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Abstract—The present part of the publication (Part II) deals
with long range dispersion of radionuclides emitted into the
atmosphere during the Fukushima Dai-ichi accident that occurred
after the March 11, 2011 tsunami. The first part (Part I) is dedicated
to the accident features relying on radionuclide detections per-
formed by monitoring stations of the Comprehensive Nuclear Test
Ban Treaty Organization network. In this study, the emissions of
the three fission products Cs-137, I-131 and Xe-133 are investi-
gated. Regarding Xe-133, the total release is estimated to be of the
order of 6 x 10'® Bq emitted during the explosions of units 1, 2
and 3. The total source term estimated gives a fraction of core
inventory of about 8 x 10'® Bq at the time of reactors shutdown.
This result suggests that at least 80 % of the core inventory has
been released into the atmosphere and indicates a broad meltdown
of reactor cores. Total atmospheric releases of Cs-137 and I-131
aerosols are estimated to be 10'® and 10'7 Bgq, respectively. By
neglecting gas/particulate conversion phenomena, the total release
of I-131 (gas + aerosol) could be estimated to be 4 x 10'7 Bq.
Atmospheric transport simulations suggest that the main air emis-
sions have occurred during the events of March 14, 2011 (UTC)
and that no major release occurred after March 23. The radioac-
tivity emitted into the atmosphere could represent 10 % of the
Chernobyl accident releases for I-131 and Cs-137.

Key words: Fukushima Dai-ichi accident, atmospheric
transport modeling, source terms evaluation, Cs-137,1-131, Xe-133,
CTBTO.

1. Introduction

On March 11, 2011, the tsunami induced by the 9.0
magnitude earthquake that occurred east of Japan
caused serious damage to the cooling systems of the
Fukushima Dai-ichi Nuclear Power Plant (NPP). Due
to the lack of cooling, hydrogen and vapor blasts,
dewatering of spent fuel rod pools and fires led to the
release of radioactive materials into the atmosphere.

' CEA, DAM, DIF, 91297 Arpajon, France. E-mail:
pascal.achim@cea.fr

Although at the time this article was written, the
comprehensive understanding of the accident was not
fully established, it was accepted that units 1, 2 and 3
reached a fuel fusion state. The detection in the air of
fission and activation products by monitoring stations
belonging to the International Monitoring System
(IMS) of the Comprehensive Nuclear Test Ban Treaty
Organization (CTBTO) is likely to provide relevant
information on the reactor core damage. CEA relied on
these IMS data and on analysis performed by radio-
nuclide laboratories supporting the CTBT network in
order to estimate the worldwide distribution of the
atmospheric releases of radioactive material and to
better understand the accident features. The first part
(Part I) of this study is dedicated to observations and
interpretations of the accident characteristics relying
on the chronology of the major detections and the
nature of detected radionuclides (LE PeTIT et al., 2012).
This linked part (Part IT) deals with the Atmospheric
Transport Modeling (ATM) at global scale (long range
simulations). The objective is to assess the arrival time
of radionuclides over IMS stations and to evaluate the
quantities released into the atmosphere. We will
mainly focus on Cs-137, I-131 and Xe-133 fission
products. Hence, the two first radionuclides will be the
main contributors to dose and worldwide industrial
Xe-133 background could be modified by Fukushima
radioxenon release affecting the performances of the
CTBT radionuclide monitoring network.

2. Sequence of the Accident and Observations
at Fukushima Dai-ichi Site

After the automatic shutdown of the reactors,
cooling problems were caused by the March 11
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tsunami. During venting operations on several units,
hydrogen explosions and fires occurred. Table 1
gives the sequence of main events that could have led
to the release of radionuclides into the atmosphere
(Japanese Nuclear and Industrial Safety Agency,
NISA; Okapa, 2011; Ministry of Education, Culture,
Sports, Science and Technology, MEXT). Four of the
six units were damaged as a result of the tsunami.
Only units 1, 2 and 3 were in operation at the time of
the event. As unit 4 had been already stopped, it was
not involved in venting operations and did not suffer
an hydrogen explosion. However, it was damaged by
the explosion of unit 2 leading to a fire in the spent
fuel storage pool. It should be noted that other events
than those mentioned in Table 1 could have led to
atmospheric emissions, like cooling operations by
spraying water from helicopters or terrestrial devices
that could have resuspended small quantities of
radionuclides.

2.1. Dose Rate Measurements

Figure 1 shows the evolution of the dose rates
measured during March 2011 on the monitoring
points located on the Fukushima Dai-ichi site (TEP-
CO Press releases). The monitoring points are
approximately located 1 km away from the reactors.
Measurement of amplitude over time depends on both
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the amount of material released in the atmosphere
and the location of the monitoring stations with
regard to the prevailing wind. Since the time series
are incomplete, they may not represent all the events
that could have occurred. However, measurements
show a succession of peaks of dose rate, which can be
related to the events presented in Table 1. Releases
that led to the highest measured dose rates took place
on March 14 and 15 UTC (events 7-11 in the table).
After March 25, dose rates decrease continuously
with time. Even though they give an indication of
release timing, dose rates are difficult to interpret
since they do not allow the identification of radio-
nuclides. Hence, dose rates partly result from the
contribution of short half-life radionuclides such as
1-132 (2.295 h) (QuELo et al., 2011). In addition, dose
rate monitoring devices are subject to saturation
phenomena, thus making the interpretation of the
relative peak amplitudes difficult.

2.2. Assessment of Atmospheric Cs-137 and I-131
Leakage after March 22

From March 22, measurements of activity con-
centrations in Cs-137 and I-131 were conducted at the
Fukushima Dai-ichi site by the TEPCO Company
(TEPCO Press releases) (Fig. 2, left). These mea-
surements were made daily from mobile sampling

Table 1

Sequence of main identified events that could have lead to atmospheric releases

Date (UTC) Concerned unit Events

03/11 05:46 Automatic shutdown of units 1, 2 and 3 due to earthquake

03/12 01:17 Unit 1 1) Venting

03/12 06:36 Unit 1 2) Hydrogen explosion in reactor building

03/12 23:41 Unit 3 3) Venting

03/13 02:00 Unit 2 4) Venting

03/13 20:20 Unit 3 5) Venting

03/14 02:01 Unit 3 6) Hydrogen explosion in reactor building

03/14 15:02 Unit 2 7) Venting

03/14 21:15 Unit 2 8) Explosion. Possible damage of pressure system.
Damage of building wall of unit 4 reactor

03/15 00:38 Unit 4 9) Fire occurred in spent fuel cooling pool

03/15 20:45 Unit 4 10) Fire occurred in spent fuel cooling pool

03/15 23:20 Unit 3 11) White smoke generated

03/20 02:00 Unit 3 12) Rise of primary containment vessel pressure

03/21 06:55 Unit 3 13) Greyish smoke

03/23 07:20 Unit 3 14) Black smoke
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Figure 1

Dose rates measured on the monitoring points located around the Fukushima plant. Events identified in Table 1 are shown by the arrows
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Figure 2

Left activity concentrations measured on the Fukushima Dai-ichi site for I-131 and Cs-137. Right estimated release rates (Gaussian
formulation) required to match measurements. ND normal diffusion; WD weak diffusion; 2 and 5 refer to wind speed (m/s)

devices located near the so-called monitoring points
“Western Gate” and “Main Gate”. Gamma spec-
troscopy measurements were performed at the
Fukushima Dai-ini site. Measurements show that
the I-131 activity concentrations decrease with time
following approximately the radioactive decay of the
radionuclide, with some exceptions, such as the
period from April 13 to 19. Concerning Cs-137,
measured activity concentrations appear fairly con-
stant, in agreement with the half-life of the
radionuclide. This result points out that no major
release has been measured by these monitoring
devices after March 22 and rather indicates a
continuous release of radionuclides into the atmo-
sphere at a constant emission factor.

Figure 2 (right) provides rough estimation of
release rates required to obtain measurements pre-
sented in Fig. 2 (left). Release rates are calculated
from a Gaussian dispersion formulation, assumed to
be relevant due to the small distance between the
reactors and the monitoring devices. It is assumed
that sensors were under the direct influence of
releases, which was not necessarily the case in
reality. Building effects on dispersion are not taken
into account and ground deposition and radioactive
decay phenomena are neglected (both are negligible
at short distances for considered radionuclides).
Calculations are performed for a 20 m high source
and for two meteorological conditions assumed to
provide reasonable major and minor estimations of
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release rates: i.e., unstable atmosphere with a 2 m st

wind speed (Normal Diffusion 2) and a stable
atmosphere with a 5ms~' wind speed (Weak
Diffusion 5). By time integration of the release rates
over the observation period (~2 months from March
22), these two conditions lead to releases ranging
from 1 x 10" to 1 x 10" Bq for 1-131 and from
1 x 10" to 1 x 10" Bq for Cs-137. The work
should be continued to estimate the amounts released
during leaks (i.e., between main releases) that may
have occurred before March 22.

3. Elements on Atmospheric Transport Modeling
(ATM)

ATM has been conducted at both the regional
(short range simulations) and global scale (long range
simulations). This section describes briefly the
methodologies used and the objectives of the
simulations.

3.1. Short Range Simulations

The regional scale simulations have been con-
ducted using MM5 V3.7 (MMS, 2005) and WRF V3.3
(WRF website) mesoscale meteorological models.
These well-known systems are parallelized, limited
area, non hydrostatic, terrain following and sigma-
coordinate models designed to simulate or predict
mesoscale atmospheric circulation. NCEP’s Global
Forecast System (GFS) meteorological data with 6 h
and 0.5° resolutions have been used as initialization
and boundary conditions (National Centers for
Environmental Prediction/GFS website). Among the
existing atmospheric dispersion models, the 3D
lagrangian particle dispersion model (LPDM) FLEX-
PART was used (StoHL et al, 1998; FLEXPART
homepage). The versions of the model used here are
those specifically developed for MM5 (V.6.2) and
WREF (Fast and EAsTER, 2006). It should be noted that
in the standard WRF FLEXPART version, wet
deposition phenomena are not fully implemented. To
correct this, the calculation of precipitation subgrid
variability was made available in particular the
calculation of the fraction of surface that undergoes
precipitation. This fraction is a function of convective
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and large-scale precipitation and also depends on
cloud cover. The method developed is based on the
MMS5 FLEXPART model, where cloud cover is
estimated from the total water contained in the air
column between ground and roof level of the calcu-
lation domain.

Regional calculations were carried out to simu-
late, at the scale of a few hundreds kilometers, the
dispersion of radionuclides emitted by Fukushima
Dai-ichi NPP. In particular, one goal was to simulate
dry and wet deposits and to compare results with
measured dose rates in the Ukedo river basin located
on the northwest region of the Fukushima Dai-ichi
site (DOE, 2011). Because of their spatial and
temporal resolutions, long range models are not able
to reproduce this event (TAKEMURA et al., 2011).
Unfortunately, the mesoscale simulations driven by
0.5° GFS failed to reproduce the observed deposits.
They were caused by a low rainfall washout of the
radionuclide plume emitted at the end of March 14
(UTC) following the venting and hydrogen explosion
that occurred on unit 2 (Oxkapa, 2011). While the
prevailing wind directions were mainly from the
northwest and northeast, the release occurred in a
southeast flow during a short duration, which was not
reproduced in the simulations because of shortcom-
ings in GFS data. However, no other better large-
scale data were found for the characterization of these
meteorological conditions (MATHIEU et al., 2012).
Figure 3 shows an example of a comparison between
observations and simulations at the Fukushima Air-
port (RJSF station, 37.2275N; 140.4281E), located
60 km southwest of Fukushima Dai-ichi NPP. In this
example, the WRF mesoscale wind field has a
resolution of 1.6 km and 1 h. This figure shows that
the southeast wind observed during the early hours of
March 15 is not reproduced by the model (similar
result has been obtained with MM5).

Several mesoscale simulation attempts were per-
formed by varying the vertical calculation grid
resolution and the relaxation coefficients towards the
large-scale input data inside and outside the boundary
layer for the coarser domain. A possible way to
improve the quality of the simulations for this time
period would be to proceed to observations assimila-
tion. Satisfactory results have been obtained with
the Japanese SPEED and WSPEEDI-II emergency
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Figure 3
Wind directions observed at the METAR Fukushima airport station (black dots) and wind directions simulated using WRF (black solid line).
The grey area corresponds to the period of time during which releases have been transported towards the northwest of Fukushima Dai-ichi

response systems (CHINO et al., 2011; Kartata et al.,
2012a, b; TERADA et al., 2012). Large-scale data used in
these models have higher temporal and spatial resolu-
tion than the GFS ones and a large amount of local
meteorological observations are assimilated. As our
regional simulations are still ongoing, only long range
results are presented in this article.

3.2. Long Range Simulations

Atmospheric Transport Modeling at global scale
has been carried out using the particle dispersion
lagrangian model FLEXPART (V.8.2) and the
NCEP/GFS meteorological data (http://weather.noaa.
gov/pub/SL.us008001/ST.opnl) with 6 h, 0.5° x 0.5°
and 1° x 1° resolutions. This ATM system is suitable
regarding the spatio-temporal characteristic scales of
the problem to be solved. The objective of long range
simulations is to assess the arrival time of radionuc-
lides at different monitoring stations located over the
globe and evaluate the quantities released into the
atmosphere. As previously quoted, we will mainly
focus on Xe-133 (half life 5.244 days), I[-131
(8.023 days), and Cs-137 (30.05 years) which are
volatile fission products (see Part I of the publication).

3.3. Gas and Particulate Deposition, Particle Size
and Emission Height

During events such as the Fukushima or Cher-
nobyl accidents, gases and particles emitted in the

atmosphere can be transported over very long dis-
tances and over long periods of time. Typically, the
spatio-temporal scales of the problem are of the order
of the circumference of the globe and several months.
Because of these atmospheric dispersion and trans-
portation scales, radioactive decay, gas-particulate
conversion, and dry and wet deposition can drastically
affect the behavior of emitted material. It should be
noted that the noble gases (such as radioxenon) are not
affected by deposition phenomena.

Wet deposition of gases or aerosols on the ground
is due to the washout of the radionuclide plume by
precipitation (rainfall, snow, etc.). It does not depend
linearly on the precipitation rate. It is based on a
scavenging coefficient, which depends on the precip-
itation rate and the considered radionuclide. To
calculate the dry deposition of gases and aerosols, a
classical approach in the dispersion models is to
separate the gravity fallout (settling) and the interac-
tion with soil and vegetation. The total deposition rate
is the sum of these two contributions. The deposition
due to interaction with the soil is calculated for
altitudes between the ground and a reference height
(e.g., 15 m). It is usually a function of aerodynamic
drag terms produced by vegetation canopies and soil
nature. Settling velocity is assumed to be zero for
gases but depends on density and diameter for
particles. This last point is important because as a
FLEXPART particle can not represent several set-
tling velocities, gases and aerosols trajectories must
be calculated separately.
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Preliminary calculations were performed to esti-
mate the relative influence of particle size and
deposition processes on the atmospheric transport
efficiencies calculated at several IMS stations located
in the northern hemisphere (see Appendix). By
efficiency of atmospheric transport at a given point,
we mean the activity concentration calculated with a
unit release. Figure 4 (left) shows the normalized
efficiencies calculated at the locations of 14 IMS
stations. Efficiencies are normalized to the maximum
reached at the station JPP38-Takasaki. Calculations
are carried out with 1 and 0.1 pm particle diameters
(KanEvasu et al., 2012), respectively. The result
shows that the variation of particle diameter in this
range has a small influence on the -calculated
behaviour of particles in the flow. Figure 4 (centre)
shows the efficiencies obtained by considering on the
one hand an inert tracer (i.e., without wet and dry
deposition) and an aerosol with 1 pm diameter and
dry deposition on the other hand. As expected, dry
deposition has a weak effect on submicronic particles
during transport. Figure 4 (right) shows the efficien-
cies calculated by using both an inert tracer and a
1 pm diameter aerosol with wet and dry deposition.
With precipitation rates included in employed GFS
data, wet deposition appears to have a significant
effect on the results.

The height at which the radionuclides are emitted
can have a significant influence on their dispersion
into the atmosphere. Q140 et al. (2011) used a climate
model to estimate the long range dispersion of
Fukushima releases over a period of 3 months. In
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particular, they studied the influence of the emission
height of radionuclides by selecting a release close to
the ground, in the 5,000 m layer and the 10,000 m
layer. Particles are transported more rapidly towards
North America, Europe and Asia especially when
their emission height is high. In our simulations, since
the releases were not energetic (excluding cooling
pool fires) and the explosions that occurred were
controlled, it is considered that releases take place in
the 0-200 m layer. As mentioned in the following
section, radionuclides can quickly reach the middle
and upper troposphere in situations when an updraft
occurs.

4. Meteorological Conditions

Figure 5 shows the large-scale meteorological
patterns for four dates between March 15 and March 24
(the maps were produced from NCEP/GFS 0.5° data
using the GrADS system [http://www.iges.org/grads]).
These different patterns present wind vector fields and
geopotential height at 500 hPa. Geopotential height is
useful to highlight large-scale cyclonic and anticy-
clonic structures. During this time period, a strong
westerly jet stream blew over the Pacific Ocean from
Japan to California, and over the Atlantic Ocean from
the North American continent to Iceland. The flow was
then directed towards the north pole because of a high
pressure system over Europe (e.g., March 15 map). The
high pressure structure established over Western Eur-
ope then led the flow to Central Europe. Because the
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Figure 4
Left influence of particle diameter on transport efficiencies. Center influence of dry deposition. Right influence of wet deposition
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downdraft was located on Eastern Europe, radionuc-
lides suspended in the atmosphere could have reached
Eastern Europe before reaching Western Europe (e.g.,
March 21 and 24 maps). Radionuclides released into
the atmosphere were rapidly transported around the
globe, and achieved a circumnavigation in 2-3 weeks.
TAKEMURA et al. (2011) indicate that a large-scale
updraft caused by a low pressure system was located
over Japan from March 14 to 15 at the time of the
explosion of unit 2 (Table 1). This meteorological
situation allowed radioactive particles present in the
boundary layer to reach the middle and upper tropo-
sphere and the jet stream layer, and finally transported
them over the Pacific Ocean in 3 or 4 days.

5. Radionuclides Considered in Dispersion
Simulations

The analysis of the Chernobyl accident showed
that large amounts of Cs-137 and especially of I-131
were emitted into the atmosphere (UNSCEAR,
2000). In order to compare these quantities with those
released during the Fukushima accident, Cs-137 and
I-131 are considered in the simulations. Because of
the complexity of events that occur during such
accidents, it is difficult to estimate what were the
distributions of particle diameters and the gas/par-
ticulate ratios (I-131) that were emitted into the air.
However, concerning long range simulations, it
seems reasonable to assume that only small particles
may be transported over such long distances. Without
further information, a single 1 um diameter particles
distribution for Cs-137 and I-131 was considered. In
addition to the Cs-137 and I-131, simulations were
performed with Xe-133. Hence, as previously men-
tioned, in the framework of the Comprehensive
Nuclear Test Ban Treaty (CTBT), monitoring of
atmospheric concentration of radioxenon is relevant
to provide evidence of atmospheric or underground
nuclear weapon tests. However, during the couple of
months after the Fukushima Dai-ichi accident, mon-
itoring capabilities of the network could have been
affected by the large amount of radioxenon released
by the accident. The impact of Fukushima radioxenon
releases on the worldwide Xe-133 background must
also be investigated.

Pure Appl. Geophys.

5.1. I-131

The gaseous form of I-131 is supposed to be
deposited on the ground by the washout of the plume
(wet deposition). Caput et al. (1993) have conducted
experiments to determine the washout factor of
elemental iodine in the gas form. The results show
that molecular gaseous iodine, which is very reactive,
seems to be irreversibly captured in rainwater. The
average washout factor determined from experiments
is A =82 x 107> s7! (this coefficient indicates the
fraction of radioisotopes washed out from 1 m® of air
per second at a standard rain intensity of 1 mm h™").
This value is of the order of magnitude of those
generally accepted in deposition models [e.g.,
A=7x 10" s"" (Prrraverova er al, 2011)]. In
the FLEXPART model, gaseous I-131 washout factor
is set 0 A=8x 107°1°%2¢7' where I is the
intensity of the rain in mm h™'. Scavenging factor
for particulates of I-131 is given by A =1 x
107*1°% 57!, The dry deposition velocity of gaseous
I-131 is calculated using the resistance method
(WeseLy and Hicks, 1977). Calculated deposition
velocities (interaction with soil) are approximately in
the range 1 x 107°=1 x 1072 m s™'. These values
are consistent with those generally accepted in impact
assessment models (BIOMASS program, 2003). For
the I-131 aerosol form, considering a 1 pm particle
diameter class, the dry deposition velocity is of the
order of 1 x 107" m s™'. This value is one order of
magnitude smaller than those currently used in particle
deposition models with diameters above 1 pm (about
1 x 107> ms™") (BIOMASS program, 2003). In the
case of particle diameters above 1 um, the deposition
velocity is increased by gravity settling (SLINN, 1982;
SenMEL, 1980). Radioactive decay of I-131 is taken
into account in the simulations.

5.2. Cs-137

The below cloud scavenging factor for Cs-137 is
given by A = 1 x 107*1°% 7', The calculated dry
deposition velocity is about 1 x 107* m s~' when
considering 1 pm diameter particles. Regarding the
simulated durations (several weeks), the influence of
radioactive decay of Cs-137 will be negligible on
calculated activity concentrations.
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5.3. Xe-133

Radioxenons are highly volatile fission products.
Noble gases are not affected by wet and dry
processes. Radioactive decay of Xe-133 is taken into
account in the simulations.

5.4. lodine Gas/Particle Conversion

The behavior of I-131 in the atmosphere is known
to be complex as the gaseous form could gradually
evolve into the particulate form. This has been the
subject of many studies, particularly following the
accident at the Chernobyl plant in April 1986.
UEMATSU et al. (1988) used atmospheric measure-
ments made in Japan and on a boat in the Pacific
Ocean to estimate the characteristic conversion gas/
aerosol time for I-131. With the assumption that
about 60 % of the total I-131 was present in the gas
form in the Chernobyl releases, they found an
average conversion time of about 2-3 weeks, with a
minimum conversion time of about 12 days. The
relative uncertainty is estimated to be about a factor
of 2. MassoN et al. (2011) indicate that the I-131 gas/
I-131 total (total = gas + particles) ratio measured
at the site of the Fukushima Dai-ichi plant from
March 22 to April 4, 2011 was 71 £ 11 %. The
average ratio measured in Europe until April 12 on a
station network is very close, 77 & 14 %. According
to the authors, the similarity of the measured ratios
suggests that the conversion gas/particle is small.

To verify this hypothesis, a calculation of atmo-
spheric dispersion was performed by considering a
single release which occurred on March 14 from 18
to 24 h (UTC), linked to the explosion on unit 2. In
this numerical experiment, the release is assumed to
be made up of 70 % of 1-131 gas and 30 % of I-131
aerosol and a diameter of 1 pm is chosen for
particulate form. The wet and dry deposition pro-
cesses for gas and particulate forms are those
described above. The radioactive decay of I-131 is
taken into account, but gas/particle form transfers are
not simulated. Assuming that the deposition process
is realistically reproduced, the transfer between the
gas phase and particulate phase can be considered
low if the gas/particle ratio calculated in Europe is
close to the initial release one.
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Figure 6 (left) presents the activity concentrations
obtained at some IMS stations located in Western
Europe. The radionuclides released into the atmo-
sphere during the simulated event reached monitoring
stations between March 24 and April 13, which is in
good agreement with measurements carried out in
Europe (MassoN et al., 2011). The figure shows that
travel time is about 2-4 weeks. Figure 6 (right)
shows the simulated gaseous I-131/total I-131 ratios.
Considering that the maximum simulated activity
concentration is about 4,000 pBq m ™~ and assuming
a detection limit of 0.5 uBq m™>, the average sim-
ulated gaseous I-131/total I-131 ratio is about 94 %
(95 % considering all the values calculated without
taking the detection limit into account). This result
may indicate that about 40 % of gaseous I-131 should
be converted to particulate phase to match the
measured average ratio in Europe (~77 + 14 %).
According to the travel time between Japan and
Europe, this suggests that the conversion time is in
good agreement with the one proposed by UEMATsU
et al. (1988). However, due to the uncertainties of the
simulations and measurements, this work should be
continued. Iodine gas/particle conversion is not taken
into account in the simulations.

6. Simulations at the JPP38: Takasaki Station

Simulations are carried out using NCEP/GFS glo-
bal meteorological data with 6 h and 0.5° resolution.
Figure 7 shows the activity concentrations calculated
at the JPP38 station (see Appendix, Fig. 17) selecting
the releases from Table 1. The activity concentrations
are normalized to the total. For each event, it is
assumed that the release lasts 2 h and that a unit
amount of an inert tracer is emitted (without deposition
or radioactive decrease). A short duration release is
chosen to distinguish the relative contribution of each
emission at the monitoring station.

6.1. Cs-137

Due to the relatively short distance between
Fukushima Dai-ichi and JPP38 (~210 km), it was
considered that the behavior of a tracer can be
representative of the behavior of small sized aerosols
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Calculated normalized activity concentrations at the JPP38 Takasaki station considering main events identified in Table 1

of Cs-137 during the first few days of the accident.
Results presented above have shown that the behavior
of aerosols was insensitive to the particle diameter
when it was smaller than 1 pum (Fig. 4). For this
particle size, it was shown that dry deposition
phenomena were weak. Previous results also highlight
that wet deposition was not very effective for the
period leading to higher activity concentrations of
JPP38. Figure 7 shows that the calculated activity
concentrations were almost the same on March 15 and
for the period from March 21 to 23. During those days,
the northeasterly wind was favorable to the transport
of radionuclides towards the station. The figure shows

that on March 15, the station was mainly sensitive to
releases 7 and 8 (venting and explosion of unit 2) that
occurred in the late afternoon of March 14. For the
March 21 to 23 period, the station was sensitive to
releases 12 and 13 (rise of primary containment vessel
pressure and greyish smoke on unit 3) that occurred
during March 20 and 21. From March 23, the
contribution of other releases is more difficult to
assess. From March 30, radionuclides emitted at the
beginning of the event were able to travel around the
globe and to contribute to the simulated signal.
Figure 8 (left) presents the activity concentrations
calculated and observed at JPP38 station for Cs-137.
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The activity concentrations calculated are those
obtained by considering a continuous release from
March 12 to April 1, 2011 and also the total
contribution of all short releases (Fig. 7). The release
rate is the same in all simulations. Results are
normalized by the maximum activity concentration
calculated for the period, obtained with the contin-
uous release. The measured activity concentrations
are normalized by the maximum observed, reached
on March 15, 2011. The dynamics of the measure-
ments is relatively well reproduced by the
simulations. On March 15 and for the period from
March 21 to 23, the activity concentrations from the
simulated puffs and continuous release are substan-
tially equivalent. This indicates that during these
days, releases that occurred on late March 14 and
during March 20 and 21 have mainly contributed to
the measured signal. However, the figure shows
significant activity concentrations measured on
March 31, which are only reproduced with the
continuous release scenario. Differences observed
between the continuous release and puffs may reflect
the fact that releases which have reached JPP38 may
have lasted more than 2 h. This also points out that
other events than those identified in Table 1 may
have occurred. Figure 8 (right) shows the comparison
between measured and simulated activity concentra-
tions. On March 15, a reasonable agreement is
obtained by considering a total release of the order
of ~5 x 10'¢ Bq on March 14 (releases 7 and 8). For
March 21 to 23, a fairly good agreement is found by
considering a release of the order of ~2 x 10'® Bq on
March 20 (release 12) or ~4 x 10" Bq on March 21
(release 13). The total estimated release of Cs - 137 is
of the order of 5 x 10'°~7 x 10'® Bq.

In Fig. 8 (right), an additional release of
~3 x 10" Bq was added during March 29 in order
to reproduce the observed peak during March 30 and
31. In order to determine the effective release period,
a backward calculation was carried out from the
monitoring station for those 2 days (Fig. 9, left).
Measurements of dose rate on the monitoring points
located close to the Fukushima Dai-ichi NPP show a
rise of the signal over March 28 and 29 (Fig. 9, right).
These observations are in agreement with the
hypothesis that an atmospheric release may have
occurred during these dates. However, no particular
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event has been identified in news reports concerning
the accident (NISA). CuNo et al. (2011) have made
an estimation of the I-131 and Cs-137 source terms
released into the atmosphere between March 12 and
early June 2011. To satisfy the agreement between
simulation and measurements, the authors have found
that an increase of 1.4 x 10" Bq h™' in Cs-137 was
needed between March 29 and 30.

6.2. I-131

Figure 10 (left) presents the activity concentrations
calculated and observed at JPP38 station for I-131.
The calculation of the dispersion takes into account the
radioactive decay of I-131. It was assumed that fires
that occurred on unit 4 cooling pools could not lead to
I-131 releases as the unit had already been stopped at
the time of the tsunami and the spent fuel was too old
to release appreciable amount of I-131. As for Cs-137,
aerosols are assumed to be small enough to behave as
a gas and to neglect the dry deposition phenomena. It
was also assumed that wet deposition is not effective
for periods during which the main peaks have been
measured. Because of the short transport time between
the release point and monitoring stations (distance
~210 km), the gas/particle conversion have been
neglected. By considering that the measurements at the
IMS stations are only representative of the contribu-
tion of aerosols, a correction coefficient has to be
applied to account for the fact that I-131 releases are
also composed of gas. For aerosols, quite good
agreement is obtained by considering a total release
of the order of 6 x 10'7 Bq at the end of the day on
March 14 (releases 7 and 8: venting and explosion on
unit 2). From March 21 to 23, an agreement is found
by considering a release of the order of ~4 x 10'® Bq
on March 20 (release 12) or ~4 x 10" Bq during
March 21 (release 13). An additional release of
~2 x 10" Bq was added during March 29 to match
the observed peak during the March 30 and 31 period.
An increase in I-131 release rate was also needed
between March 29 and 30 in CHwNO et al
(1.8 x 10" Bq h™!). The estimated total release is
about ~6 x 10" Bq. Assuming that the initial
releases composition was 70 % gas and 30 % parti-
cles, the total I-131 estimated release is found to be
~2 x 10" Bq.
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Left normalized Cs-137 activity concentrations measured and calculated at the JPP38 Takasaki station considering a continuous release and
main identified events. Right Cs-137 activity concentrations measured and simulated using estimated source terms
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Left sensitivity between the site of Fukushima Dai-ichi site and the JPP38 station for a backward calculation started on March 30 and 31 from
the station. Right dose rates measured on the monitoring points Main Gate and West Gate between March 26 and 31

Other releases, which have not reached the mon-
itoring station due to meteorological conditions, might
have to be added to the estimated I-131 and Cs-137
releases. Uncertainties on calculated source terms are
significant and are related in part to the measurements.
The I-131 and Cs-137 uncertainties have been assessed
at £25 % (3,700 &+ 1,000 Bq m~> and 400 £ 100
Bq m ™, respectively) on March 15 measurements. In
addition, after March 15, the JPP38 radionuclide
station had been contaminated by the radioactive
cloud as shown in Part I of the publication. Uncer-
tainties on source terms are also related to inaccuracies
in the wind fields used and may also be due to the

dispersion model itself. Hence, the 0.5° wind fields
may not be sufficiently resolved to match the JPP38
observations, as this station is close to Fukushima and
located in an area where the topography is complex
(Appendix, Fig. 17).

7. Evaluation of Source Terms with Long Range
Simulations

Atmospheric transport of aerosols was carried out
using 1.0°. NCEP/GFS data and simulations related
to the Xe-133 were performed with 0.5° data. To
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Figure 10
Left normalized I-131 activity concentrations measured and calculated at the JPP38 Takasaki station considering a continuous release and
main identified events. Right I-131 activity concentrations measured and simulated using estimated source terms

assess the influence of the wind fields resolution on
long range simulations, a calculation was performed
by simulating the dispersion of an inert tracer con-
tinuous release emitted from the Fukushima Dai-ichi
site during the period of time from March 12 to May
1, 2011. Calculations were performed with both the
1.0° and the 0.5° data. Figure 11 shows the results at
several IMS stations located over the Northern
hemisphere (see Appendix, Fig. 18). FA2 and FAS
bands are plotted in the figure to identify the 1.0°
results which are in a factor of 2 or 5, respectively,
compared to the results obtained at 0.5°. The two
simulations appear to be in proper agreement, with
FA2 = 87 % and FAS = 97 %. The worst scores
were obtained for the JPP38 station which is the
closest to the Fukushima NPP. In this particular case,
given the relative short distance between JPP38 and
the facility, a better agreement between observations
and simulations is obtained as expected with the 0.5°
resolution data. For other IMS stations located at a
longer distance from Fukushima, 1.0° and 0.5° wind
fields are found to lead to substantially similar results.

Based on source terms evaluated from JPP38
station measurements, long range simulations were
performed using 1.0° GFS wind fields. Direct calcu-
lations were carried out considering the events listed
in Table 1. It is assumed that all events can lead to
Cs-137 releases. As unit 4 was already shutdown at
the time of the tsunami, it is assumed that the reactor
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Figure 11

Comparison of activity concentrations simulated on IMS stations
using 1.0° and 0.5° resolution GFS wind fields

and spent fuel cooling pools can not lead to I-131
releases. Because Xe-133 is highly volatile, it is
considered to be emitted into the atmosphere at the
time of the hydrogen explosions of units 1, 2 and 3.

All simulations indicate that the material emitted
into the atmosphere mostly remained over the
northern hemisphere, showing that the inter-hemi-
sphere exchanges are limited. Only a few minor
detections were observed over the southern hemi-
sphere (e.g., for I-131: 1 uBq m™> at FJP26, Nadi,
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Fidji, from April 5 to 6 and 7 uBq m at PGP51,
Kavieng, Papua New Guinea, from April 11 to 12).

7.1. Cs-137

Figure 12 shows the evolution of observed and
simulated Cs-137 activity concentrations. Temporal
synchronization between observations and simula-
tions is satisfactory. From one station to another,
relative activity concentration level differences are
not only based on the distance travelled by the plume
from Japan (for readability of the figures, the y axis
may be different). For example, the simulated and
observed levels at the MNP45 station (Ulaanbataar,
Mongolia) are higher than those obtained at the
DEP33 station (Freiburg, Germany). This indicates
that the complex transport of radionuclides in the
atmosphere has been, in part, well reproduced in the
simulations. However, long range transport of Cs-137
aerosols appears difficult to simulate. Hence, poorer
results have been obtained for stations located on the
edge of the simulated plume and/or close to Fuku-
shima plant. This is particularly the case for RUP60
station (Petropavlovsk, Russia), which is located
about 2,200 km northeast from Fukushima and for
USP71 (Sand Point, USA) and CAP16 (Yellowknife,
Canada) stations located at 62.5N and 55.33N
respectively. Bias on transport of Cs-137 may be
due to the cumulative effect over long distances of
wind fields inaccuracies and/or an underestimation of
the dispersion of lagrangian particles with high
latitudes. Depending on the intensity of precipitation
rates contained in the meteorological input data, the
wet deposition can also be locally overestimated or
underestimated on the path of the particle cloud.
Uncertainties on the initial size distribution of
aerosols can also affect the representativeness of the
calculated dry deposition. Some of the differences
between simulations and observations may also be
due to specific phenomena that have not been taken
into account, such as re-suspension of part of cesium
initially deposited on the ground. Some smaller peaks
observed after the main peaks may be due to the
resuspension.

At stations where the aerosol behaviour is the
most consistent with the observations, the source
terms evaluated using the JPP38 detections lead to an

Pure Appl. Geophys.

overestimation of the long distance simulated detec-
tions. Total release estimated from the long range
simulations is about 1 x 10'® Bq (~5-7 times lower
than those obtained using the JPP38 measurements).
The simulations show that the events that occurred in
the afternoon of March 14 UTC on the unit 2 may
have led to significant releases of Cs-137 in the
atmosphere. For these events, a total release of the
order of 6 x 10" Bq is required to find an agreement
with the measurements (~ 10 times lower than for
the JPP38 calculation). The events on the unit 3 and
that took place from March 20 to 23 are also found to
be significant with a required total release of the order
of 2 x 10" Bq. Simulations suggest that the hydro-
gen explosion and/or venting operations of units 1
and 3 (March 12 and 13/14) may have resulted in a
total release of 2 x 10'° Bq.

7.2. I-131

Figure 13 shows the evolution of observed and
simulated I-131 activity concentrations. To perform
the comparison at the IMS stations, simulations were
carried out considering only the aerosol fraction of
emissions (iodine gas phase is not measured by IMS
stations). The agreement between simulations and
observations is generally better for I-131 than for Cs-
137. This can be attributed to the half-life of I-131
(8.023 days), which leads to a faster depletion of the
cloud and thus reduces the relative errors of simula-
tions (due to wet deposition, etc.). The dynamics of
the measurements is rather well reproduced by the
simulations (note that the amplitude of the y axis of
USP70 and USP71 stations is different from the other
stations). The temporal synchronization between
observations and simulations is quite satisfactory.
As for the Cs-137, poorer results are obtained for
stations located on the edge of the simulated plume
and/or near Fukushima: e.g., RUP60 (Petropavlovsk,
Russia), CAP16 (Yellowknife, Canada) and USP71
(Sand Point, USA) stations. A general agreement is
nevertheless obtained by considering a total I-131
aerosol source term of approximately 1 x 10'7 Bq
emitted during the different puffs. Assuming that the
I-131 aerosol release represents only 30 % of the
total emission, the total release (aerosol + gas)
would be about 4 x 10'7 Bq without considering
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on the unit 2 led to major releases of I-131 in the
atmosphere. For these events, a release of the order of
6 x 10'° Bq is required to find an agreement with
measurements (~ 10 times lower than for the JPP38
calculation). Events on unit 3, which took place from

Figure 12

Activity concentrations in Cs-137 measured and simulated from March 12 to May 1, 2011 at some IMS stations. The stations are represented
detected the latest

is observed between the

~5

a factor
estimated total releases from simulations at JPP38

and distant stations. Simulations show that the events

according to the dates of arrival of the plume of radionuclides. Top left the station that detected the earliest. Bottom right the station that
which took place in the afternoon of March 14 UTC

the gas/particle conversion phenomena. As for the

Cs-137,
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Figure 13

I-131 activity concentrations measured and simulated from March 12 to May 1, 2011 at some IMS stations. The stations

according to the arrival dates of the plume

are represented

March 20 to 23, are also found to be significant, with hydrogen explosion related to unit 1 (March 12)

a required release of the order of 3 x 10'® Bq. For
example, the 1.4 mBq m > peak measured from the
April 5 to 6 UTC at DEP33 station (Freiburg,
Germany) seems to be correlated with these emis-
sions. Simulations show that the venting and

may have led to significant releases of about
2 x 10" Bq. Simulations suggest that the peak of
13.4 mBq m ™~ measured from March 17 to 18 UTC
by the USP70 (Sacramento, USA) station could be
mainly due to these releases.
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Figure 14
Activity concentrations in Xe-133 measured and simulated from March 12 to May 1, 2011 at some IMS stations. The stations are represented
according to the dates of arrival of the plume

7.3. Discussion on Cs-137 and I-131 Results

Releases calculated for Cs-137 and I-131 appear
to be much larger than those calculated for the
continuous leakage between March 22 and mid-May
2011 (see Sect. 2.2). Continuous leakage calculated
from March 22 may represent only 1/100 (Cs-137)
and 1/1,000 (I-131) of total releases and they will be
neglected.

Total source terms calculated from long range
simulations for Cs-137 and I-131 (resp. 1 x 10'® Bq
and 1 x 10'7 to 4 x 10" Bq) are in good agreement
with those presented in the literature (CHINO et al.,
2011; MATHIEU et al., 2012; WINIAREK, 2012) These
results suggest that the source terms estimated from
the station JPP38 are probably too high. CHINO et al.
(2011) found also that the largest releases took place
on early March 15 and that no major release occurred
after March 24 which is also consistent with our
results. The main releases could be linked to the
explosion and the pressure suppression chamber
damage of unit 2. However, our simulations suggest
that the hydrogen and/or

explosions venting

operations of units 1 and 3 (March 12 and 13/14)
may have also resulted in significant releases
(KaTaTa, 2012a). Because of the meteorological
situation, these releases seem to have been rapidly
blown towards the Pacific Ocean (especially the
release of March 12) and may not have been
significantly measured by the stations network in the
vicinity of the NPP.

It was estimated that the total Cs-137 and I-131
releases emitted into the atmosphere during the Cher-
nobyl accident were 8.5 x 10'® and 1.8 x 10'® Bq
respectively. Concerning this event, the release of Cs-
137 was estimated to be about 30 % of the core
inventory and that of I-131 is estimated to be about
50 % (UNSCEAR). The source terms estimated in our
study from long range simulations show that Fukushima
releases could represent about 10 % of the Chernobyl
emissions for these two isotopes.

7.4. Xe-133

Because of its high volatility, it is estimated that
the Xe-133 was mainly emitted into the atmosphere
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Xe-133 activity concentrations at ground-level for two dates. All IMS noble gas stations are represented on the maps

during the hydrogen explosions of units 1, 2 and 3.
Releases are supposed to have occurred over 6 h time
periods centered at the time of explosions, which
allows us to consider some venting and leakage
before and after those moments. Figure 14 shows the
activity concentrations (expressed in mBqm )
measured and calculated at some IMS stations
located in the northern hemisphere (see Appendix,
Fig. 19). Quite good agreement is obtained consid-
ering that ~2 x 10'® Bq are released during each
puff (total release of ~6 x 10'® Bq).

As previously observed, the results are less
satisfactory at stations located on the edge of the

simulated plume. For other stations, a fairly good
temporal synchronization is obtained and the dynam-
ics of the measurements is globally well reproduced.
Figure 15 shows the maps of calculated activity
concentrations for two selected dates within a
2 month period after the beginning of the releases.
Results show that the cloud was dispersed in the
whole northern hemisphere and as mentioned previ-
ously, that air exchanges between north and south
were low (as for the Chernobyl event). The maps
suggest a relatively rapid decrease of concentrations,
resulting from the dispersion of gas and half-life of
Xe-133. Because of the large amount of radioxenon
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Figure 16
Global average simulated background in Xe-133 due to atmospheric releases of major nuclear facilities during normal operation (AcHM et al.,
2011): Nuclear Power Plants and factories producing radionuclides for medical use (MATTHEWS, 2010; KaLiNowskl and Tuma, 2009). These
facilities are mainly distributed in the northern hemisphere (note that Figs. 16 and 17 color scales are differents)

emitted into the atmosphere, high levels of activity
concentrations were found that remained locally
above 1 Bq m™ for several weeks after the accident.
Until early May, levels of activity concentra-
tions remained significant throughout the northern
hemisphere. They were above average levels usually
observed due to releases of major nuclear facilities
during normal operations (Fig. 16). From early May
2011, Xe-133 concentrations due to Fukushima Dai-
ichi releases were of the order of magnitude of
industrial background. Measurements show that the
situation has returned to near normal since June.
Xe-131 m/Xe-133 ratios measured over time by the
CTBT noble gas network and French national devices
show a clear signature of the Fukushima Dai-ichi
accident over a long period of time (about 80 days).
This information is useful to assess the monitoring
capabilities of the network if another significant event
occurred within a few weeks after the accident. For
example, the USX75 station (Charlottesville, USA)
has shown, 2 months after the accident, a typical
signature from the Chalk River medical isotope
production plant (Canada) that clearly exceeded the
Fukushima ratios (see Part I of the publication).

The total estimated source term gives a fraction of
core inventory of about 8 x 10'® Bq at the time of

reactor shutdown. This result suggests that at least
80 % of the core inventory has been released into
the atmosphere and indicates a broad meltdown of
reactor core (see Part I of the publication). Total
source term is in good agreement with literature
(MATHIEU et al., 2012). However our result is lower
than in StoHL et al. (2012) where the authors found a
total release from 12 x 10'® to 18 x 10'® Bq which
is higher than the entire estimated Xe-133 inventory.
According to the authors, a significant part of Xe-133
released could be due to I-133 decay.

8. Conclusion

This part of the publication (Part II) is dedicated
to atmospheric transport modeling. Simulations were
mainly carried out at global scale by considering
Cs-137, I-131 and Xe-133 volatile fission products to
assess the arrival time of radionuclides at different
IMS stations located on the globe and to evaluate the
quantities released into the atmosphere. These anal-
yses are valuable to estimate the Fukushima reactor
core damages (Part I of the publication) and to assess
the monitoring capabilities of the CTBT network
following the accident.
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All simulations show that the cloud has been
mainly dispersed in the northern hemisphere and air
exchanges appear to be very low with the southern
hemisphere. Regarding Xe-133, the total release is
estimated to be of the order of 6 x 10'® Bq emitted
during the explosions on units 1, 2 and 3. This result
suggests that at least 80 % of the core inventory has
been released into the atmosphere and indicates a
broad meltdown of reactor core. Due to the large
amount of radioxenon emitted into the atmosphere,
levels of activity concentrations remained locally
above 1 Bq m ™ for several weeks after the accident.
Until early May, levels of activity concentrations
remained significant throughout the whole northern
hemisphere. Xe-133 concentrations due to the Fuku-
shima Dai-ichi accident decreased following the half
life of the radionuclide to be of the order of magni-
tude of industrial background from mid May 2011.
Measurements by noble gas stations located in the
northern hemisphere show that the situation had
returned to near normal during June 2011. The evo-
lution of measured Xe-131 m/Xe-133 ratios shows a
clear signature of the Fukushima Dai-ichi accident
over a long period of time (about 80 days). The
knowledge of activity concentrations and of isotopic
ratios over time were essential to maintain the mon-
itoring capabilities of the CTBT network if another
major event had arisen in the weeks following the
accident.

Regarding Cs-137 and I-131, simulations were
performed considering both JPP38 and distant IMS
stations measurements. Atmospheric transport mod-
eling results are in a reasonable agreement with
measurements on most stations but appear poorer for
stations located on the edge of the simulated plume
and/or close to Fukushima NPP. Bias on transport
may be due to the considered source terms and to the
cumulative effect over long distances of inaccuracies
in wind fields. Calculations suggest that the main air
emissions have occurred on March 14 (explosion and
pressure suppression chamber damage of unit 2) and
that no major release occurred after March 23. The
JPP38 station appeared to be mainly concerned by
March 14 and March 20 and 21 releases (rise of
pressure of unit 3). The hydrogen explosions and/or

Pure Appl. Geophys.

venting operations of units 1 and 3 (March 12 and
13/14) may have also resulted in significant releases.
Because of the meteorological situation, these relea-
ses have been quickly blown towards the Pacific
Ocean (especially the release of March 12) and may
not have been significantly measured by the JPP38
station and the stations network located in the vicinity
of the NPP. Total atmospheric releases of Cs-137 and
I-131 aerosols estimated from long range simulation are
found to be 1 x 10'® and 1 x 10'7 Bq, respectively.
By neglecting gas/particulate conversion phenomena,
the total release of I-131 (gas + aerosol) could be
4 x 10" Bq. Emissions estimated using JPP38 mea-
surements are higher but uncertainties could be
significant (total releases are ~ 5—7 larger regarding the
long range results). The amounts of Cs-137 and I-131
emitted into the atmosphere during the Fukushima
accident could represent 10 % of the Chernobyl acci-
dent releases (estimated to be 8.5 x 10'® Bq of Cs-137
and 1.8 x 10'® Bq of I-131).
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Appendix

Figure 17 shows the IMS stations (International
Monitoring System) closest to the Fukushima Dai-ichi
NPP. These stations are JPP38 - Takasaki; Japan
(~210 km) and RUPS58 - Ussuriysk; Russia Fed.
(~1,100 km). The Fukushima Dai-ichi site and the
city of Tokyo are also indicated on the map.
Figures 18 and 19 show the IMS networks of radio-
nuclide (aerosols) and noble gas stations in their
September 2011 operational states.
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Figure 17
Location of IMS stations (triangles) situated close to the Fukushima Dai-ichi plant (star)
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Particulate stations of the International Monitoring System (state of the network in March 2011). White circles operational stations. Dark
squares non operational stations
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