can 
increase from 0.1 g cm－3 to 0.25 g cm－3 within a few 

days after it falls.　Thus, the snow density, which 
increased as the snow melted, possibly caused the 
air-kerma rate decrease to be greater than that for 
fresh snow even with the same snow depth.　These 
findings are in agreement with those of the 
terrestrial gamma radiation studies by Fujimoto18) 
and Nagaoka et al.19), who noted that the water 
equivalent ([snow depth]×[snow density]) is a key 
parameter in evaluating radiation reduction.　Based 
on these studies, the longer radiation reduction 
duration shown in Figs. 8 and 9 indicates that the 
water equivalent was conserved and, therefore, the 
reduction efficiency was constant throughout the 
measurement period.　In order to clarify the 
dependence of artificial radiation reduction on snow 
cover, further investigations including simultaneous 
measurements of snow depth and snow density are 
necessary.　In addition, in the present study, the 
bulk density of the snow was measured, excluding 
the thin layer of  ice underneath the snow.　
However, unlike on the FMU premises, in heavy 
snowfall areas, the vertical snow density distribution 
can vary from 0.1 g cm－3 to 0.6 g cm－3 from the 
upper part to the lower part and over time43,44).　In 
such areas, the effects of the vertical density 
distribution on the radiation reduction cannot be 
ignored.

The results of this study also indicate that the 
radiation reduction due to snow cover is related to 
changes in the ratio between the air-kerma rate 
contributions from primary and scattered radiation 
(Fig. 10).　That is, only primary radiation is 
significantly reduced with snow cover.　Assuming 
that snow is equivalent to water in composition and 
that its effective atomic number is 7.5, Compton 
scattering mainly affects the primary radiation (0.6-

0.8 MeV) that travels through the snow cover.　
Therefore, some of the primary radiation that 
interacts with the snow can be detected as scattered 
radiation.　In contrast, the reduction of the 
scattered radiation from the deposited radiocesium 
due to snow cover appeared negligible.　For lower-
energy scattered radiation, photoelectric absorption 
has a greater effect than it does on primary radiation.　
In snow, absorption and generation by Compton 
scattering of the primary radiation occur simult-
aneously, so the air-kerma rate reduction for 
scattered radiation is considered to be small.

Effective doses received in two typical univer-
sity life cases on the FMU premises were estimated 
to be 0.3-1.0 μSv.　One month after the nuclear 
disaster, Tsuji et al.6) estimated the effective dose of 
the university student to be 9.8 μSv over 10.3 h 
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(spending 7 h in buildings and 3.3 h on the athletic 
field and a parking area).　At present it remarkably 
decreases by about 90% although the estimation 
conditions are slightly different between Tsuji et al.6) 
and this study.　Our estimated values include the 
contributions of natural radionuclides.　Even if 
radiation exposure at these equivalent levels 
continues daily for an entire year, the received doses 
are within the globally obtained range of external 
exposure due to terrestrial radiation (0.3-1.0 mSv)11).

Finally, based on the dose estimation, the 
possible health effects due to external exposure 
were determined based on epidemiological studies 
conducted in high-background-radiation areas 
worldwide.　As mentioned previously, the air-
kerma rates were 0.04-0.52 μGy h－1 on the FMU 
premises.　These values are comparable to those in 
the high-background-radiation areas such as Kerala, 
India (0.04-2.1 μGy h－1, outdoors)45) and Yangjiang, 
China (0.26-0.60 μGy h－1, indoors)46).　The high 
air-kerma rates in these areas are attributed to the 
presence of naturally occurring thorium-rich soil, 
which is distributed in along the coast in Kerala45) 
and is used as in building materials in Yangjiang46).　
Epidemiological surveys on the health effects due to 
external exposure in these areas indicated no 
statistically significant increase in mortality due to 

cancer or non-cancer diseases47,48).　Thus, except 
for health effects resulting from initial exposure 
shortly after the nuclear disaster, no additional 
health effects due to chronic exposure to radiation 
from the deposited artificial radionuclides are 
expected.
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Appendix

The air-kerma rates obtained in the man-borne 
survey on the FMU premises are listed in Table A1.

Location
Air-kerma rate (μGy h－1)

Surface type
Mean±SD

Yard-1 (Y1)

0.092±0.006 Brick

0.113±0.004 Brick

0.136±0.008 Brick

0.223±0.010 Asphalt

0.426±0.010 Grass

0.320±0.007 Gravelly soil

0.397±0.013 Grass

0.399±0.008 Grass

0.413±0.009 Grass

0.375±0.015 Grass

0.114±0.010 Brick

0.253±0.010 Asphalt

0.276±0.009 Gravelly soil with trees

0.315±0.010 Gravelly soil with trees

0.107±0.005 Brick

0.196±0.014 Brick

0.153±0.008 Brick

0.232±0.021 Stone pavement

Yard-2 (Y2)
0.160±0.012 Soil

0.381±0.015 Brick

Table A1.　Air-kerma rates obtained in man-borne survey on FMU premises. 
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Location
Air-kerma rate (μGy h－1)

Surface type
Mean±SD

Yard-2 (Y2)

0.320±0.011 Soil

0.370±0.028 Soil

0.450±0.018 Soil with moss and trees

0.375±0.019 Soil with moss and trees

0.403±0.009 Soil with moss and trees

Archery field 0.095±0.003 Soil/Grass

Baseball field

0.221±0.013 Soil

0.200±0.009 Soil

0.223±0.009 Soil

0.508±0.014 Grass

0.520±0.011 Grass

0.508±0.014 Grass

Soccer field

0.118±0.003 Soil/Grass

0.142±0.004 Soil/Grass

0.078±0.005 Soil/Grass

0.089±0.002 Soil/Grass

0.072±0.002 Soil/Grass

0.157±0.008 Soil/Grass

Tennis court
0.436±0.010 Artificial turf

0.412±0.008 Artificial turf

Paths between buildings

0.086±0.003 Brick

0.134±0.009 Brick

0.089±0.005 Asphalt

0.168±0.008 Brick

0.090±0.005 Asphalt

0.140±0.007 Asphalt

0.124±0.006 Asphalt

0.117±0.010 Asphalt

Roads

0.189±0.033 Asphalt

0.120±0.004 Asphalt

0.151±0.013 Asphalt

0.112±0.016 Asphalt

0.181±0.029 Asphalt

0.173±0.013 Asphalt

0.115±0.006 Asphalt

0.217±0.010 Asphalt

0.257±0.016 Asphalt

0.179±0.022 Asphalt

0.191±0.007 Asphalt

0.153±0.013 Asphalt

0.120±0.006 Asphalt

0.123±0.005 Brick

0.118±0.009 Brick

0.159±0.008 Brick

0.144±0.005 Brick

0.255±0.006 Asphalt

0.196±0.025 Asphalt

0.089±0.005 Asphalt



14 Y. Omori et al.

Location
Air-kerma rate (μGy h－1)

Surface type
Mean±SD

Roads

0.074±0.007 Asphalt

0.089±0.008 Asphalt

0.189±0.013 Asphalt

0.136±0.013 Asphalt

0.187±0.006 Asphalt

0.257±0.015 Asphalt

0.207±0.015 Asphalt

0.132±0.010 Asphalt

0.154±0.006 Asphalt

0.193±0.022 Asphalt

0.123±0.009 Asphalt

Parking area (gymnasium, P1)

0.103±0.008 Asphalt

0.110±0.017 Asphalt

0.073±0.005 Gravelly soil

0.054±0.003 Gravelly soil

0.124±0.003 Asphalt

Parking area (north, P2)

0.085±0.004 Gravelly soil

0.092±0.005 Gravelly soil

0.080±0.004 Gravelly soil

0.114±0.008 Gravelly soil

0.070±0.003 Gravelly soil

0.061±0.002 Gravelly soil

Parking area (east, P3)

0.123±0.010 Asphalt

0.145±0.020 Asphalt

0.087±0.003 Asphalt

0.090±0.004 Asphalt

0.137±0.004 Asphalt

0.148±0.009 Asphalt

0.197±0.013 Asphalt

0.139±0.007 Asphalt

0.137±0.007 Asphalt

0.086±0.006 Asphalt

0.157±0.005 Asphalt

0.221±0.009 Asphalt

0.152±0.006 Asphalt

0.079±0.004 Asphalt

0.069±0.003 Asphalt

0.081±0.007 Asphalt

0.096±0.008 Asphalt

Parking area (south east, P4)

0.076±0.002 Asphalt

0.075±0.004 Asphalt

0.094±0.004 Asphalt

0.076±0.003 Asphalt

Parking area (south, P5)

0.105±0.005 Asphalt

0.112±0.006 Asphalt

0.110±0.003 Asphalt

0.114±0.003 Asphalt
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Location
Air-kerma rate (μGy h－1)

Surface type
Mean±SD

Parking area (west, P6)

0.100±0.005 Asphalt

0.220±0.021 Brick

0.184±0.006 Brick

0.149±0.010 Asphalt

0.168±0.015 Asphalt

0.171±0.014 Asphalt

0.155±0.006 Asphalt

0.141±0.007 Asphalt

0.179±0.010 Asphalt

0.142±0.007 Asphalt

0.154±0.010 Asphalt

0.123±0.006 Asphalt

0.291±0.009 Asphalt

0.253±0.009 Asphalt

0.247±0.008 Asphalt

0.086±0.004 Asphalt

0.260±0.010 Asphalt

0.042±0.001 Gravelly soil

0.040±0.002 Gravelly soil

0.040±0.002 Gravelly soil

0.038±0.002 Gravelly soil
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