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On the 11 March 2011 an earthquake occurred off the Pacific coast of Tōhoku, which triggered a powerful tsunami.
The tsunami damaged the Fukushima Dai-ichi nuclear power
plant complex, followed by a series of major accidents, giving rise to three INES (International Nuclear Event Scale)
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Earth
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level 7 events. This caused
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of large amounts of
radionuclides to the atmosphere
(Butler,
2011; Chino et al.,
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2011; Stohl et al., 2012). In particular the isotopes of iodine and caesium adversely affect human health through the
large-scale contamination of air, water, soils and agriculGeoscientific
tural products (Anspaugh et
al., 1988). Although both radionuclides are releasedInstrumentation
as gases, caesium has a low volatility and partitions into ambient
aerosoland
particles, whereas
Methods
in our model iodine largely remains in the gas phase. ReData Systems
moval of these compounds from the atmosphere is governed
by dry and wet deposition processes. Several initial studies of the atmospheric behaviour and budgets of radioactive
Geoscientific
species, notably 131 I and 137
Cs, were conducted using chemistry transport Model
models. For
example, the Austrian Weather
Development
Service (ZAMG) performed a daily forecast of the dispersion of radioactivity in the atmosphere. Morino et al. (2011)
simulated the transport and deposition of the radionuclides
Hydrology
and A numerical
over Japan using an off-line
regional model.
simulation for the long-range
transport
from
Earth Systemthe plant to the
US and even Europe with a global aerosol transport model
Sciences
was conducted by Takemura et al.
(2011). Ten Hoeve and Jacobson (2012) quantified worldwide health effects using the
GATOR-GCMOM global model.
The objective of the present study is to model the global
atmospheric dispersionOcean
of radionuclides
from the Fukushima
Science
accident and compute the deposition patterns using an atmospheric chemistry-general circulation model, initialized
by estimated source terms. The emission strengths have
been determined through inverse modelling by Stohl et al.
(2012). The temporal emission profiles of the radioactive isotopes 133 Xe and 137 Cs were estimated
at three reference reSolid Earth
lease heights using the Lagrangian transport model FLEXOpen Access

1

Open Access

Abstract. We modeled the global atmospheric dispersion
and deposition of radionuclides released from the Fukushima
Dai-ichi nuclear power plant accident. The EMAC atmospheric chemistry – general circulation model was used, with
circulation dynamics nudged towards ERA-Interim reanalysis data. We applied a resolution of approximately 0.5 degrees in latitude and longitude (T255). The model accounts
for emissions and transport of the radioactive isotopes 131 I
and 137 Cs, and removal processes through precipitation, particle sedimentation and dry deposition. In addition, we simulated the release of 133 Xe, a noble gas that can be regarded
as a passive transport tracer of contaminated air. The source
terms are based on Chino et al. (2011) and Stohl et al. (2012);
especially the emission estimates of 131 I are associated with
a high degree of uncertainty. The calculated concentrations
have been compared to station observations by the Comprehensive Nuclear-Test-Ban Treaty Organisation (CTBTO).
We calculated that about 80 % of the radioactivity from
Fukushima which was released to the atmosphere deposited
into the Pacific Ocean. In Japan a large inhabited land area
was contaminated by more than 40 kBq m−2 . We also estimated the inhalation and 50-year dose by 137 Cs, 134 Cs and
131 I to which the people in Japan are exposed.
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PART (Stohl et al., 1998), driven by operational meteorological data from the European Centre for Medium-Range
Weather Forecasts (ECMWF) and the National Center for
Environmental Prediction (NCEP) Global Forecast System
(GFS) analyses, and constrained by a large number of available concentration and deposition data from Japan, North
America and Europe.
Furthermore, we incorporated the preliminary estimates of
release amounts of 131 I by Chino et al. (2011). A reverse
estimation of the source term was conducted by coupling
Japanese Environmental monitoring data with regional atmospheric dispersion simulations. Emission inventories are
further discussed in Sect. 2.1.
We briefly describe the model in Sect. 2, including the
emissions of radionuclides and the representation of removal
mechanisms. The analysis of our results regarding the global
deposition (Sect. 3.2) and a comparison of surface concentrations to station measurements (Sect. 3.1) are discussed in
Sect. 3. Estimates of doses from the inhalation and ground
deposition of radionuclides are given in Sect. 3.3. A summary and conclusions are presented in Sect. 4.

2

Model simulation

The global ECHAM5/MESSy Atmospheric Chemistry
(EMAC) general circulation model includes sub-models describing tropospheric and middle atmospheric processes and
their interactions with oceans, land and vegetation, and
trace species emissions of natural and anthropogenic origin
(Jöckel et al., 2005). It uses the first version of the Modular
Earth Submodel System (MESSy1) to link multi-institutional
computer codes. The core atmospheric model is the 5th generation European Centre Hamburg general circulation model
(ECHAM5; Roeckner et al., 2003, 2006).
For the present study we applied EMAC version 1.9 (based
on ECHAM5 version 5.3) at the T255L31 resolution, i.e.,
with a spherical spectral truncation of T255 (corresponding
to a quadratic Gaussian grid of approximately 0.5 by 0.5 degrees in latitude and longitude) with 31 vertical hybrid pressure levels up to 10 hPa, a time step of two minutes and threehourly output. To test the effects of model resolution on the
simulation we repeated the study on the reduced T106L31
resolution (corresponding to a quadratic Gaussian grid of
about 1.1 by 1.1 degrees). Our simulation spans the period
of 1 March–31 May 2011.
The large-scale component of the model circulation dynamics was nudged by applying a Newtonian relaxation
(Jeuken et al., 1996) towards the European Centre for
Medium-range Weather Forecasts (ECMWF) ERA-Interim
reanalysis data (Simmons et al., 2007), produced at T255 resolution, to realistically represent the tropospheric meteorology of the simulated period. The nudged variables are vorticity, divergence, temperature and surface pressure (Lelieveld
et al., 2007), whereas the hydrological cycle is computed
Atmos. Chem. Phys., 13, 1425–1438, 2013

freely and consistently according to the model dynamics.
Therefore, the precipitation field is not necessarily identical
with that of the ERA-Interim dataset, which is relevant for
the transport and wet deposition of soluble tracers, notably
137 Cs. In Fig. 1 we present a comparison between the time
integrated precipitation from ERA-Interim and our model
over the simulated period from 11 March onward. It shows
that precipitation patterns downwind of Japan are very similar, whereas in the tropics (e.g., the intertropical convergence
zone) differences are more evident. We do not expect that
this significantly influences our results. Both ERA-Interim
and EMAC results indicate that during the first week after
the accident (11–18 March 2011; Fig. 1) some precipitation
occurred in the northern part of the main island of Japan,
mainly along the east coast (37◦ –40◦ N).
The applied model setup comprises the submodels
RAD4ALL for radiation and atmospheric heating processes,
CLOUD for cloud formation and microphysical processes including precipitation, and CONVECT for the vertical transports of trace species associated with convection. The DRYDEP (Kerkweg et al., 2006) and SCAV (Tost et al., 2006,
2007) submodels were used to simulate aerosol dry and wet
deposition processes, respectively. The SEDI submodel was
used to simulate particle sedimentation, of which the results
will be presented below as part of the simulated dry deposition.
We focus on the radionuclides that were emitted as gases
and partly attached to ambient aerosol particles: the semivolatile isotopes of iodine 131 I (with a half-life of 8 days)
and caesium 137 Cs (with a half-life of ∼30 years). We also
modeled the emission of the isotope 133 Xe (with a half-life
of 5.25 days). Since xenon is an unreactive noble gas and is
not removed by deposition processes, it serves as a passive
tracer of atmospheric transport. 137 Cs is modeled as a watersoluble aerosol with a standard lognormal distribution with
mean radius 0.25 µm and a Henry’s law coefficient equal to
1.0 mol L−1 atm−1 and a density of 1000.0 kg m−3 . Due to
the long decay lifetime of 137 Cs compared to the simulation
period and the short timescales of the atmospheric removal
processes considered, its radioactive decay is not taken into
account in the simulation.
2.1

Emissions

We used the temporal emission patterns for the radioactive
isotopes 133 Xe and 137 Cs for March and April 2011, estimated based on an inverse modelling method, applying the
transport model FLEXPART, by Stohl et al. (2012). The
first guess for the a priori emissions was based on fuel
events and documented accident events. Measurement data
of both atmospheric activity concentrations and bulk deposition from several stations in Japan, North America and other
regions were used to provide subsequently improved estimates by inverse modeling. Tracers are emitted within three
atmospheric layers over the Fukushima Dai-ichi power plant
www.atmos-chem-phys.net/13/1425/2013/
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137 Cs.

Therefore, for these locations we expect our model to
underestimate the reported observations.
The locations of the CTBTO measurement stations for radionuclide gases and particulates used for comparison, including station codes, can be seen in Fig. 4. In total, eight
stations are available for noble gas observations and 37 for
particulates. The availability of 3 months of measurements
allows for the comparison over a wide range of meteorological conditions and radionuclide concentrations at each station
location.
We focus on the concentrations of radionuclides in the
lowest layer of our model and in the grid boxes where the
stations are located, and compare with the measured concentrations at each station at the nearest model output time step
to the station collection start time. The comparison for all
133 Xe stations is presented in Fig. 3 and selected stations for
137 Cs and 131 I in Figs. 4 and 5, respectively. The entire set
of measurements and concomitant model results is presented
in the electronic supplement. Our model does not take into
account the resuspension of particles after they have been
deposited, though we expect the effect to be small.
Overall, there is good coincidence of the time of first arrival of the radionuclide plume at the station and the time of
first detection of radioactivity at a station, especially for stations in the Asia-Pacific and North American regions, taking
into account coincidence timing uncertainties. As all the stations collect samples over a period of typically 12 h or more
for each measurement performed, there is an associated uncertainty of the same order of magnitude over the time of
first arrival of radionuclides from Fukushima at each measurement location. Furthermore, the measurement record is
not continuous for all stations, resulting in cases where there
is no observational coverage of the model prediction of the
arrival of radionulcide plumes. Good agreement is obtained
for the inert noble gas 133 Xe (although only a limited number of stations is available). The agreement is not as good
for 137 Cs and 131 I. This is to be expected as the greater extend to which different removal processes are involved (dry
and wet deposition and sedimentation), creates larger uncertainties in the source estimates and in the modelling of atmospheric transport and removal. These removal processes
take place on a sub-grid scale and are therefore parameterized and thus less explicitly resolved by the model than atmospheric dynamical and transport processes. Especially the
model representation of precipitation is critical for the simulation of wet deposition. It is notable that the results of the
higher resolution T255 calculations are not systematically
more consistent with the measurements than the lower resolution T106 results. The lower panels of Figs. 3, 4, and 5
present the root-mean-square-deviations (RMSDs) between
the measurements and model results for both resolutions. We
also computed the normalised RMSDs, and find that they are
typically below 50 % , irrespective of the distance between
the station and the emission source.
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For the eight stations available with varying number of
measurements, there is good agreement between the model
results and the measurements for the noble gas 133 Xe, both
for the higher and lower resolution (Fig. 3). Nevertheless, the
modeled concentrations at JPX38 (Takasaki, Gunma, Japan)
peak in March at values well outside the dynamic range of
the measurement instruments. All measurements at the other
stations are below 100 mBq m−3 , the reported upper range of
the observation accuracy. The model not only represents the
measurements well in the vicinity of the source, but also in
North, Middle and South America (stations USX75, PAX50,
FRX31), and even as far downwind as Germany (DEX33).
Again, there are no indications that the higher resolution
version of the model performs systematically better. Even
though the ERA-Interim data, used to nudge the model to
the actual meteorology, are produced at T255 resolution, the
regridding of the data to the coarser T106 resolution seems to
have little effect on the quality of the dynamics simulations.
For the comparison of the model simulation results to observations of the surface concentrations of 137 Cs (Fig. 4),
reduced though nevertheless reasonable agreement can be
claimed, taking into account the inherent uncertainties based
on the multitude and the complexity of the simulated removal processes (sedimentation, dry and wet deposition). In
most cases there is close coincidence between the modeled
and observed time of arrival of the first radioactive plume
at the station and most model results fall within the factor
of five range of the measurements (Fig. 4). However, our
model shows the arrival of high concentrations of radioactive
aerosols in the Asia-Pacific region (see for example USP80
at Upi, Guam, in the supplement, and PHP52 in Tanay, the
Philippines, in Fig. 4), which are not reflected in the station
observations. There is clearly reduced agreement compared
to the results for the noble gas 133 Xe, which we attribute to
the additional uncertainties related to the simulation of removal processes, in particular by precipitation. These types
of uncertainties also affect the source estimates obtained by
inverse modelling, e.g. by Stohl et al. (2012).
To determine the total level of airborne 131 I concentrations, both the gaseous and particulate fractions of 131 I must
be accounted for. Sampling gaseous radio-iodine requires
activated charcoal traps, which are not implemented in the
IMS network, as they are not required for CTBT monitoring (Stoehlker et al., 2011). Therefore, the iodine measurements should be understood as a lower bound, as only the
aerosol phase can be collected on particle filters (Winiarek
et al., 2012). Based on data by the “Ring of Five (Ro5)”,
an informal network of European national authorities (which
comprises more than 150 sampling systems of high volume
samplers and some with activated coal traps), the average
gaseous/total ratio for 131 I is 77.2 ± 13.6 % (Masson et al.,
2011). The US Environmental Protection Agency (EPA)
RadNet station measurements detected 81 % of the ambient 131 I in the gas and 19 % in the particle phase (Ten Hoeve and Jacobson, 2012). These values are close to the
www.atmos-chem-phys.net/13/1425/2013/
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average reported value for the Chernobyl accident by Hilton
et al. (1991) and the average of 71 ± 11 % reported from the
Fukushima site from 22 March to 4 April 2011 (Stoehlker
et al., 2011). Therefore, a factor of 4 gaseous to particulate
fraction seems an appropriate estimate for the partitioning.
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As we do not account for the removal of 131 I via wet
deposition, we would expect our model to overestimate the
actual 131 I concentrations. Since only 20–50 % of the 131 I
is captured on the filters, (as reported by the CTBTO Virtual Data Exploitation Centre) we would also expect that
the model more strongly overestimates the measured 131 I
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concentrations. On the contrary, the model tends to generally
underestimate the measurements of the atmospheric concentrations of 131 I based on the emission inventory by Chino
et al. (2011) (Fig. 5). Chino et al. (2011) estimate a total release of 150 PBq between 12 March and 6 April 2011, revised in Terada et al. (2012) to 128 PBq between 12 March
and 1 May 2011. Both results are considered by their respective authors to be lower estimates and to have an error of
at least a factor of five. Winiarek et al. (2012) estimate the
lower bound of the total activity of 131 I released into the atmosphere between 11 March and 26 March 2011 to be between 190 and 700 PBq (and 190–380 PBq when using the
most reliable methods and the Japanese observations only),
comparable to the first estimates of 150 PBq by the Nuclear
Safety Commission of Japan. Considering that the model
typically underestimates measured 131 I concentrations, the
lower bound estimates mentioned above probably represent
www.atmos-chem-phys.net/13/1425/2013/

underestimates of the actual emissions of
factor two to five.
3.2

131 I

by at least a

Deposition of radionuclides

In this section we assess the atmospheric budget and deposition patterns of radioactivity by calculating the contributions
of different removal processes, i.e., particle sedimentation,
dry and wet deposition; the latter through large-scale and
convective precipitation. Since the contribution of sedimentation is only small we present it as part of the dry deposition.
The global distribution of deposited 137 Cs radionuclides is
shown in Fig. 6 for dry and wet deposition processes separately (top and middle panel, respectively) based on the emission inventory of Stohl et al. (2012). Following the definition
by the International Atomic Energy Agency (IAEA) (2005,
2009), any area with activity ≥40 kBq m−2 is considered to
Atmos. Chem. Phys., 13, 1425–1438, 2013
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be contaminated (the most intense red scale). Formally, contamination means the presence of a radioactive substance on
a surface in quantities in excess of ≥40 kBq m−2 for beta and
gamma emitters. Both, 137 Cs and 131 I are beta and gamma
emitters. Since we integrate the deposition over the period
after the accident until the end of May 2011, our results represent the accumulated contamination of these two radionuclides.
The prevailing winds during the emission period after 11
March transported most of the radionuclides in easterly direction, away from Japan and the continent. Precipitation
events caused the deposition to occur predominantly over the
ocean. Figure 6 illustrates that the dry deposition patterns are
smoother than of wet deposition, i.e., less dependent on individual meteorological events. It also shows that dry deposition of 137 Cs is mostly confined to the Pacific Ocean region
because this process only acts upon particles in the boundary layer. Only the radioactive particles that escape towards
the free troposphere can be transported over much larger distances. Since exchange between the boundary layer and free
troposphere is mostly dependent on convection events, the
particulate contaminants are to a large extent removed by the
associated precipitation. This is much less the case for 131 I,
which has a low solubility, so that convection effectively redistributes this gas into the free troposphere where the wind
speed is typically higher and transport distances larger.
Therefore, even though 131 I has a relatively short halflife, meteorological conditions associated with convection
and vertical mixing over the Pacific Ocean promote its longdistance transport so that it contributes to radioactivity deposition worldwide (Fig. 6, bottom panel). Our model results suggest that the plumes that traversed the Pacific Ocean
caused significant deposition of radioactivity over continental North America, in particular western USA, western
Canada and eastern USA (>100 Bq m−2 ). Our model results
also show substantial deposition of radionuclides in regions
southwest of Japan, e.g., around the Philippines (Fig. 7, upper panel). Two weeks after the accident, all operational
CTBTO stations in the northern hemisphere had reported at
least one 131 I detection (Stoehlker et al., 2011).
Detailed budget analysis, based on the T255 resolution
model results, shows that 29.3 PBq of the nominal total of
36.7 PBq 137 Cs released by Fukushima was deposited to the
ocean (equivalent to ∼80 % ) and the rest over land, mostly in
Japan. This is in agreement to the budget analysis performed
by Morino et al. (2011) which indicated that 22 % of 137 Cs
was deposited over land in Japan, and the rest deposited
over the ocean (or transported outside of their 700×700 km2
model domain) between 11–30 March 2011 and the budget
analysis performed by Ten Hoeve and Jacobson (2012), indicating that 19 % of the total worldwide deposited 137 Cs
was over land and the remaining 81 % over the oceans. We
find that only a small fraction (less than 1 % ) was deposited
within the Arctic circle (at latitudes higher than 67◦ N). We
estimate that of the total emitted amount of radioactivity,
Atmos. Chem. Phys., 13, 1425–1438, 2013
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approximately 40 % , 60 % , and 75 % were deposited in regions at distances of 5◦ , 10◦ and 20◦ in latitude and longitude
from the location of the source.
The regional deposition distribution of the sum of 137 Cs
and 131 I at different scales is shown in Fig. 7. We estimate that the land area affected by the deposition of radioactivity (by both compounds) in excess of 40 kBq m−2 is
approximately 34,000 km2 . Using the population data from
(CIESIN/CIAT/SEDAC, 2005) (referring to the year 2010),
this part of Japan is inhabited by ∼9.4 million people. The
surface area that received a total deposition greater than
10 kBq m−2 encompasses parts of the Tokyo metropolitan
area, and approximately covers 60,000 km2 , being inhabited
by ∼46 million people. We emphasize that this is based
on the emission of 150 PBq 131 I estimated by Chino et al.
(2011), which might actually be a factor of five too low.
To test the potential of a larger source than 150 PBq 131 I,
and the contribution of particulate 131 I deposition and other
radionuclides we performed a sensitivity test by applying 5
times higher emissions, based on the emissions estimate uncertainty by Chino et al. (2011). In the sensitivity test 134 Cs
and particulate 131 I concentrations and deposition rates were
scaled with 137 Cs, assuming a 134 Cs to 137 Cs activity ratio of
0.9 (Ten Hoeve and Jacobson, 2012) and a factor of 4 gaseous
to particulate 131 I in the atmosphere. Figure 8 shows the results, indicating significantly larger and perhaps more realistic deposition of radioactivity worldwide (upper panel). The
regional and national deposition patterns are illustrated by
the middle and lower panel, respectively. If this would be correct, a large inhabited area would be contaminated by more
than 40 kBq m−2 , including the Tokyo metropolitan area. Although this large 131 I source is speculative, it seems more
realistic than the low estimate of 150 PBq by Chino et al.
(2011). It should be noted that the assumption of 25 % 131 I in
the particulate phase leads to a reduction of the 131 I lifetime
www.atmos-chem-phys.net/13/1425/2013/

in the atmosphere. If this were correct, the model underestimate of 131 I concentrations compared to the CTBTO measurements would even be larger, providing additional justification for a much larger source than 150 PBq. Further study
will be needed to resolve this important issue.
3.3

Doses from Inhalation and Ground Deposition

We estimated the cumulative doses due to inhalation over the
simulation period (11 March–31 May 2011) as well as the
effective doses over 50 years from ground contamination by
applying conversion factors for 137 Cs, 134 Cs and 131 I recommended by the International Atomic Energy Agency (IAEA,
2009, Appendix I). The 134 Cs concentration and deposition
rate in each grid cell was scaled from 137 Cs, assuming the
134 Cs to 137 Cs activity ratio of 0.9, based on CTBTO observations (Ten Hoeve and Jacobson, 2012). The contribution
by noble gases, including 133 Xe, can be neglected as the dose
ratios relative to 131 I are effectively zero.
The inhalation doses are converted from model calculated
concentrations (Bq s m−3 ) into Sv (Sievert), applying the factors 1.29 × 10−11 , 6.60 × 10−12 and 2.44 × 10−12 for 137 Cs,
134 Cs and 131 I, respectively. The results are shown in Fig. 9.
Our calculations do not comprise dosages to individuals from
the ingestion of radionuclides, based on the assumption that
food intervention levels prevent such exposure. The maximum cumulative effective dose from inhalation in Japan is
found to exceed 10 mSv for the nominal emissions (36.7 PBq
137 Cs and 150 PBq 131 I) and 20 mSv for the sensitivity test
with five times higher 131 I emissions, i.e., the upper bound of
the emissions uncertainty indicated by Chino et al. (2011).
These estimates apply to adult members of the general public and not to workers who received higher doses in contaminated facilities.
Atmos. Chem. Phys., 13, 1425–1438, 2013
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Further, we calculated the effective dose to the public from
exposure to ground contamination due to the deposition of
137 Cs, 134 Cs and 131 I. The 50-year ground deposition doses
are derived from the conversion of deposited radioactivity
in Bq m−2 into an effective dose in Sv, applying the factors 1.30 × 10−7 , 5.10 × 10−9 and 2.70 × 10−10 for 137 Cs,
134 Cs and 131 I, respectively (IAEA, 2009). The cumulative
effective dose from radioactive compounds remaining on the
ground for a period of 50 years is shown in the right panel
of Fig. 9. The 50-year effective dose is dominated by the effects of 137 Cs and is less sensitive to the large uncertainty
of the deposited amounts of 131 I and 134 Cs. The sensitivity of these dose estimates to the radionuclide 132 Te is expected to be low, because even though the radioactivity ratio
of 131 I:(131 I+132 Te):134 Cs:137 Cs=1:2:0.1:0.1 (Katata et al.,
2011), the dose factors from ground deposition and inhalation are at least 3 orders of magnitude lower.
The geographic distribution of dose estimates within the
land area of Japan is associated with a high degree of uncertainty, due to the spatial resolution of our model. A nested
regional model can be used in a future study to improve upon
the estimates by the use of more detailed land model and a
finer grid. In Fig. 9 we show the horizontal resolution to emphasize the relatively coarse grid of our model, about 50 km,
which for example cannot reflect the complex terrain around
the Dai-ichi accident site. Nevertheless, since the 133 Xe simulations have shown that transport over large distances is
simulated accurately by our model, we may assume that this
also applies to shorter distances of 50 km upward.

4

Conclusions

The release of radioactivity from the Fukushima Dai-ichi
nuclear power plant accident and the atmospheric transport
and deposition patterns between March and May 2011 were
simulated using the EMAC atmospheric chemistry – general
circulation model at different resolutions (T255 and T106,
equivalent to ∼50 km and ∼110 km Gaussian grid resolution respectively). The atmospheric dynamics were nudged
towards ERA-Interim reanalysis data of the ECMWF, available at T255 resolution.
We initialized our model by applying emissions of the inert
noble gas 133 Xe and the semi-volatile gases 131 I and 137 Cs.
In our model, ceasium attaches to ambient aerosol particles,
whereas the iodine remains in the gas phase. The source
terms are based on estimates from the literature, produced by
inverse modelling and reverse estimation techniques. There
are significant differences and large uncertainties in the total amount and temporal release of radionuclides between
the presently available estimates. Removal processes through
precipitation, particle sedimentation, dry deposition and radioactive decay were taken into account.
Modeled surface concentrations were compared to station
observations by the Comprehensive Nuclear-Test-Ban Treaty
Atmos. Chem. Phys., 13, 1425–1438, 2013

Organisation (CTBTO) global monitoring network for a selected number of stations. We obtained good agreement with
measurements of 133 Xe, at both T255 and T106 resolution.
The comparison for 137 Cs is less favorable, though not systematically biased based on the 137 Cs emission estimate of
36.7 (20.1–53.1) PBq by Stohl et al. (2012). This is equivalent to somewhat less than half the 137 Cs source by Chernobyl (85 PBq, International Atomic Energy Agency (IAEA)
(2006)). The estimate of 13 PBq by Chino et al. (2011) (revised to 8.8 PBq by Terada et al. (2012) and confirmed as a
lower bound of 12 PBq by Winiarek et al. (2012), with an upper bound of 210 PBq, was also included in our comparison.
The model calculated deposition patterns show that most
of the radioactivity which was released to the atmosphere
ended in the Pacific Ocean (about 80 % ), in agreement with
other studies (Morino et al., 2011; Ten Hoeve and Jacobson,
2012). Although the prevailing wind direction during the accident was in easterly direction, some of the atmospheric radioactivity was transported toward the west and southwest,
and deposited in Japan and to a lesser extent reached the
Philippines. Based on the above mentioned emission estimates, we calculated that an area of Japan of 34,000 km2 was
contaminated by more than 40 kBq m−2 of 137 Cs and 131 I, to
which ∼9.4 million people were exposed. Our model results
indicate that a surface area of 60,000 km2 received a total deposition greater than 10 kBq m−2 , a region inhabited by ∼46
million people.
The source term of 150 PBq 131 I applied in our model,
based on Chino et al. (2011), is associated with a systematic underestimate of simulated concentrations compared
to the CTBTO measurements. Therefore, we performed an
131 I emissions sensitivity test, with a factor of five stronger
source, i.e., the upper bound of the uncertainty range indicated by Chino et al. (2011). If this would be realistic, our
model indicates that a relatively large and densely populated
part of Japan including parts of the Tokyo metropolitan area
has been contaminated by more than 40 kBq m−2 . Additional
work will be needed to estimate the 131 I source more accurately.
Finally, we estimated the cumulative doses to the public due to the inhalation of radionuclides over the simulated
time period (11 March–31 May 2011) and the effective doses
over a 50-year period from ground contamination. The maximum inhalation dose around the Fukushima nuclear accident site is calculated to be >10 mSv for the nominal emissions case and >20 mSv for the sensitivity test to the emissions uncertainty by Chino et al. (2011) (five times higher
131 I emissions). These estimates only include 137 Cs and 131 I,
and neglect other isotopes of caesium and iodine and other
radionuclides such as 132 Te. The maximum 50-year dose due
to ground contamination in the area around the Fukushima
nuclear power plant is estimated to be >125 mSv. This result
is less sensitive to the high uncertainty of the 131 I emissions
since it is dominated by the deposition of caesium.
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1425/2013/acp-13-1425-2013-supplement.pdf.
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