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l.  INTRODUCTION

B1l. This appendix sets out the Committee’s evaluation of information on the releases of radionuclides
from the accident at the Fukushima Daiichi Nuclear Power Station (FDNPS) to the atmosphere and to
the ocean and their subsequent dispersion in the environment (see chapter I of the main text of the
scientific annex for the timescale of the evaluation).

B2. An overview of estimates of the radionuclide releases to the atmosphere and to the ocean. both of
the total amounts and the rates of release over time, is provided in section II. The meteorological
conditions that prevailed during the period when the releases to the atmosphere were greatest
(11-31 March) are described in section III: the mfluence of these conditions on how and where the
released material was dispersed in, and deposited from, the atmosphere onto the Japanese land mass
and the ocean surface is illustrated. Based on these meteorological conditions and the time-dependent
releases to the atmosphere, estimates have been made—using atmospheric transport, dispersion and
deposition models (ATDM)—of the spatial and temporal distribution of radioactive material in the
environment (that is. concentrations of radionuclides in air and deposited on the ground as a function of
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time). This was done to estimate levels of radioactive material in the environment at places and times
for which measurements did not exist: these measured and estimated levels underpinned the assessment
of doses to the public described in appendix C. The dispersion of radioactive material released to the
ocean (directly or indirectly) is described in section IV.

ll. RADIONUCLIDE RELEASES

A. Releases to atmosphere

B3. The accident at FDNPS resulted in the release of large amounts of radioactive material into the
environment. A large number of fission and activation products were released from the molten fuel in
the reactors. generally as aerosols or in a gaseous form. Those that contributed most to the radiation
exposure of members of the public and workers were isotopes of iodine, caesium, tellurium and the
noble gases. The accident was classified by the Japanese Nuclear and Industrial Safety Agency (NISA)
at the highest level (level 7) on the International Nuclear Event Scale (INES). The main sequence of
events in each reactor that resulted in the release of radioactive material is summarized below.

1. Accident sequence

B4. The earthquake that occurred off the eastern coast of Japan at 14:46 Japan Standard Time* (JST)
on 11 March 2011 resulted in reactors in Units 1-3 of FDNPS shutting down automatically. The three
other reactors (Units 4—6) had already been shut down for routine outages and Unit 4 had been
completely de-fuelled. The earthquake damaged the power transmission grids from the Shin-
Fukushima electrical substation and FDNPS lost all connection with its off-site electricity supply. In
addition, the tsunami inundated the FDNPS site less than one hour later and flooded a number of
emergency safety systems. in particular the on-site power distribution system and the DC power supply
system. Units 1, 2 and 4 lost all of their power supplies. Unit 3 initially lost its AC power followed by
loss of DC power during the night of 12—13 March. The tsunami also washed away vehicles. heavy
equipment and oil tanks. ruined buildings. equipment and facilities, and devastated the site more
generally. This exceptional situation resulted in the melting of the reactor cores of Units 1, 2 and 3 and
the substantial release of radioactive material into the atmosphere and the ocean.

B5. The main events that influenced the release of radioactive material from Units 1-3 of FDNPS (as
set out in the July 2012 final report of the Investigation Committee on the Accident at the Fukushima
Nuclear Power Stations of Tokyo Electric Power Company [I9]. and supplemented by the 2012 report
Fukushima Nuclear Accident Independent Investigation Commission of the National Diet of Japan
[N2]) are summarized in table B1.

3 In this appendix, unless specifically stated otherwise, all dates and times are given in Japan Standard Time (JST).
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2. Approaches to estimating the source term

B6. Estimates of the source term (that is the time-dependent release of radioactive material to the
environment) were made for two main purposes:

(a) To indicate the amounts of radioactive material released to the environment:

(b) To be used, in combination with models (for example, for atmospheric and marine dispersion),
as support for inferring the dispersion and deposition of radionuclides at locations in the
environment where measurements were not available or could no longer be made.

Measured and estimated levels of radionuclides in the environment were used by the Committee to
estimate exposure levels to members of the public (see appendix C).

B7. Estimates of the release of radioactive material to the atmosphere can be made using two
complementary approaches: (a) based on analyses of how an accident progressed: and (b) based on
measurements of radioactive material in the environment and using reverse or inverse methods to
reconstruct their transport through the atmosphere back to the source of the release. Both approaches
have their limitations and are associated with much uncertainty.

B8. The first approach. based on analyses of the progression of an accident, uses reactor simulation
codes, such as MELCOR [G4]. ASTEC [C5] and MAAP [E3]. The main inputs to these computer
codes are (a) the events that are either known or are postulated to have occurred during the progression
of the accident and (b) the characteristics of the reactors. The simulations are based on detailed
modelling of the different parts of the reactor and its systems. and address all the physical and chemical
phenomena involved in the course of a severe accident (for example. thermal-hydraulic conditions. the
behaviour of the fuel as temperatures rise when cooling is reduced or lost. the release of radionuclides
from the fuel into the reactor coolant as the fuel overheats, hydrogen production, the degradation of the

- reactor core as the fuel melts and how it interacts with the bottom of the reactor vessel. the retention of
radionuclides in the containment and their release to the environment through any leakage paths. and so
on). These computer codes were developed for. and are used extensively in, reactor safety assessments,
in particular in relation to designing reactors to prevent and mitigate potential severe accidents. The
uncertainty associated with the use of these codes for estimating the release of radionuclides following
an actual accident is, however. much greater, not least because of the lack of specific information on
key plant parameters as the accident progresses, the need to make major assumptions about the timing
and nature of key events in the process. and the fact that the models still represent a considerable
simplification of reality. The Fukushima Nuclear Accident Independent Investigation Commission of
the National Diet of Japan [N2] expressed major reservations about the reliability of these methods,
both now and in the future, because of the major uncertainties about what exactly occurred in the
damaged reactors. The estimates so far published using these methods only considered releases during
the first few days of the accident: this limited their usefulness for the Committee’s purpose of
estimating exposures, where account needed to be taken of all significant releases.

B9. The second approach is based on measurements of radioactive material in the environment and
the use of reverse or inverse modelling:

fa) Reverse modelling evaluates the rates of release of radionuclides by comparing measurements
of radioactive material or dose rates in the environment with estimates derived from simulations of
dispersion of radionuclides in the atmosphere. Atmospheric transport, dispersion and deposition
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models (ATDM) are used to estimate levels in the environment for unit release of a radionuclide.
Each measurement location is considered independently and the estimate is compared with the
measurement; the release is adjusted empirically to fit the measured levels. Comparisons can be
made with a range of measurements of radionuclides in the environment, for example, time-
dependent concentrations in air and deposition densities on the ground. dose rates. and dust
samples. A weakness of this approach is that it does not take account of uncertainties or bias in the
measurements, the dispersion model and the meteorological data.

(b) Inverse modelling involves a similar., but mathematically more sophisticated. approach in
which the (matrix) equation relating the measured values (of concentration or deposition density of
radionuclides, or dose rate) to the source term is solved by minimizing the function which includes
all of the sources of technical error that contribute to differences between calculated values
(derived generally by ATDM) and measured values. Technical errors are therefore explicitly taken
into account.

B10. Estimates made using this second approach are also associated with much uncertainty: their
quality is influenced by the availability and quality of measurements of radiation or radioactive material
in the environment and of meteorological data of sufficient temporal and spatial resolution. The
complexity of a release (for example, marked variation in its magnitude and characteristics such as its
height. thermal energy, and chemical form with time) adds further to the uncertainty. In addition, where
the source term had been estimated by reverse or inverse modelling. it was inextricably linked to and
dependent on the measurement data, the meteorology and the ATDM used in its derivation: if different
meteorology or ATDM had been used with the measurement data, then the resulting source term
estimate could have been different. Strictly, therefore. source term estimates derived in this way would
be best used to estimate environmental levels by employing the same meteorology and ATDM used in
their derivation. If used with different meteorology and ATDM to predict concentrations of
radionuclides in the environment, the fit with measurements could have been less good (at least at those
measurement points used for the reverse or inverse modelling). The extent to which this matters in

practice is the subject of ongoing scientific discussion.
]

3. Source term estimates

B11l. Numerous estimates have been published of the release of radioactive material from FDNPS;
these are summarized in table B2 in terms of the total release of two of the more radiologically
important radionuclides, "*'T and '*’Cs. For each case, the method used and the date the estimate was
made and/or the date of its publication are indicated. The earliest estimates were made in late March
2011. even while the accident was still progressing. Others followed in the subsequent months, with
many being further refined over time as more information became available (relating to both the
development of the accident and measurements in the environment), and as methods improved. This
subject remains an active area for research and investigation and further improvements can be expected.
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B12. Given their inherent uncertainties and the fact that not all of the estimates were directly
comparable (that is, some early estimates covered only the first days after the accident. whereas others
integrated the release over a much longer period; and some represented the total release to the
atmosphere, whereas others represented only that fraction that was partly or wholly dispersed over the
Japanese land mass—see table B2), the various estimates of the releases of the two principal
radionuclides spanned relatively small ranges. For '*'I the estimates ranged from about 100 to 500 PBq;
for ©¥'Cs they ranged, in general. from about 6 to 20 PBq (albeit with some estimates based on more
limited information ranging up to 40 PBq). For perspective, the releases of "*'I and "*’Cs following the
Chernobyl accident were estimated at 1,760 and 85 PBq, respectively [U12]. that is about factors of 10
and 5 times higher than the averages of the estimates given in table B2 for the FDNPS accident.

B13. Much greater variation was, however, apparent in the estimated temporal patterns of release and
this is exemplified in figure B-I for three of the published estimates. While all three show peaks in the
estimated release rate of *’Cs corresponding to the main events occurring at the three reactors, these
peaks were assessed to have occurred at different times, to have been of different durations. and to have
differed in magnitude at particular times by more than a factor of ten.

Figure B-l. Three estimates of the pattern of release rates of '*’Cs over time [S3,511,T19]
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B14. The various estimates have differing strengths and weaknesses reflecting when they were made
and the methods used. In general, the Committee preferred those made later because they were often
refinements of earlier estimates and/or had benefited from additional information. Further. the
Committee preferred estimates derived using inverse or reverse modelling, as opposed to those from
analyses of accident progression for three reasons: (@) the former are judged to be more reliable being
based on measurements of radioactive material in the environment: (b} the Committee acknowledged
the major reservations expressed in the report by the Fukushima Nuclear Accident Independent
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Investigation Commission of the National Diet of Japan [N2] on the reliability of estimates based on
accident progression; and (c) estimates based on accident progression only covered a limited period of
the release.

B15. For its purposes, the Committee had to select a source term that was best able to provide a sound
basis for estimating levels of radioactive material in the environment where no measurements existed:
these levels were an essential input to the subsequent estimation of doses (see chapter IV of the main
annex A, and appendix C). Estimates based on reverse or inverse modelling, as opposed to simulation
of accident progression, were clearly preferable in this context consequent upon them having been
derived from. and optimized to fit, measurements of radioactive material in the environment. The
Cominittee chose to use the source term estimated by Terada et al. [T19] from among those derived on
the basis of reverse or inverse modelling. This was the last but one refinement in a series of estimates
made by a group of Japanese scientists at JAEA [C6. K1]. It was chosen in preference to the latest
refinement by Kobayashi et al. [K18] that took account of measurements of radioactive material in the
Pacific Ocean in addition to those over the Japanese land mass; by contrast, Terada et al. had estimated
the magnitude of releases dispersed wholly over the ocean by interpolation between releases for which
measurements were available over the Japanese land mass. Adoption of the Kobayashi et al. source
term by the Comumittee would, however, have resulted in an overestimation of the levels of radioactive
material in the terrestrial environment, which would have been inconsistent with the Committee’s intent
of making a realistic assessment. The Committee did not consider the source term estimated by Saunier
et al. [S3] because it had not yet been published at the time the choice was made; it was. however.
subsequently used to test the robustness of a number of assumptions made regarding the use of the
source term of Terada et al. together with ATDM simulations for estimating levels of radionuclides in
the environment (see section IILE of this appendix).

B16. The releases of "*'I and "*’Cs estimated by Terada et al. lay within the ranges of published source
terms in table B2, albeit at the lower ends. While they provided a sound basis for estimating the levels
of radioactive material in the terrestrial environment where measurements did not exist. there were
indications that they may have been underestimates of the total amounts of these radionuclides released,
perhaps by a factor of up to about two because of assumptions made about the magnitude of releases
dispersed wholly over the ocean (see table B2). For its purposes, the Committee had to specify a source
term to provide a sound basis for estimating levels of radioactive material in the terrestrial environment
where no measurements existed. With one exception (that is, for evacuees during the early stages of the
accident), the levels of radionuclides in the environment estimated on the basis of the assumed source
term and its subsequent dispersion in the atmosphere were not used in any absolute sense; rather. they
were used in a relative sense to scale measured deposition densities of radionuclides on the ground to
infer concentrations of radionuclides in the air. When used in this relative way. the scaling (and the
inferred concentration in air) is relatively insensitive to plausible choices of the source term (see
section E of this appendix).

B17. Terada et al. provided estimates of the releases of "*'I and '*'Cs as a function of time. These two
radionuclides. together with **Cs, make by far the largest contribution to the dose received by the
population. A large number of other radionuclides would also have been released in the accident and
some were measured in the environment; but very few were released in sufficient amounts to contribute
significantly to doses. Those that could have contributed significantly were incorporated by the
Committee into the source term used, and comprised other isotopes of iodine and caesium, '**Te and
B3y,

BI18. The significance of very short-lived radionuclides was greatly reduced by the delay between
reactor shutdown and when the first release occurred (around 14 hours). The fractional release and
significance of isotopes of elements such as strontium, barium and plutonium was much lower than
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those of iodine and caesium because of their much lower volatilities; this has been confirmed by
measurements in the environment [N18]*.

B19. The releases of other isotopes of iodine and caesium were estimated from those of *'T and *'Cs
by scaling with the ratio of their respective inventories in the three reactor units at shutdown and taking
account of radioactive decay before the time of any release. This approach was justified because the
behaviour of all isotopes of iodine (and likewise all isotopes of caesium) was the same within a given
reactor and its containment system; consequently, their fractional releases (relative to their inventories
at any given time) were identical. The ratios of other isotopes of iodine and caesium [N16] for each of
the three units at the time of shutdown and for the three units taken as a whole are shown in table B3.
The ratios differed slightly between the three units reflecting the different operating histories of the
reactors; average values were assumed to apply throughout the release period when estimating the
releases of these other radioisotopes. The ratio of 1331 to 1. corrected for radioactive decay back to the
time of reactor shutdown (14:46 on 11 March 2011 JST), was derived from measurements of air
samples taken between 14 and 20 March 2011 at various locations in Japan and also by the CTBTO
network (figure B-II): the measured ratios are broadly in accord with the 13311311 ratio averaged over the
inventory of the three reactors. Iodine isotopes were assumed to be released in equal amounts in
particulate and gaseous/elemental forms notwithstanding the wide variation over tume in their relative
components in measurements (contribution of particulates varying, in general, within a range of about
20% to 70%) [F7, 02]: "I produced by radioactive decay of the parent radionuclide *’Te was.
however, assumed to be in particulate form only (that is, the form assumed for its parent).

Table B3. Ratios of the quantities of other radionuclides to those of '*'l or *’Cs in the three reactors
at time of shutdown (14:46 on 11 March 2011 JST) [N16]

Radionuclide ratio
Reactor unit
I'.IZI/BFI !33,/8!’ JHTe/lJJCs IMCS/I.VCS !JGCS/I‘.VCS
Unit 1 147 2.10 9.7 094 0.27
Unit 2 147 2.09 13.2 1.08 0.32
Unit 3 . 1.47 2.10 140 1.05 0.34
Average ratio (Units 1-3) 147 2.10 124 1.03 0.31

B20. For releases of isotopes of tellurium, however. there was no a priori reason why they should have
been directly correlated with those of caesium or iodine: the chemistry, physical characteristics and
behaviour in the reactors of these three elements were all different and would have influenced both the
timing and magnitudes of their releases. Measured concentrations of '**Te in air samples, relative to
those of *'Cs, are shown in figures B-III and B-IV. Figure B-III includes measurements made in Japan
at different times by various research institutes; measurements from other sources were also available
but showed greater variability in the ratio. raising some additional questions about their reliability.
Figure B-IV contains measurements from the CTBTO network (see attachment B—1 for details): the
line through the data is the ratio of the respective inventories of **Te and 'Y'Cs (corrected for
radioactive decay to the time of shutdown). The measured '**Te/*’Cs ratios varied considerably with
time and space. typically from a value of a few to a few tens (corrected for radioactive decay to the time

2 This situation differs markedly from that of the Chemobyl accident; less volatile elements (for example strontium and
plutonium) were released, in relatively larger amounts, directly to the atmosphere as a result of the initial explosion and physical
destruction of parts of the core. Such mechanisms did not occur in the accident at FDNPS, where the volatility of the elements,
and the extent to which they were retained within the containment by other mechanisms (for example the suppression pool), were
the principal determinants of the amounts released.
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of shutdown). The data. however, were not sufficiently comprehensive or consistent to be used to
estimate or model the time dependence of the release of 132Te. In the absence of such data, the release
of "’Te relative to that of *’Cs was assumed to be fixed and determined from their respective
inventories in the three reactors at the time of shutdown, i.e. an average ratio of 12.4, as indicated in
table B3. In broad terms this assumption was reasonable (see the comparisons between the lines and
data in figures B-III and B-IV); however, this led to under- and overestimates of the release of **Te
during particular release episodes, which may have had implications for the contribution of this
radionuclide to estimated doses.

Figure B-Il. Ratio of ™*| to *'l in air samples taken between 14 and 20 March 2011 in Japan and by
the CTBTO network (corrected for radioactive decay to time of reactor shutdown, 14:46 on

11 March 2011 JST, see attachment B-1) '

The dashed line corresponds to a ratio of 2.1, the average ratio of the respective inventories of the two isotopes in the three
units at shutdown [K5, 02, T7]; see attachment B-1 for CTBTO data. For Takasaki pre-detection: the data from the CTBTO
station at Takasaki for the first 2 days when extraordinary preliminary signals were recorded; these data were considered to
be valid for checking radionuclide ratios only
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Figure B-lil. Ratio of '3?Te to '*’Cs concentrations in air samples measured at various locations and
times (JST) in Japan

The line represents how the ratio would vary as a function of time if the releases of '**Te and '¥Cs had been in proportion to
their respective inventories in the three units [A9, F7, J6, K5, 02]

100
<§> Estimated from
inventories X
v
£
K
g 01} X o ,G?(%p
2 A éOQAO
= *®
[=
=
E 0.01
b O JAEA Tokal (Okura et al,, 2012) A JAEA Tokal (Furuta et al,, 2011)
& Riken O JCAC 9
s L < METI X TEPCO (Fukushima Daiichi)
A KEK, NIES X MEXT (over sea)
¥ TEPCO (Fukushima Daini)
0.000.1 - - - : 4 : T T T } r T T T } T T T T
12 March 17 March ’ 22 March 27 March 1 April
DATE IN 2011 {JST)

Figure B-IV. Comparison of measured concentrations of *?Te and 'Cs in air samples measured by
the CTBTO network (corrected for radioactive decay to the time of reactor shutdown, 14:46 on
11 March 2011 JST)

See attachment B-1 for measurement data
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B21. For '¥Xe, the temporal pattern of release estimated by the updated simulation of [H10] was
adopted together with the estimated inventory of this radionuclide in the three operating reactors taken
from Nishihara et al. [N16]: this estimate was comparable with those of Le Petit et al. [L4] and Achim
et al. [A2]. The total release of each radionuclide in the source term adopted for the purposes of this
study is summarized in table B4: the time-dependent releases of the two most significant radionuclides.
BI1 and '*'Cs, are shown in figures B-I and B-XVI.

B22. While most of the radioactive material was released in the period up to 17 March, releases
continued for a considerable time thereafter. After the first week, the release rates gradually declined,
albeit with some fluctuations over more limited periods of time (see table B5 and figure B-I). By the
beginning of April, the rate of release had fallen to one thousandth or less of those during the first
week: these much lower release rates persisted for many weeks afterwards, but were insignificant
compared with what had gone before.

Table B4. Estimated total amounts of radiologically significant radionuclides released to atmosphere
(based on [T19))

Radionuclides Total release to atmosphere (Bq) ;:;e;tgﬁ : tz:,?;f, igr:g:ﬁ;j
Te 2.85x 10" 033
) 1.24x 107 . 21
13240 2.85% 10" 032
133 9.56 x 10 0.07
133Ya 7.32x 10" 61
[ 9.01x 10" 13
136Cs 1.77x 10" 0.81
137Cg 8.83 x 10" 1.3

s Direct release of '**I was small compared to the ingrowth from radioactive decay of released '*'Te.
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B. Releases to the ocean

B23. Radioactive material from FDNPS entered the marine environment directly and indirectly.

— Direct release into the ocean was at least known to have resulted from leakage of highly-
contaminated water from a trench outside Unit 2 (discovered on 2 April 2011). and the
deliberate discharge of weakly contaminated radioactive liquid waste from storage tanks; the
latter were emptied to create capacity for the storage of highly contaminated water remaining
in the trench (see section III below). Further releases occurred subsequently (for example in
May and December 2011) but. in general, these were insignificant compared with those that
occurred in the first month after the accident. In addition, groundwater, contaminated by
numerous sources of radioactive material on site (e.g. leaks from storage tanks, dispersal of
contaminated reactor coolant, and deposition of radionuclides released to the atmosphere),
represents a continuing source of release to the ocean. '

—  Radioactive material entered the ocean indirectly via two routes: (a) most importantly. from
the deposition onto the ocean surface of material released to the atmosphere and dispersed over
the ocean; and () from run-off into rivers of material deposited over the land mass and
transported downstream into the ocean. This latter process would continue over an extended
period. Further releases could not be excluded in the future, either inadvertently (e.g. from
water continuing to be released from the reactor buildings into groundwater) or as part of the
waste management strategy adopted in the remediation of the FDNPS site.

B24. At the end of 2013, releases of radionuclides to the marine environment continued to be reported
[N19], apparently emanating from contaminated groundwater on the FDNPS site. Several tens of per
cent of the inventories of the more volatile elements (i.e. hydrogen/tritium, iodine and caesium) in the
cores of the three damaged reactors had been found in stagnant water, mainly in the basement of the
turbine and reactor buildings but also in surrounding areas [N15]. Less volatile elements (e.g.
strontium, barium and lanthanum) had also been found but at levels that were between about a tenth to
one hundredth of those for the more volatile elements in terms of their relative inventories. Monitoring
results published by the Nuclear Regulation Authority [N18] indicated that these continuing release
rates during 2013 were much lower than of the major releases that occurred in the immediate aftermath
of the accident. Furthermore. measures were being taken to attempt to control them (e.g. the building of
a containment wall between the FDNPS site and the ocean). As at the end of 2013, it was considered
that the ongoing releases were unlikely to significantly affect the Committee’s assessment of doses to
the public. However, continued monitoring and assessment of the implications of the releases were
warranted.

B25. Following the accident, numerous observations were carried out in the ocean in order to detect the
presence of radionuclides released from FDNPS and have continued ever since. The operator of the
station (TEPCO). the Japanese government agencies, and research laboratories from different countries
(mainly Japan) collected and analysed numerous samples of water, suspended matter, sediment, and
marine organisms. These measurement data are described in detail in section IV below. They were used
by various authors to estimate the amounts of radionuclides released directly into the ocean. These
estimates are summarized in table B6 together with estimates of the deposition on to the ocean surface
from material released to atmosphere.
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Table B6. Comparison of estimates of direct release to the ocean with those of deposition on the
ocean surface from the atmosphere

. Direct release to the ocean Deposition on ocean surface from the
Source of estimate (PBq) atmosphere (PBg)
(Period considered in 2011)
lJl’ 1376 IJPI IJFCS
TEPCO [T15] 1" 36
(26 March-30 September)
Kawamura et al. [K3] 11° 4 57 5
(12 March-30 April)
Tsumune et al. [T24] . 35+0.7
(26 March-31 May)
Bailly du Bois et al. [B2] 27+15
(26 March-18 July)
Estournel et al. [E4] 0.81° 5.7-5.9
4,1-4.5° (northern Pacific
5.5 (upper bound) Ocean)
Charette et al. [C4] 11-16
Kobayashi et al. [K18] 1 357 99 76
(12 March-1 May) ’

“ 21 March—30 April. ® 1-6 April. 12 March-30 June. * 26 March-30 June.

B26. Tsumune et al. [T24] indicated from an analysis of *'I/*'Cs ratios that atmospheric inputs were
responsible for concentrations in seawater measured before 26 March 2011. Atmospheric inputs would
have been responsible for concentrations of *’Cs ranging from 100 to 1,000 Bg/L in the vicinity of
FDNPS, a few tens of becquerels per litre 10 km to the south and about 10 Bg/L at 30 km. It should be
noted that this is an approximation because atmospheric deposition was not isotropic around FDNPS.
The total amounts estimated by Kawamura et al. [K3] to have been deposited on the surface of the
northern Pacific Ocean from the atmosphere were about 60 PBq and 5PBq for 'I and “'Cs,
respectively. Estournel et al. [E4] estimated that about 6 PBq of *’Cs was deposited on the northern
Pacific Ocean: only a small percentage (about 5%) of this amount, however, was estimated to have
been deposited within a radius of 80 km of FDNPS. Kobayashi et al. [K18] estimated the deposition of
511 and "Cs to be about 99 PBq and 7.6 PBq. respectively; these estimates were derived from coupling
atmospheric and oceanic dispersion simulations with observed concentrations of **Cs in seawater
collected from the Pacific Ocean.

B27. Several authors have used models of oceanic circulation and radionuclide dispersion in the ocean
to estimate the magnitude of direct releases of radionuclides into the ocean from FDNPS, Kawamura et
al. [K3] used the information published by TEPCO of the leak detected from 1 to.6 April 2011 to
estimate this to be 4 PBq of *'Cs and 11 PBq of "*!I. Tsumune et al. [T24] adjusted the release of *’Cs
in their model so that their estimate of average concentration between 26 March and 6 April fitted the
average concentration measured at the southern outlet of FDNPS. This method resulted in a source term
estimate of 3.5 + 0.7 PBq of *’Cs. The modelling work of Dietze and Kriest [D3] supported a source
term in the range 1-4 PBq. rather than the much higher estimate reported in Bailly du Bois et al. [B2];
according to the analysis of Diest and Kriest [D3], the methodology used by Bailly du Bois et al. [B2]
produced estimates of early releases (fo mid-April) which were biased high and later releases (mid-
April to July) which were biased low, and therefore total estimates from extrapolating backwards in
time would be too high. Estournel et al. [E4] used a model with a relatively high resolution near the
FDNPS site (600 m). The release of '*’Cs was calculated daily using an inverse method, constrained by
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fitting to the observed concentrations at the two outlets of the plant. The total *'Cs release to the ocean
was estimated to be around 4.1-4.5 PBq. Estournel et al. adjusted this to a maximum value of 5.5 PBq
to account for the observed increase in concentration 30 km offshore in mid-April, which had not been
reproduced by the dispersion model (see section IV below). Charette et al. [C4] extrapolated the
inventory of "**Cs in the ocean from June 2011 back to early April, the period of the peak release. They
thus estimated a value of 11 PBq for the direct release of **Cs, and that of '*’Cs could be assumed to be
the same.

B28. Both Kawamura et al. [K3] and Estournel et al. [E4] estimated the time distribution of the releases
to the ocean. and both showed a similar pattern that indicated direct releases to the ocean dominated
over inputs from deposition of radionuclides released to atmosphere from around the end of March
2011 onwards. The release rates of *’Cs as estimated by Estournel et al. [E4] are shown in figure B-V;
they estimated that about 99% of the total direct release to ocean occurred before 22 April 2011.
Measurements of radionuclide concentrations in seawater were not available before 21 March. The
estimations by Estournel et al. for the period 11 March to 30 June assumed that concentrations in
seawater before 21/23 March were the same as the first measured values.

Figure B-V. Estimated daily release of *’Cs into the ocean [E4]

(Red: deposition from the atmosphere on to the ocean surface integrated over the whole modelling domain; blue: direct
release calculated by inverse method)

10“‘ T T T T T T
‘.
IR
Mr " ':‘..‘-': :'?“N{: -w- From atmosphere
L - P WG -=- Directly Into ocean
Eﬂ.-ﬁr?‘f Pty
= L] (L ik ' ¥,
g oLt WM nim o
I T LT T :
w F o i ! 10 L) :, " ]
g fi i g o
=4 I # :l : rn ! i’ * (R
2 107 L ': ' ::: "‘ *“*'V'. ﬁ:' ¥ '::’l, =
= ] [ | Ve d l.b' gt ] k.l".
b LETT. ' ' Vgt ] vig )
S o H R ViV , HRTTIS
' ' 1" #l' * In'l'**
L * e i “Ir’"l.‘lI
L S N ; e
TR i i
T ST i
10" 1 1y i % ranu s 1 i g i U I )
18 March 7 April 27 April 17 May 6 June 26 June
DATE IN2011 (JST)

B29. Other radionuclides were also released to the ocean. both directly and indirectly. Isotopes of
strontium and plutonium have been measured in seawater and sediments. Povinec et al. [P12] studied
the measurements of concentrations of **Sr and *°Sr in seawater. These generally showed strontium
concentrations during the main period of the direct release to be one to two orders of magnitude lower
than those of caesium. There was an exception to this general pattern around December 2011. when,
following an accidental leakage of treated water from which caesium had been removed, measured
concentrations of ¥Sr and ®Sr, but not *’Cs. rose [P12]. The concentrations of *°Sr had fallen below
those of *'Cs again by January 2012. On the basis of different assumptions about the ratios of *’Sr to
37Cs and the range of estimates of total direct release of '*’Cs to the ocean, Povinec et al. estimated a
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direct release of *Sr of between 0.04 PBq and 6.5 PBq (although the latter was based on the high
estimated release of *’Cs of 27 PBq by Bailly du Bois et al. [B2]).

B30. All of the estimates of releases to the ocean were associated with much uncertainty. In reviewing
these estimates, the Committee gave more weight to results based on three-dimensional modelling
taking into account the high variability of the dispersion, rather than to those derived with extrapolation
methods using constant dispersion rates. It concluded that the direct release to the ocean of *’Cs was
likely to have been in the range of about 3—6 PBq, with the direct release of '*'I likely to be about three
times higher. The direct release of *Sr could be estimated to be in the range of about 0.04-1 PBq
(based on ratios to the *’Cs release). The estimated direct releases of *’Cs (about 3-6 PBq) were of a
similar order of magnitude to the estimated deposition on to the ocean from releases to the atmosphere
(about 5-8 PBq). For "I, deposition on to the ocean from releases to atmosphere (about 60—100 PBq)
was estimated to be about 5-10 times higher than the direct releases. However, because the inputs from
deposition on to the ocean surface provided a diffuse source, whereas the direct releases were from a
localized source, direct releases accounted for most of the observed elevated concentrations in seawater
around FDNPS from 26 March onwards. The dispersion of radionuclides deposited from the
atmosphere and released directly to the ocean is considered further in section IV below.

lIl. TRANSPORT AND DISPERSION IN THE ATMOSPHERE

A. Meteorological conditions

B31. The meteorological conditions observed during the key episodes in the release of radioactive
material to the atmosphere have been described by many authors [K15, K20, M25, S11, S12, W16].
From 9 to 11 March 2011, a weak low pressure trough over eastern Japan caused the appearance of
light rain until 12 March in the morning (JST). Then, a high pressure system moved eastward along the
south coast of the main island from 12 to 13 March; the wind direction was from the south below 1 km.
and from the west above 1 km in altitude in the afternoon of 12 March, at the time when the hydrogen
explosion occurred in Unit 1. During the period 14 to 15 March, another weak low pressure trough
moved eastward off the southern coast of the main island, then moved toward the north-east while
developing rapidly after 15 March. Some light rain was observed from 15 to 17 March in the moming
because of a weak low pressure system that moved north-eastward off the east coast. In particular, rain
was observed in Fukushima Prefecture during the night. from 15 March at 17:00 to 16 March at 04:00
[K15], a time corresponding with significant releases of radioactive material to the atmosphere. The
low-level winds were from the south-west during the morning of 14 March, the time when a hydrogen
explosion occurred at Unit 3. The 950 hPa winds were from the west until 14 March. but changed to a
direction from north-north-east in the morning of 15 March, the time when significant releases occurred
from Unit 2. During the period 18 to 19 March. a high pressure system dominated and winds were
generally blowing from the west. A low pressure system was then observed passing over the main
island from 20 to 22 March with moderate rain until 23 March in the Kanto area (Ibaraki, Chiba.
Tochigi, Saitama and in Tokyo).
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B. Synthesis of observations

B32. Dose-rate measurements provided a useful basis for estimating the source term by inverse or
reverse modelling (see section ILA above); furthermore, they provided a valuable basis for assessing
the quality of estimates made by atmospheric transport models of the dispersion of released material.
Most of the measured dose rates came from portable monitoring posts deployed by Fukushima
Prefecture during the accident. This was because many of the automatic monitoring posts in the
prefecture did not operate during much of the period when the largest release occurred because of
damage caused by the earthquake and tsunami. MEXT also published extensive dose-rate
measurements made in each prefecture [N18]. and particularly in Fukushima Prefecture.

B33. There were also some automatic stations recording dose rates continuously during the course of
the accident. The spatial distribution of dose-rate stations in the vicinity of FDNPS is shown in
figure B-VIL

Figure B-VI. Spatial distribution of dose-rate stations in the vicinity of FDNPS [F5]
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B34. Dose-rate measurements made at three locations. namely Fukushima. Minamisoma and
Kitaibaraki, are shown in figure B-VIIL.
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Figure B-VIl. Dose-rate measurements at Fukushima, Minamisoma and Kitaibaraki [F4, 18]
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B35. In comparison, very few extended or continuous measurements in Japan were made. or have been
published, of the concentration of radionuclides in air during the release period® . The few
measurements of particular interest. because they spanned the whole period of major releases,
comprised the following:

— Tokyo—Setagaya, located 250 km south-south-west of FDNPS;

—  Tsukuba (Ibaraki Prefecture), located about 170 km from FDNPS in the direction of Tokyo:
—  Takasaki (Gunma Prefecture) located 250 km south-west of FDNPS;

—  Tokai-mura (JAEA office) located 100 km south-south-west of FDNPS.

The monitoring stations at Tokyo, Tsukuba. Takasaki and Tokai-mura were, however, all located in the
Kanto area: consequently, their measurements were largely redundant; the exception is Takasaki where
measurements were also made of the concentrations in air of noble gases.

B36. However, numerous and extensive measurements of the deposition densities of radionuclides
were made. The United States Department of Energy measured deposition densities from aerial
monitoring with fixed-wing aircraft from 17 March 2011 [U17] and ground measurements (in situ
gamma spectrometry). MEXT subsequently, from June 2011, carried out a major campaign of aerial
(helicopter) and ground measurements to cover the whole of the affected territory [N18]. The
deposition density of 137Cs on the ground surface is shown in figure B-VIII [N18].

33 Qutside of Japan, numerous measurements were made of concentrations of radionuclides in air when the released material
passed overhead; these were used by many countries to assess doses to the public (see appendix C).
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Figure B-Vill. Measurement results of the airborne monitoring surveys conducted by MEXT
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C. Atmospheric dispersion pattern

B37. Several events during the course of the accident led to major releases of radionuclides to the
atmosphere (see table B1). Four periods were of particular interest in this respect.

B38. Venting and the hydrogen explosions in Units 1 and 3, during the period 12 to 14 March, were the
origins of the initial and substantive releases of radioactive material to the atmosphere. The material
released from Unit 1 spread mainly northwards along the eastern coast of the main island. then towards
the north-east and east over the Pacific Ocean. This release was only detected by the Minamisoma
station (see figure B-VI), located on the coast. about 25 km from FDNPS. No rainfall was recorded
during this release episode. An increase in the dose rate during the night of 12 March was evident at the
Minamisoma station (see figure B-VII) followed by a rapid decrease; this was characteristic of the
passage of a radioactive plume in dry conditions. Simulations from one of the ATDMs used by a task
team of the World Meteorological Organization (WMO) (see next section) of the BI1 concentration in
air on 12 and 13 March, following the releases from Unit 1 and then Unit 3. are illustrated in
figure B-IX. Owing to westerly winds, this plume travelled mostly towards the Pacific Ocean and had
limited impact on the Japanese land mass.

B39. The material released from Unit 2 over the period 15 to 16 March was mainly due to the melting
of the core and a breach of the reactor containment; this material was dispersed over eastern Japan
because of rapidly changing weather conditions. This release episode could be better characterized than
many others because it was monitored by many stations. It was the major contributor to the deposition
of radioactive material on the Japanese land mass. The release took place in two quite distinct periods:
firstly, during the night of 14 to 15 March; and, secondly. in the late morning and early afternoon of
15 March. From 00:00 to 05:00 JST on 15 March, the released material moved towards the south
without encountering rain. An increase in the dose rate during the morning of 15 March was evident at
the Kitaibaraki monitoring station (see figure B-VII). Radioactive material continued to be released
throughout the rest of the day: this material moved towards the south then progressively towards the
north-west and then to the south again on 16 March; these changes were reflected in the dose rates
measured at the Kitaibaraki monitoring station (see figure B-VII) where two increases in the dose rate
were recorded during 16 March. After 17:00 on 15 March, rainfall occurred until early morning of
16 March and this resulted in major deposition of radioactive material onto the ground: this was
reflected in the large increase in the dose rate observed during the evening of 15 March at Fukushima
(see figure B-VII). The relatively slow decrease in the dose rate at Fukushima is characteristic of
radioactive material passing over a monitoring station in wet conditions (i.e. rainfall): the radionuclides
deposited onto the ground by rain contribute to the dose rates measured by the monitoring station.
Figure B-X shows simulations of the *'I concentration in air at two times following the major releases
that occurred from Unit 2: the simulated concentrations also include contributions due to continuing
releases from Units 1 and 3.

B40. From the afternoon of 16 March onwards. subsequent releases, mainly from Units 2 and 3, spread
easterly over the Pacific Ocean without any major impact for the Japanese territory. The simulated "*'I
concentration in air during these releases is shown in figure B-XIL.

B41. During the period from 20 to 23 March, releases from the three units were dispersed over the
Japanese territory encountering rainfall on occasions. The simulated "'I concentrations in air at
particular times following these further releases from Units 1-3 are shown in figure B-XII.

B42. From 23 March, the release rates fell significantly and. compared with earlier releases. had
minimal impact on the Japanese territory. The chronological patterns of atmospheric dispersion are seen
as animations in attachments B-2 to B-3.
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Figure B-IX. Simulated "'l concentration in air during the initial releases from Units 1 and 3
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Figure B-X. Simulated '*'l concentration in air following the major releases from Unit 2 to the
atmosphere
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Figure B-XI. Simulated air concentration of '*'l during subsequent releases from FDNPS
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Figure B-XIL. Simulated 'l concentration in air during the releases from FDNPS in the period
20to 23 March
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D. Methodology and results of dispersion and deposition
assessment

B43. The World Meteorological Organization (WMO) organized a task team to advise the Committee
on the use of meteorological analyses and data in estimating concentrations of released radionuclides in
the terrestrial environment using atmospheric transport and dispersion models (ATDM). The task team
approached this by applying the meteorological data to ATDMs and comparing the results with the
available measurement data. The task team consisted of participants from the Canadian Meteorological
Centre (CMC), the United States National Oceanic and Atmospheric Administration (NOAA), the
United angdc;m Met Office (UKMET). the Japan Meteorological Agency (JMA). and the Austrian
Zentralanstalt fir Meteorologie und Geodynamik (ZAMG). Each of these participants used their
institute’s own models, each with its unique treatment of the meteorological input data, dispersion. and
deposition computations. Each participant also used the computed fields derived from meteorological
data analysis that were already available to them. as well as the higher spatial and temporal resolution
fields provided by JMA. The results provided a range of solutions because of variations in model
parameterizations and the meteorological analysis data. Further information on the meteorological
analyses and the models can be found in the task team’s final report [W18].

B44. Dispersion and deposition calculations for a unit source using each model-meteorology
combination were made available on a website [N17] for three generic species of material: (@) a gas
with no wet or dry scavenging (to represent noble gases such as '**Xe): (b) a gas with a relatively large
dry deposition velocity (0.01 m/s) and wet removal (to represent released iodine in a gaseous form);
and (c) a particle with wet removal and a small dry deposition velocity (0.001 nvs) (to represent all
other released radionuclides, including iodine in a particulate form). These could be used to estimate
concentrations in air and deposition densities of radionuclides on the ground for any postulated source
term subject to specifying the time dependence of release rates for each released radionuclide.

B45. In order to evaluate the performance of the various ATDM-meteorology combinations, the WMO
task team used a provisional source term estimate that had been developed prior to the Committee
making a formal choice on what to use for its dose assessment. The provisional source term differed in
a number of respects from that finally adopted by the Commuittee. but was sufficiently similar not to
prejudice the main findings relating to the performance of different ATDM-meteorology
combinations®*, The results for each ATDM-meteorology combination can be found in [W18] where
they were compared with the measurements of deposition densities of radionuclides and the more
limited measurements of concentrations in the air. The outcome of the evaluation was inconclusive with
respect to which ATDM-meteorology combination provided the best fit to the measured deposition
densities and concentrations of radionuclides in air: the best fit for deposition density was not the same
as that for concentration in air. To obtain better fits, the mean of the ten most representative ATDM-
meteorology combinations was computed and compared with the measurement data. Statistical analysis
showed that this “ensemble mean™ provided a better fit than any individual ATDM-meteorology
combination for both deposition density and radionuclide concentration in air. The performance of
some ATDM-meteorology combinations was. however, not dissimilar to that of the ensemble mean
[W18].

B46. In estimating the dispersion and deposition of radioactive material released from FDNPS, a
number of simplifying assumptions had to be made to configure the ATDM simulations. Most of these

3 Since this work was completed, task team members carried out further analyses using the Terada et al. source term [T19] (that
is the source term adopted by the Committee for its assessment). The performance of the various ATDM-meteorology
combinations for this source can be found in [D4].
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concerned the characteristics of the source term as estimated by Terada et al. [T19] and were made as a
compromise to accommodate the following potentially conflicting demands: (a) faithfully representing
the varying radionuclide release rates: (b) the spatial and temporal resolution of the available
meteorological data; and (¢} the computational time and storage requirements of the subsequent
simulations made using the ATDM in the WMO work. The main simplifications were the following:
(a) release rates were specified in three-hourly time intervals as opposed to the finer resolution given by
Terada et al. [T19] for particular release periods; (b) all releases were assumed to occur from. and be
uniformly distributed over, a column from the ground to a height of 100 m, rather than characterizing
the specific events leading to the releases (for example, hydrogen explosions and venting).

B47. For the assessment of exposures in the non-evacuated areas, the ATDM results were used to
estimate the concentrations of radionuclides in air from measured deposition densities on the ground by
scaling the measured deposition densities by the ratio of the concentration in air and deposition density
estimated by one or other ATDM-meteorology combination. Despite the better performance of the
ensemble mean (in terms of estimating measured levels in the terrestrial environment). the use of a
single ATDM was judged to be more appropriate for most of the Committee’s purposes.

B48. Estimates of the “bulk deposition velocity” for 3705 at selected locations (that is the ratio of the
deposition density to the time integral of concentration in air) are given in table B7 for five of the best
performing ATDM-meteorology combinations of the ten combinations that constituted the ensemble
mean. The values for a given location varied within a range of about three to ten but, typically. by about
five. This variability provided an indication of the uncertainty associated with inferring concentrations
in air (and thus internal exposures via inhalation) from measured deposition densities. In general, the
contribution of inhalation to the total exposure from all pathways was small; consequently, variability
of the magnitude indicated above was unlikely to have had much impact on the overall precision of
estimated doses.

Table B7. Comparison of “bulk deposition velocities” for '¥Cs estimated by different ATDM-
meteorology combinations for selected locations

“Bulk deposition velocity” (mm/s) for '¥7Cs®
Location/Model NOAA- UKMET- |  UKMET- NOAA- ZAMG- | Average
GDAS® MESC¢ ECMWF? ECMWF ECMWF
Okuma Town*® 6.2 3.3 3.2 3.4 1.2 3.4
Iwaki City 6.8 3.2 6.1 7.6 8.8 6.4
Fukushima City 91 160 7 66 340 140
litate Village® 48 52 250 200 130 140
Namie Town® 48 24 240 87 80 97

@ The bulk deposition velocity is the ratio of the estimated deposition density on the ground and the estimated integrated

radionuclide concentration in air; it was used to infer integrated concentrations in air from deposition density measurements for

estimating internal exposures from inhalation of radieactive material (see appendix C).

% GDAS — Global Data Assimilation Systen

¢ MESO — Mesoscale Analysis provided by the Japan Meteorological Agency (JMA).

¢ ECMWF — European Centre for Medium range Weather Forecasting.

¢ Bulk deposition velocities were not used for assessing exposures in evacuated areas (Okuma Town, Namie Town and litate

Village were all evacuated).
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B49. Given this limited sensitivity, the choice of which ATDM-meteorology combination to use had
limited practical significance for the Committee’s assessment of doses. The Committee chose the
NOAA-GDAS ATDM-meteorology combination for the purposes of estimating ratios; this model was
one of the higher ranked combinations®, indeed even more highly ranked than the ensemble mean for
deposition of '¥'Cs. Compared with the average ratios of the five combinations at particular locations,
the use of the NOAA-GDAS combination led to inferred concentrations in air that were typically within
a factor of two lower or higher.

B50. The *’Cs deposition pattern computed by NOAA-GDAS (figure B-XIII) was compared with the
measured deposition pattern. The modelling results reproduced the observed deposition pattern quite
well. The NOAA-GDAS calculations of the concentrations in air were compared to measured
concentrations in air at the JAEA sampling site [F7. O2] (figure B-XIV); the comparison was not as
good. capturing only three of the four main peaks and estimating the size of the peaks only within about
a factor of ten. While the modelling results were able to capture the general pattern of radionuclide
concentrations in the environment spatially and temporally. their ability to reproduce deposition density
or concentration in air accurately at any particular time or location may have had considerable
uncertainty: this is illustrated in figure B-XV where the NOAA-GDAS predictions are compared with
the corresponding measurement of ’Cs deposition density. The predictions showed little bias
compared to the measured deposition densities. However, the uncertainty for specific locations varied
by more than a factor of ten for the lowest deposition densities, but fell with higher deposition densities:
at the highest deposition densities. the model predictions underestimated those measured by a small
factor.

B51. The results of the ATDM simulations were used in a different way for estimating the
concentrations in air and deposition densities of radionuclides to which the early evacuees were
exposed. No data were available on the measured deposition densities before or during the evacuations;
consequently. the method for estimating concentrations of radionuclides in air from deposition density
measurements and a ratio derived from ATDM simulations could not be used. Instead, the time-
dependent radionuclide concentrations in air and deposition densities estimated by the ATDM
simulations were used directly. For reasons of consistency with the estimation of radionuclide
concentrations in air for non-evacuees from the measured deposition densities, the NOAA-GDAS
combination was also used here for estimating concentrations in air (and deposition densities) to which
the early evacuees were assumed to be exposed. Given the inherent uncertainties in the estimates of
these models for any given location, the choice of the NOAA-GDAS combination (relative to any other
ATDM-meteorology combination or an average of several) was unlikely to be of great practical
significance (see section E).

3 Ranked in terms of a complex statistical measure related to how well a model was able to replicate measured levels in the
environment (see [W18]).
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Figure B-XIIl. The calculated '¥Cs deposition density using the NOAA-GDAS combination
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Figure B-XIV. The calculated '¥Cs concentrations in air (red +) using the NOAA-GDAS combination
and measured data at Tokaimura, Ibaraki, Japan (black o) [F7, 02]
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Figure B-XV. Scatter plot comparing NOAA-GDAS estimates and measurements of '*’Cs deposition
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E. Robustness of estimation of radionuclide levels in the
environment where no measurements are available

B52. The ATDM estimates of the concentrations of radionuclides in air and deposition densities on the
ground were associated with much uncertainty resulting from uncertainties in the source term and how
material was dispersed in and deposited from the atmosphere. A rigorous analysis of these uncertainties
was beyond the scope of this assessment. However, indications of the robustness of the estimates made
in this assessment were made by conducting more limited scoping studies.

B53. For this purpose, separate estimates were made, using an independently derived and applied
source term—ATDM-meteorology combination (that was not part of the WMO group). of the main
quantities used to calculate doses to people; these quantities were time integrals (total and truncated) of
concentrations of radionuclides in air and their deposition density on the ground. and ratios of these two

quantities used to infer concentrations in air from measured deposition densities.
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B54. The NOAA-GDAS ATDM results were compared with an IRSN ATDM-meteorology
combination, namely an IRSN-ECMWF model using the source term of Saunier et al. [S3], which was
derived using a different methodological approach. and measurements that were largely independent
from those used by Terada et al. [T19] (the source term adopted by the Committee). The main features
of, or assumptions adopted in. the two source term—ATDM-meteorology combinations are sumimarized
in table B8. A comparison of the two source terms is also provided in figure B-XVI., where the time-
dependent releases of '*'I are shown. A comparison of the time-dependent releases of "*’Cs is given in
figure B-1. at least for the first few days when the releases were largest. Much greater temporal
resolution was apparent in the Saunier et al. source term estimate consequent upon it being derived
from numerous measurements of dose rate that were, in general, continuous throughout the release
period.

Table B8. Comparison of the main features and assumptions in the two source term-ATDM-
meteorology combinations

Characteristics of the source

term-ATDM-meteorology Terada-NOAA-GDAS Saunier-IRSN-ECMWF
combinations
Source term | Basis of Reverse modelling of environmental Inverse modelling of generally
derivation measurements (concentrations in air, continuous dose-rate measurements
deposition densities, dust samples, dose | from 57 monitoring stations in Japan
rates) Total releases: ™*'I, 103 PBg;
Total releases: *'l, 120 PBg; ¥7Cs, 16 PBq
¥(s, 8.8 PBgq
Release Assumed spread uniformly over a Assumed spread uniformly over a
heights column from ground to height 100 m column from ground to height 160 m
Form of All nuclides released as particulates Apart from noble gases, all nuclides
release apart from noble gases, and iodine released as particulates

(assumed half released as particulate
and half as elemental gaseous iodine)

Meteorology | Source NOAA global analysis (W18] ECMWF [W18]
Time 3 hourly Hourly
resolution :
Spatial 0.5° latitude and longitude 0.125° latitude and longitude
resolution
Vertical 56 layers; 10 within the lowest 1 km 11 layers between 0 and 3 400 m
resolution
Atmospheric | ATDM model | HYSPLIT [D5] 1dX [S3]
dispersion N
ard Dry Particulates 10~* m/s Particulates 2 x 10~ m/s
deposition deposition | pemental iodine 10 m/s
Wet Particulates in-cloud 4 x 10* L/L 5% 1075po
deposition Particulates below-cloud 5 x 1076 5! where po is the precipitation rate

(mm/h)
Gaseous iodine 0.08 M/a solubility

[D6]
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Figure B-XVI. Comparison of the time-dependent releases of '*'| estimated by Terada et al. [T19] and
Saunier et al. [S3]
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B55. Table B9 shows the “bulk deposition velocities” estimated by the Terada-NOAA-GDAS
combination and the Saunier-IRSN-ECMWF combination (referred to as “NOAA” and “IRSN” in the
table) at selected locations for **'I and *Cs. In addition, the ratio of the IRSN and NOAA ratios are
also shown to indicate by how much the estimated concentrations in air (and thus the doses from
inhalation) would have been different had the IRSN combination been used instead of the NOAA
combination.

Table B9. Comparison of “bulk deposition velocities” for '*'l and '¥Cs estimated by different source
term-ATDM-meteorology combinations for selected locations

- s
Location/Model | NoaA (mm/s) | IRSN (mm/s) Ratio NOAA (mm/s) | IRSN (mm/s) Ratio
IRSN to NOAA IRSN to NOAA
DELIBERATE EVACUATION AREA
litate Village 28 42 15 48 28 0.58
NON-EVACUATED LOCATIONS
Iwaki City 8.5 56 065 68 49 0.71
Fukushima City 34 150 44 91 95 1.1

Note: The bulk deposition velocity is the ratio of radionuclide depesition density to the integrated concentration in air used to
infer concentrations in air from measured deposition densities on the ground and thus estimate internal exposure from inhalation
of radioactive material.

B56. For '*Cs. the bulk deposition velocities estimated by the IRSN combination were, on average,
about 20% lower than those estimated by the NOAA: at specific locations. they ranged from about 10%
higher to a factor of about 1.5 lower. depending on the location. For the same value of measured
deposition density. these differences would have translated into inferred concentrations in air (and thus
doses from inhalation for the non-evacuated areas) ranging from about 10% lower to about a factor of
1.5 higher, depending on the location, compared with those estimated by the Committee using the
NOAA combination.

B57. For "1, the bulk deposition velocities estimated by the IRSN combination ranged from about a
factor of about 4 higher to a factor of about 30% lower—depending on the location—than those
estimated by NOAA. These differences would have translated into inferred concentrations in air (and
thus doses due to inhalation for the non-evacuated areas) ranging from about a factor of 30% higher to
about a factor of 4 lower, depending on the location: on average. they would have been about 40%
lower compared with those estimated by the Commuittee using the NOAA combination.

B58. The time integrals (truncated to when evacuation occurred) of the concentrations of *'I in air and
deposition densities estimated by the NOAA and the IRSN combinations are shown in table B10 at 14
selected locations and times relevant to the estimation of doses to early evacuees. The ratios of
truncated concentrations in air estimated by the IRSN and NOAA combinations (and likewise the ratios
of their respective estimates of deposition densities) are also shown in the table: the variation in these
ratios was much greater than in the ratios of the two quantities (i.e. ratios of concentration in air and
deposition density. see table B9).

B59. For 9 of the 14 locations. the IRSN estimates for *'T concentration in air were within a factor of
two of those for NOAA, and, for most locations. the ratios varied between about 0.5 and 12 (ignoring
the value of zero for Futaba Town and 2.100 for Minamisoma City). For deposition, the IRSN estimates -
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were within a factor of two of those for NOAA for 6 out of 14 locations, and for most locations (13 out
of 14) the ratios varied between about 0.2 and 8 (ignoring the value of zero for Futaba Town). This
level of variability was not unexpected and was typical of the uncertainty associated with the use of
ATDM-meteorology combinations to estimate concentrations in air and deposition densities at specific
locations; this variability was further compounded by the use of different source terms in the two cases.
The implications of this variability for the estimation of doses to evacuees are further addressed in
appendix C.
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IV. TRANSPORT AND DISPERSION IN THE OCEAN

A. Synthesis of observations

(@) Inthe water column

B60. Numerous observations of radionuclides were made in the northem Pacific Ocean over a wide
range of distances from FDNPS, beginning one week after the accident [B25, H7, M11, T6].
Measurements were also made in the Sea of Japan to assess the radionuclide concentrations on the
western side of the archipelago. These data provided a relatively good understanding of the spatial and
temporal distribution in the ocean of *’Cs and '**Cs, the most radiologically significant radionuclides
released.

B61. Isotopes of other elements were also measured, including: '*'I, which was measured at elevated
concentrations but only over a limited time because of its relatively short half-life of 8 days; '*’I. which
was detected near the Japanese coast; and ®Sr and *Sr, which were detected near FDNPS in 2011 and
2012 and, for *°Sr. over a larger area (30 to 600 km) in June 2011.

(b) Observations of '], '3*Cs and '¥’Cs

B62. On 21 March 2011—within ten days of the first release of radionuclides from FDNPS—the
operator, TEPCO, began to conduct monitoring of seawater near one of the two outlets located on either
side of the FDNPS port [T6]. Monitoring was also carried out inside the port. Three days later, the
monitoring was extended to the second outlet. Monitoring for *'I, **Cs and "*’Cs was then conducted
at points near each of these outlets twice daily. The results for "*’Cs in seawater near FDNPS are shown
in figure B-XVII [B23]. They indicated that concentrations of *’Cs increased to a first peak at
47.000 Bg/L on 31 March, followed by a second peak at 68,000 Bq/L on 7 April. before declining
rapidly to under 10,000 Bg/L by 9 April and generally below 200 Bg/L by the end of April. Thereafter,
the decrease was much slower. The ratio of the concentrations in seawater of '>*Cs to those of ¥’Cs was
found to be very close to 1. In 2012, concentrations of 137Cs measured near the two outlets were
between 1 and 10 Bg/L. Measurements of concentrations in the port during 2012 ranged between 10
and 100 Bg/L. indicating that some releases were continuing, possibly from residual leaks. from
underground water sources, from run-off into rivers from deposits on land. or from desorption of
radionuclides from marine sediments.
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Figure B-XVIl. Measured concentrations of '¥’Cs in seawater near the FDNPS site [B23]
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B63. During the first days of monitoring, concentrations of *'I in seawater 20 to 30 times higher than
of ¥'Cs were measured, reflecting the relative importance of atmospheric deposition at this time.
Around 25 March, the ratio of the two radionuclides in the vicinity of FDNPS fell sharply to 10. By
around mid-May. this ratio was close to 0.1, reflecting the comparatively short half-life of *'L.

B64. TEPCO also conducted monitoring in coastal waters further away from FDNPS [T6]. and
increased the number of measurement stations over time. Two coastal stations south of FDNPS were
monitored daily: the first 11 km to the south at the Fukushima Daini Nuclear Power Station: and the
second 16 km to the south at Iwasawa beach. TEPCO progressively added other sites, both along the
coast and on sections located 3 km. 8 km and 15 km offshore. In addition, MEXT [M11] performed
regular measurements at different stations on a section located 30 km from the coast.

B65. During the period characterized by large direct liquid releases (between 26 March and 8 April),
dispersion of the released radionuclides away from FDNPS was relatively limited. Concentrations at the
monitoring site 11 km to the south, where they were the next highest after the FDNPS outlets. were
approximately 20 times lower [T6]. Moreover, concentrations fell even more rapidly with distance over
this period perpendicular to the shoreline. At 15 km offshore. concentrations were 100 times lower than
at FDNPS and. at 30 km offshore. they were about 1.000 times smaller. After 8 April. when the
concentrations measured in seawater at FDNPS peaked. concentrations at 30 km offshore increased
significantly for a few days suggesting a mechanism of seaward dispersion. From the middle of May,
samples collected 15 km offshore by TEPCO were most often below the relevant detection limit.

B66. Regarding the dispersion along the coast. a comparison of two sites to the north and to the south
located at the same distance from FDNPS [T6] indicated that the coast south of FDNPS would have
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been more affected than the northern coast. However, this indication should be treated with caution
because the northern coast was not monitored during the period of large direct releases.

B67. Various scientific cruises were made at distances farther from FDNPS between April and June
2011 [B25, H7]. In addition. ships voluntarily took measurements across the entire northern Pacific
Ocean at least up until March 2012 [A12]. The detection limits for these measurements were lower than
those of the regular monitoring discussed above.

B68. One month after the accident, a scientific cruise aimed at measuring '**Cs and “'Cs was
organized several hundred kilometres from the Japanese coast with an additional extension to about
2,000 km towards the north-east [H7]. The concentrations of '*'Cs were found at up to 100 times higher
than the pre-accident levels. The ratio of these two caesium radionuclides was found to be close to one,
indicating that the source was FDNPS. The presence of these radionuclides in the north-east and south-
east directions at such a large distance from FDNPS so shortly after the accident indicated that their
presence was mainly because of atmospheric inputs.

B69. In June 2011, a cruise conducted measurements with a relatively high spatial density between
30 and 600 km from the Japanese coast of radionuclide concentrations in the surface and subsurface
waters [B25]. The concentrations of **Cs were highest near the coast. At 600km offshore,
concentrations at the surface reached 0.1-0.3 Bq/L. A clear finding of this sampling work was that the
concentrations to the south of the Kuroshio current were low. showing that this powerful current
formed a southern boundary for liquid releases from FDNPS.

B70. Finally. for the period from March 2011 to March 2012, other ships sampled the northern Pacific
Ocean between 20°N and 50°N [A12]. The results showed radiocaesium was moving towards the east
at a rate close to 80 mny's. The main body of the radioactive plume reached longitude 180°E (more than
3,000 km from the station) in March 2012. one year after the accident. with a maximum concentration
of 10 Bq/L. This propagation was confined along the parallel of 40°N latitude.

B71. Generally. measurements where the detection limit was high (10 to 20 Bq/L) did not detect
released radionuclides in seawater below the surface. More precise measurements with a lower
detection limit indicated that **Cs concentrations decreased significantly with depth below the ocean
surface. In June 2011. released radiocaesium in a dissolved form apparently had not penetrated below
100-200 m from the ocean surface [B25].

(c) Other radionuclides

B72. Radiostrontium (*Sr and *Sr) was detected in measurements made regularly over a year at
FDNPS [P12] and offshore during a cruise in June 2011 [C2]. At FDNPS, %Sy concentrations were up
to 4 orders of magnitude higher than those that preceded the accident. but were generally at least one
order of magnitude lower than those of *’Cs (except for the short period following the direct release to
the ocean in December 201 1—see section II.B above). Further offshore. in June 2011, the ratio of the
concentration of *Sr in seawater to that of *’Cs was about 0.02. This concentration ratio was much
higher in seawater than in ground deposition, indicating direct liquid releases to the ocean were the
dominant source, rather than deposition from the atmosphere.

B73. TEPCO [T6] and NRA [N20] conducted—and at the end of 2013 continue to conduct—seawater
monitoring; they detected the presence of plutonium radioisotopes in seawater samples. but levels were
near or below the detection limit.
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(d) Concentrations of '**Cs and '*’Cs in sediments

B74. Almost 1,000 samples of sediment from the surface (30 mm) of the seabed taken between the end
of April 2011 and the end of 2012 off Fukushima Prefecture and neighbouring prefectures have been
analysed [M11]. The radionuclides most frequently detected were *Cs and ''Cs. The highest
concentration of *’Cs, of the order of 10° Bq/kg in dry sediment, was measured in the port of the
FDNPS site. Levels decreased significantly with distance from the FDNPS site, with 'Cs
concentrations generally lying between 10 and 1,000 Bq/kg in dry sediment, compared to values of
1 Bg/kg before the accident (see figure B-XVIII). The initial *Cs/'*'Cs ratio was close to 1, in line
with ratios found in seawater. The higher concentrations were associated with fine sediments.
Measurements performed on the 30-100 mm layer showed significant concentrations that could have
resulted from bioturbation [O7]. The Committee considered how the distribution of *'Cs in sediment
developed with time, but it was difficult to draw conclusions, owing to the high spatial heterogeneity of
concentrations. However, it was clear that concentrations of *’Cs in sediment had changed much less
over time compared to concentrations in water (compare figures B-XVII and B-XVIII).

B75. The resuspension of fine sediments in coastal areas is a process that recurs when currents and
waves are sufficiently energetic. Transport of turbid layers generated by resuspension along the bottom
can then redistribute radionuclides for several years before they are permanently buried under new
layers of sediment. Moreover, sediment represents a source of radionuclides for marine species living
or feeding on the ocean floor.

Figure B-XVIIl. Concentrations of '*’Cs in sediment
Taken from [M11]. Higher values observed in the FDNPS port have not been plotted
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B. Marine dispersion models and validity checks

B76. The numerous observations available enabled an understanding of some of the characteristics of
the dispersion of released radionuclides in the marine environment. Modelling of dispersion could
supplement this understanding provided that models had been reasonably well-validated by
observations. To understand how this dispersion occurred at the regional level, the modelled surface
currents for the month of April 2011 are presented (as arrows) in figure B-XIX [E4]. This shows. in
particular, the influence of the Kuroshio current that transports warm and salty waters along the
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southern coast of Japan and then eastwards to the central Pacific Ocean north of the 35°N parallel. This
current flows from about one hundred kilometres south of FDNPS and creates a boundary between the
warm waters to the south and the cold waters to the north, into which the direct liquid releases of
radionuclides were made. Periafiez et al. [P3] conducted similar modelling studies.

B77. Off the coast of FDNPS, the continental shelf (where the water is less than about 200 m deep—
corresponding to the darker blue colours in figure B-XIX) is about 40 km wide. Currents on the
continental shelf vary in response to forcing by the wind, tides and freshwater inputs from rivers. Wind
seems to be the main driver of the currents in this coastal region. The coast induces a blockage which
channels the currents within the first few kilometres. When the wind is favourable for southward
transport, surface water and associated contaminants can reach the Kuroshio current within a few days,
and then be dispersed eastwards towards the centre of the Pacific Ocean.

B78. To be confident in an analysis of the dispersion, the results of models had to be validated against
available observations. The results of different models mentioned in section ILB of this appendix [E4,
K3, T24] and those from the analysis of Periafiez et al. [P3] (which incorporated a dynamic model of
the interactions between seawater and sediments) were compared with observations at different points.
Masumoto et al. [M5] presented an intercomparison of the results of some of these models with others.
The models sometimes related to winds used to force the hydrodynamic models. to oceanic currents,
and to time series of concentrations at different points. Estournel et al. [E4], using the daily source term
discussed in section ILB above. simulated the 'Cs dispersion and then compared simulated and
observed concentrations at 13 sites along the coast and at 3, 8, 15 and 30 km offshore (see position in
the insert of figure B-XIX). The results are shown in figure B-XX. The variations of concentration with
time were generally well reproduced. apart from the early observed increase in concentrations at 30 km
offshore (discussed in section IL.B of this appendix). This simulation was used to provide insight into
how direct releases to the ocean and deposition from the atmosphere were dispersed in the ocean.

Figure B-XIX. Surface current simulated for April 2011 superimposed on the sub-marine topography
(from [E4])°

Depth (m)
Ir= 1 9000
Josmsi || so0o

42°30N = N P —

40°N

37°30N

1IN

32°30N [

........

135 137°30E H40°E 14230 145°E 147°30E

9 The red dot indicates the Fukushima Daiichi Nuclear Power Station (FDNPS). The top left insert is a close-up around FDNPS
indicating the position of the points used to validate the dispersion model (see figure B-XX).
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Figure B-XX. Comparison of ¥7Cs concentrations (Bq/L) observed (dots) and simulated (solid line) at
different points indicated in the frames (from [E4])°
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@ See map on figure B-XIX for site locations. The red dashed line indicates the detection limit while vertical cyan dashed lines
indicate observations below the detection limit.

C. Results of dispersion assessment

(a) Dispersion of direct releases to the ocean

B79. The wind blew mainly southwards during the first month after the accident. when the direct
releases from FDNPS to the ocean were highest. Such wind conditions produced transpoit to the south
and confinement against the coast (see figure B-XXI). owing to the Coriolis effect. This situation is
typical of coastal downwelling. It is the origin of the high concentrations observed south of FDNPS (at
Fukushima Daini Nuclear Power Station and Iwasawa beach) [T6]. This southward transport then led to
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an interaction between the coastal waters carrying the released radionuclides and the Kuroshio current,
and subsequently to an eastward transport.

B80. After mid-April, the wind blew mainly northwards inducing a northward and eastward surface
current. This situation was favourable to disperse radionuclides in the entire coastal area, including to
the north of FDNPS (see figure B-XXII). Radionuclide concentrations then decreased sharply near to
the coast, while they increased 30 km offshore. An analysis of observations of *'Cs and temperature
and salinity profiles at 30 km offshore in mid-April indicated that radiocaesium was associated with a
10-20 m thick low-salinity layer. The presence of this river-influenced coastal water pushed by the
wind over denser oceanic water promoted the offshore transport of radionuclides. limited their
dispersion into the underlying waters and thereby increased the residence time of radionuclides in
surface waters.

Figure B-XXI. Mean concentration of '¥’Cs in surface waters (Bqg/L) during the first month after the
accident (from [E4])
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Figure B-XXIl. Mean concentration of '¥’Cs in surface waters (Bq/L) in May 2011 (from [E4])®
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@ Note that the horizontal scale differs from the one used in figure B-XXT.

(b) Dispersion of radionuclides deposited from the atmosphere

B81. Radionuclides released to atmosphere were deposited on to the ocean over a wide region.
Deposition density was highest in the coastal area near FDNPS. According to different authors [E4.
K3]. the magnitude of the accumulated deposition density would have been of the order of 10* Bg/m’
close to the coast and around 10°-10° Bq/m® 500 km away from FDNPS, depending on the wind
direction at the time of the releases. Oceanic dispersion models have been used to simulate the fate of
these deposits.

B82. The contribution to concentrations in surface waters due to these deposits from atmosphere was
much lower than that due to the direct releases into the ocean (except perhaps during the first days.
when direct releases were not detected). At large distances during the first month, atmospheric
deposition was responsible for the observed concentrations, which were low (less than 0.05 Bq/L at a
few hundred kilometres [E4]). These results were within an order of magnitude of the average
observations reported by Honda et al. [H7]..although some values around 0.3 Bg/L were measured in a
relatively small area.

B83. Regarding *'I. Kawamura et al. [K3] simulated concentrations along the coast south of FDNPS
that reached a few hundreds of becquerels per litre in March. decreasing offshore to about 10 Bq/L also
within March. and to 1 Bg/L in April.
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(c) Long-term global transport

B84. Simulations of the '*'Cs dispersion across the Pacific Ocean over the first 30 years after the
accident have been published [N3]. These simulations indicated that radionuclides released directly
would reach the Californian coast of the United States 4-5 years after the accident, but this timescale
was likely to have been overestimated because the low-resolution ocean model used in this study
underestimated the strength of currents. This has been confirmed by observations reported by Aoyama
et al. [A12] and discussed in section ITL. A of this appendix. However. the simulated concentrations for
2012 were of the same order of magnitude as Aoyama’s observations. The model indicated that '*'Cs
released directly from FDNPS would be distributed throughout the northern Pacific Ocean within ten
years of the accident at concentrations below 10” Bq/L; these are less than concentrations of *’Cs in
the Pacific Ocean of 1-2 x 107 Bq/L that existed before the accident [B25].

(d) Uptake onto, and release from, sediments

B85. Periafiez et al. modelled the interactions between seawater and sediments [P3] using a three-
dimensional advection/diffusion model with terms describing the adsorption/desorption reactions
between the deepest water layer and seabed sediments in a dynamic way using both one-step and two-
step kinetic models. They estimated concentrations of *’Cs in seawater and sediment for comparison
with measurements. The model provided a fit to the measurements of '*’Cs concentrations in surface
water similar to that illustrated in figure B-XX: it also was able to reproduce the general pattern of '*'Cs
concentrations measured in sediments. The authors estimated a half-time for the *’Cs content in the
sediment of 167 days.



