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Abstract. On 11 March 2011, an earthquake occurred aboutof the Fukushima Dai-ichi nuclear power plant, which we
130 km off the Pacific coast of Japan’s main island Honshu,explain with the decay of iodine-133 (half-life of 20.8 h) into
followed by a large tsunami. The resulting loss of electric 133Xe. There is strong evidence that fi#éXe release started
power at the Fukushima Dai-ichi nuclear power plant de-before the first active venting was made, possibly indicating
veloped into a disaster causing massive release of radioastructural damage to reactor components and/or leaks due to
tivity into the atmosphere. In this study, we determine theoverpressure which would have allowed early release of no-
emissions into the atmosphere of two isotopes, the nobléle gases. Fol'Cs, the inversion results give a total emis-
gas xenon-1331¢3Xe) and the aerosol-bound caesium-137 sion of 36.6 (20.1-53.1) PBq, or about 43 % of the estimated
(187Cs), which have very different release characteristics a<Chernobyl emission. Our results indicate th3fCs emis-
well as behavior in the atmosphere. To determine radionusions peaked on 14-15 March but were generally high from
clide emissions as a function of height and time until 20 12 until 19 March, when they suddenly dropped by orders of
April, we made a first guess of release rates based on fuahagnitude at the time when spraying of water on the spent-
inventories and documented accident events at the site. Thifuel pool of unit 4 started. This indicates that emissions may
first guess was subsequently improved by inverse modelingnot have originated only from the damaged reactor cores, but
which combined it with the results of an atmospheric trans-also from the spent-fuel pool of unit 4. This would also con-
port model, FLEXPART, and measurement data from severafirm that the spraying was an effective countermeasure. We
dozen stations in Japan, North America and other regionsexplore the main dispersion and deposition patterns of the ra-
We used both atmospheric activity concentration measuredioactive cloud, both regionally for Japan as well as for the
ments as well as, fol*’Cs, measurements of bulk deposi- entire Northern Hemisphere. While at first sight it seemed
tion. Regardingt33Xe, we find a total release of 15.3 (un- fortunate that westerly winds prevailed most of the time dur-
certainty range 12.2-18.3) EBq, which is more than twice asng the accident, a different picture emerges from our de-
high as the total release from Chernobyl and likely the largestailed analysis. Exactly during and following the period of
radioactive noble gas release in history. The entire noble gathe strongest®’Cs emissions on 14 and 15 March as well
inventory of reactor units 1-3 was set free into the atmo-as after another period with strong emissions on 19 March,
sphere between 11 and 15 March 2011. In fact, our releasthe radioactive plume was advected over Eastern Honshu Is-
estimate is higher than the entire estimaté&®e inventory  land, where precipitation deposited a large fractioA%€s
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on land surfaces. Radioactive clouds reached North Amerdry deposition, or turbulence) can lead to erroneous simula-
ica on 15 March and Europe on 22 March. By middle of tions. However, the single largest source of error for model
April, 133Xe was fairly uniformly distributed in the middle predictions is the source term, i.e., the rate of emissions into
latitudes of the entire Northern Hemisphere and was for thehe atmosphere from the accident site as a function of time
first time also measured in the Southern Hemisphere (Darand height. Therefore, efforts must be made to provide an
win station, Australia). In general, simulated and observedadequate source term to models before they can produce
concentrations of33Xe and'3’Cs both at Japanese as well reliable results. This is particularly true for nuclear acci-
as at remote sites were in good quantitative agreement. Altodents where release rates can vary by orders of magnitude
gether, we estimate that 6.4 PB(l8fCs, or 18 % of the total  on timescales of synoptic variability, which determines the
fallout until 20 April, were deposited over Japanese land ar-areas affected by the plume.
eas, while most of the rest fell over the North Pacific Ocean. Bottom-up estimates of the source term based on under-
Only 0.7 PBq, or 1.9 % of the total fallout were deposited on standing and modeling of processes at the accident site are
land areas other than Japan. typically of limited accuracy, especially with respect to the
timing of the releases. For instance, the time variation of
the emissions from Chernobyl is still uncertaidejell et al,
1995 NEA, 2002. At the time of writing, the most com-
1 Introduction prehensive information source on the events in the FD-NPP
and its environmental consequences is a report released by
On 11 March 2011, an extraordinary magnitude 9.0 earththe Government of Japan in June 20Nu¢lear Emergency
quake occurred about 130 km off the Pacific coast of Japan'Response Headquarte2011) (hereafter, referred to as the
main island Honshu, at 38.3° N, 142.4° E, followed by a largeReport) and its subsequent updates. Unless otherwise men-
tsunami USGS 2011). These events caused the loss of tioned, technical information used in this paper is based on
many lives and extensive damage. One of the consequencesis document. Although this report contains estimates of the
was a station blackout (total loss of AC electric power) at amounts of radioactivity set free into the atmosphere for cer-
the Fukushima Dai-ichi nuclear power plant (in the follow- tain key nuclides, these data are not reliable. The releases did
ing, FD-NPP). The station blackout developed into a disastefhot occur through defined pathways and were not metered.
leaving four of the six FD-NPP units heavily damaged, andRelease estimates could and can only be obtained by either
causing a largely unknown but massive discharge of radionusimulating the accident sequences with dedicated severe nu-

clides into the air and into the ocean. clear accident simulation codes like MELCOG4untt et al.
Measurement data published by the Ministry of Education,2007), or by some kind of inverse modeling based on at-
Culture, Sports, Science and Technology of JapaBXT, mospheric transport modeling and environmental monitoring

2011 and othersChino et al, 2011 Yasunari et a].2017) data. Results of both approaches are presented in the Report.
show that the emissions from FD-NPP caused strongly el- A viable approach for determining the source term is to
evated levels of radioactivity in Fukushima prefecture andcombine radionuclide measurement data and atmospheric
other parts of Japan. Enhanced concentrations of airborne ralispersion models. By optimizing the agreement between
dionuclides were in fact measured at many locations all ovethe model calculations with the measurement data, an im-
the Northern Hemisphere (e.Bowyer et al, 2011, Masson  proved source term can be obtained. This top-down approach
et al, 2011). Thus, an extensive body of observations docu-is called inverse modeling and was used early to make esti-
ments local, regional and global impacts of the FD-NPP ac-mates of the Chernobyl source ter@udiksen et aJ.1989.
cident. Nevertheless, point measurements alone are by faviore recently, inverse modeling has been usedbyoine

too sparse to determine the radionuclides’ three-dimensionahnd Bocque{2007) to derive the Chernobyl emissions both
atmospheric distribution and surface deposition, and conseas a function of time and height, and Winiarek et al.
quently their effects on the environment; especially becaus€2012 to estimate lower bounds for the FD-NPP emissions.
measured concentrations cover many orders of magnitudéddvanced inverse modeling schemes also use a priori infor-
and cannot be spatially interpolated easily. Given accuratenation on emissions based on nuclear accident simulations
emissions, dispersion models can simulate the atmospheriand understanding of events at the accident site. Similar in-
distribution and deposition of radionuclides providing a more verse model systems have been used for related problems.
complete picture than the measurements alone. For instanc€onsiderable work has been done, for instance, to determine
after the Chernobyl disaster in 1986, models have been usegreenhouse gas emissions into the atmosph¢aetley and

to study the distribution of radionuclides across Europe (e.g.Prinn, 1993 Mahowald et al.1997 Stohl et al, 2009.

Hass et a].199Q Brandt et al, 2002. Morino et al.(201]) The core author team of this article has previously de-
have presented a regional model analysis of the FD-NPP acseloped an inverse modeling methodology for cases such
cident. The simulations need to be compared carefully withas volcanic eruptions and greenhouse gas emissions. Our
measurement data since inaccuracies in the meteorologicahost recent application, reconstructing the time- and height-
input data or in the model parameterizations (e.g., of wet andlependent ash emissions from the Eyjafjélkajll volcanic
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Table 1. Overview of the reactor blocks (units) at the FD-NPP according to Table “Generation Facilities at the Fukushima Dai-ichi NPS”
(not numbered, on p. 46) and Table 1V-3-1Niuclear Emergency Response Headquafz4l).

Unit 1 Unit 2 Unit 3 Unit 4 Unit 5 Unit 6
Electric power output (MW) 460 784 784 784 784 1100
Begin commercial operation 1971 1974 1976 1978 1978 1979
Reactor model BWR 3 BWR 4 BWR 4 BWR 4 BWR 5 BWR 5
Containment type Mark-1 Mark-1 Mark-1 Mark-1 Mark-1 Mark-2
Operating/time of shut-down operating operating operating 2010-11-29 2011-01-02 2010-08-13
Number of fuel assemblies in core 400 548 548 0 - -
Number of fuel assemblies in pond 392 615 566 1535 994 940

eruption in spring 2010Stohl et al, 20113, is closely re- ichi, and Fukushima-Il or Fukushima Dailnioperated by
lated to the problem posed by the Fukushima nuclear accithe company TEPCO. Fukushima Dai-ichi (FD-NPP), where
dent. In both cases we have a point source with unknowrthe severe accidents occurred, consists of six boiling water
vertical and temporal distribution of the emissions. How- reactors lined up directly along the shore. The reactor blocks
ever, while for volcanic ash millions of satellite observations are built in pairs. Tablel gives an overview of the units.
were made, observations of radionuclides are available onlyWhen the earthquake occurred, units 4 to 6 had been already
as point measurements at certain monitoring sites, and witlshut down for several months for maintenance, while units 1
a coarse temporal resolution of typically 24 h. Even thoughto 3 were under operation at their rated power.
we have collected measurements from a large set of stations Nuclear reactors also house pools for initial storage of
in Japan and throughout the entire Northern Hemispherespent fuel assemblies. In the boiling water reactor (BWR)
the total number of available observations is only of the or-design, this pool is located outside the containment near the
der of one thousand. While this makes the problem muchop of the reactor building. Tableindicates the amount of
less well conditioned than for the volcanic ash scenario, stillfuel in these ponds. Even considering that shorter lived nu-
much can be learned about the FD-NPP source term by usclides have decayed, it is obvious that these ponds present a
ing the top-down inverse method, especially if the inversionsignificant inventory of radioactivity. Furthermore, there is a
can be guided by a bottom-up a priori (first guess) estimatéarger common spent fuel pool at the site, on ground level.
based on carefully compiled information. In this paper, we Spent fuel is transferred to this pool after at least 19 months,
determine the emissions of two important radionuclides, theput the decay heat is large enough to still require active cool-
noble gas xenon-133Xe, lifetime of 5.25 days) and the ing. This pond contained 6375 fuel assemblies.
aerosol-bound caesium-13?{Cs, lifetime of 30yr), which The earthquake triggered the automatic shutdown of the
have very different release and transport characteristics, anghain reaction in the units 1 to 3 at 05:46 UTC (that is 14:46
for which measure.mentdata are relatively apundant. We thenapan Standard Time) on 11 March. Outside power sup-
use the model to simulate the atmospheric dispersion and, fggjy was lost and the emergency diesel generators started up.
Cs, the deposition over Japan and throughout the Northerygwever, when the tsunami arrived 50 minutes later, it in-
Hemisphere. undated the sites of the reactors and their auxiliary buildings

The paper is structured as follows: In Segtwe give an  and caused the total loss of AC power, except for one of the
overview of the accident events that had led to the disastefhree diesel generators of unit 6. Although at different rates,

and how knowledge of these events was used to determingggling of the reactor cores was lost, water levels in the reac-
a priori emissions. In Sec& we present the measurement tor pressure vessels could not be maintained, and in all three
data and model used and describe the inversion method. I0nits that had been under operation, the cores degraded and,
Sect.4, we report our emission estimates, provide a compar-,s has been reported, partially (or maybe even completely)
ison of measured and modeled concentrations and depositiogelted. The hydrogen produced in this process caused ma-
amounts, and present the simulated concentration and dep‘jbr explosions which massively damaged the upper parts of
sition fields and put them into meteorological context. In the reactor buildings of units 1 and 3. Damage to the up-
Sect.5, we draw conclusions from our work. per parts of the reactor building could be prevented in unit 2,
however, a hydrogen explosion there presumably damaged
the suppression chamber.

Cooling was lost as well for the spent fuel ponds, leading
Fukushima is a prefecture in the East of the Japanese islan® heating up of the water and raising concerns about fuel
Honshu. On its eastern coast, two nuclear power plant com-
plexes are located, called Fukushima-1 or Fukushima Dai- lichi means 1, ni means 2

2 Accident events and first-guess emissions

www.atmos-chem-phys.net/12/2313/2012/ Atmos. Chem. Phys., 12, 221313 2012



2316 A. Stohl et al.: Radionuclide release from Fukushima nuclear power plant

0 137 e i
Table 2. Estimated inventories of the radionuclide sources (reactor26 % of the™>'Cs in the affected units is in the reactor cores.

cores and spent fuel pools [SFP]) in units 1 to 4. Activities refer to HOwever, due to the higher energy density especially shortly
the time of the earthquake, when the chain reaction in the operatingifter the stop of the chain reaction, it is more easily set free
reactors was stopped. For estimating the core inventories, we uséifito the environment from the cores. The pool of unit 4 con-
an average burnup of 30000 MWd/tU and 68 tU for unit 1, and tains about half of the total spent-fuel pdéfCs inventory.
23000 MWd/tU and 94 tU for units 2 and 3. 40000 MWd/tU and Because of the short half-life 383Xe, its inventory in the

68 and 94 tU was used for the SFP inventories. spent fuel can be neglected compared to the reactor cores.
Source 133xe (Bq) 137Cs (Bq) In terms of releases, early estimates by tht_e Aust@ian-
tral Institute for Meteorology and Geodynami@9)11) and
Core unit 1 2.7%10'8  2.40<107 the Frenchnstitut de Radioprotection et de Surete Nucleaire
Core unit 2 4.8510'8  2.59<107 (2011) indicated significant emissions during the first phase
Core unit 3 4.8%10'8 25910 of the accident. On 22 MarcltGentral Institute for Mete-
Total cores 1241019 7.58x10l7 orology and Geodynamic®011) published a source esti-
mate of about 66 PB43'Cs (see alsdNature News Blog
SFP unit 1 150102 2.21x10'7 2011). The estimate was valid for the first four release days
SFP unit 2 2581012 4.49x10'7 (12—15 March) and was based on forward transport model-
SFP unit 3 2581012  3.96x10'7 ing and comparison of results with measurements at stations
SFP unit 4 1.0410'%  1.11x10'8 of the Comprehensive Nuclear-Test-Ban Treaty Organization
Total SEPs 1.7¢1013  2.18x1018 (CTBTO). On the same dalstitut de Radioprotection et de
Surete Nucleair€2011) reported an estimated emission of
Grand total 12410 2.94x10' 30 PBq caesium between 12 and 22 March, based on diag-
Total cores/grand total 1.0 0.258 nostics of the state of the reactors 1-3 of FD-NPP, combined

with dispersion model results. Later on, estimates made by
the Japanese authorities suggested complete release of the
rods also becoming uncovererd there. The information conentire noble gas inventory (about 12 EBq ft¥*Xe) and
cerning these ponds and possible releases from them is mu@round 1-2 % of the caesium contained in the reactor cores
less clear. However, it is obvious that the most dangerous sitef units 1-3, about 10-15 PBq (Tal8g Given the massive
uation was in the pond of unit 4, into which the whole core fuel damage that has been reported for all three cores, there
had been unloaded for maintenance work in the reactor. Thés little doubt that the noble gas release fraction should be
decay heat for this pool was about 2 MW. A massive hydro-practically 100 %. The more interesting aspects here are the
gen explosion occurred there which may have been causetmporal and vertical distribution of the release, which de-
by degraded fuel from this pond, or, as has been suggestegrmine atmospheric transport patterns, as well as how much
by TEPCO, hydrogen may have migrated from unit 3 through13’Cs was set free into the atmosphere. Our first guess has
pipeworks connecting this pair of units. been guided by the Japanese assessments and thus its total
In the appendix, we provide a more detailed overview of magnitude corresponds to: 100 % '5fXe (12.4 EBq) and
the events happening at each one of the units 1-4. Fortuabout 1.7 % (12.6 PBq) df’Cs. However, we add another
nately, due to the maintenance outage and the survival of on8.9 PBq3’Cs from the spent fuel pool of unit 4. Releases
diesel generator, it seems that unit 5 and 6 reactor cores asom the other spent fuel pools are assumed to be minor com-
well as spent fuel ponds have not suffered major fuel dam-pared, on one hand, to the releases from the respective reac-
age and did not produce large emissions. Therefore, they ar®r cores, and on the other hand to the unit 4 pool, especially

not included in the further considerations. considering the uncertainties assumed which provide for po-
tential emissions from pools 1 to 3. Note that the emission
2.1 First-guess emissions from pool 4 is assigned sufficient uncertainty as to allow its
suppression by the inversion if it were not consistent with the

. . . L. . observations.
In order to estimate the radionuclide emissions with a

bottom-up approach, the respective nuclide inventories per In order to produce a set of first-guess (a priori) emissions
reactor unit and for the spent-fuel ponds must be known.as needed for the inversion, the total amount of radionuclides
Based on the information in the Report on the number of fuelemitted must be disaggregated into a temporal sequence. For
assemblies and assuming a four-year fuel cycle, burn-up calthis, we used all available information, such as observed ra-
culations have been performed with the ORIGEN cddal  diation increases, pressure build-up and decay in various re-
Ridge National Laboratory2005. Results for the relevant actor compartments, information on relief valves opened or
nuclides are reported in Tab® There are 7.5810' Bq closed, and the hydrogen explosions, together with the tem-
(758 PBQq) of*3’Cs in the three reactor cores, while the spent- poral shape from the MELCORSauntt et al.2001) simula-

fuel pools of units 1-4 contain almost 2200 PBq. Thus, onlytions provided in the Report. In addition, on-site gamma dose
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Fig. 1. First guess emissions as a function of time for the four different reactor units33%e (top panel) and fot3’Cs (bottom panel).
Emissions are drawn with colored solid bold lines (blue, unit 1; green, unit 2; red, unit 3; sky blue, unit 4), and emission uncertainties
are drawn with correspondingly colored thin dashed lines. Major hydrogen explosions are indicated by *H-U, where U is the unit number.
Periods of known venting are shaded in yellow. A period of increased observed temperature is shaded in red, and overlaps a period of
increased pressure (shaded in blue). Notice that the time axis is stretched before 18 March.
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rate monitoring data published by TEPCO in their bulletins between first and second layer in a ratio 70:30, then in those

have been used. This latter data source is only a very roughnits where explosions occurred, after the explosion the ra-

guidance for two reasons. Firstly, the published data refer tdio was set to 50:50. During the explosion in unit 1, 20 %

different locations on the reactor site for different time peri- were assumed to be emitted into the third layer. The unit 2

ods (and published documents do not explain why monitor-explosion did not produce building damage and is not consid-

ing posts were changed), and secondly, complex interactiorred to have increased the effective release height. The unit

between wind conditions, release locations and monitoring3 explosion was much more powerful, and movies show that

locations must be expected but cannot be resolved by us dumaterial is ejected high up into the atmosphere, thus 70 %

to a lack of detailed data. of the emissions were placed into the third layer for the cor-
Figurel shows the time variation of the derived first-guess responding 3 h interval. As for the unit 4 explosion, it was

emissions and their assumed uncertainties separately for eagissumed that 10 % went into the third layer.

reactor unit and relates them to certain events (see the ap-

pendix for detailed description). The first guess uncertain-

ties are much higher than the emissions, giving the inver-3 Methods

sion enough freedom to change the a priori emissions sub-

stantially. Comparing33Xe and3’Cs emissions, th&33Xe 3.1 Measurement data

emissions occur over much shorter periods of time, as most

of the noble gas inventory is assumed to be injected into thé/Ve collected measurements of atmospheric activity concen-

atmosphere by the first venting event at each unit. Emissiongations from a variety of sources, as listed in Talesd5,

of 137Cs are more influenced by the hydrogen explosions andvhich also report the total number of samples available for

generally occur over a more extended time period, while onlyéach station during the period of our study. Measurements
a small part of the inventory is released. of atmospheric activity concentrations of botffXe and

For the inversion, it is not possible to consider the emis-—'CS were available from CTBTO stations. The Compre-
sions for each unit separately and, thus, all emissions wer&ensive Nuclear-Test-Ban Treaty (CTBT) foresees a global
summed. Uncertainties are probably not strictly additive, butPan of all nuclear explosions. To verify compliance with the
were also summed. The emissions from spent-fuel pools an§ TBT. & global international monitoring system with four
reactor cores could in principle be disentangled using nuclidglifferent measurement technologies is currently being built
ratios or joint inversions of several nuclides, but this is out of UP, hamely for seismic (170 stations), hydroacoustic (11 sta-
the scope of this paper. However, in the interpretation of thdions), infrasound (60 stations) and radionuclide (80 stations)
results, we will try to partly relate changes of the emissionsmonitoring Hoffmann et al. 2000. As far as the radionu-
to certain events at individual reactor units. All in all, the clide monitoring subsystem is concerned, 60 particulate mat-
resulting first guess is obviously a largely subjective productt€" monitoring stations are currently delivering data to the

with major uncertainty margins. International Data Centre of the Preparatory Commission for
the CTBTO in Vienna. The stations are all equipped with
2.2 Release heights high-volume aerosol samplers. About 20 00D af air is

blown through a filter, collecting particulate radionuclides.

Atmospheric transport of emitted nuclides depends on thé>ases are not retained in the filters. The collection pe-
height of the source, due to vertical wind shear and also turfiod is 24 h. The different radionuclides are measured with
bulence conditions. Considering that the present problem i§ligh-resolution germanium detectoSchulze et &.200Q
rather weakly constrained, releases are divided into three layMedici, 2001). The minimum detectable activity concentra-
ers only: 0-50 m, 50-300 m, and 300—1000 m above groundion of *’Cs is 1uBq 1%, which is about three orders of
level. The a priori source term needs to be divided betweerin@gnitude lower than for measurements within typical na-
these three layers. The height of the reactor buildings of FDional radiation monitoring networks.
NPP is 40 m, so any leakages through wall or roof openings As part of CTBT treaty monitoring, half of the radionu-
would fall into the first emission layer. Then, each pair of clide stations shall additionally be equipped with xenon de-
units has an exhaust stack which emits into the second layetectors. During the International Noble Gas Experiment
Some of the venting may have occurred through these stack§INGE), noble gas measurement systems have been set up
Also, the effluents are hot and thus there can be thermaworldwide Wernsberger and Schloss@004 Saey and de
plume rise, contributing to emissions into the second layerGeet 2003. Currently, about 25 stations are delivering data
The third layer is thought to be involved only for the pe- to CTBTO. The radioxenon isotopes measured'a#Xe,
riod of explosions. Thus, the initial releases were divided*>*"Xe, 133Xe and'3Xe, with half-lives of 11.93 days, 2.19
days, 5.25 days and 9.14 h, respectively. The most prevalent
24indly made available in a consistent spreadsheet by M. Taki-and important isotope i§*3Xe, which is measured with an
gawa from the Japan Agency for Marine-Earth Science and Techaccuracy of about 0.1 mBgm. The typical global distribu-
nology tion of this isotope is described Wotawa et al(2010. The
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Table 3. Release fractions and estimated released activities from various sources, including the first guess (FG) estimate used in this work
and our best a posteriori estimate. “Report Att. IV-2" refers to MELC@Ryntt et al.2001) simulation results as reported in Table 5 of
Attachment IV-2 of the Report. ZAMG refers to the estimatedgntral Institute for Meteorology and Geodynam(2811) for the first four

days of the event. ISRN lists the estimatdrdtitut de Radioprotection et de Surete Nucleg2@11) for 12—22 March 2011.

Source 133xe (%) 133xe (EBq) 137Cs (%) 137Cs (PBq)
Report Att. V-2 97.3 12.2 1.7 16.4
Report Att. VI 97.3 12.2 0.8 75
SPEEDI (Att. VI-1) - - 1.4 13.0
ZAMG - - - 66.0
ISRN - - - 30.0
FG core 1 100 2.7 0.3 0.7
FG core 2 100 4.8 4.0 10.4
FG core 3 100 4.8 0.6 1.6
FG cores 1-3 100 12.4 1.7 12.6
FG SFP 4 - - 0.8 8.9
FG total 100 12.4 1.2 21.5
A posteriori 100 15.3 2.0 36.6

Table 4. List of stations used for th&33Xe inversions, sorted by longitude. Num gives the number of valid observations used for the
inversion.

Station name Longitude Latitude Num Data source

Wake Island 166.6 19.3 40 CTBTO

Oahu —158.0 21.5 79 CTBTO

Sidney —-123.4 48.7 38 I. Hoffman, personal
communication (2011)

Richland -119.3 46.3 72 Bowyeretal. (2011)

Yellowknife —114.5 62.5 33 CTBTO

Ashland —99.8 37.2 79 CTBTO

Panama City —79.5 9.0 14 CTBTO

Charlottesville —78.4 38.0 76 CTBTO

Ottawa —75.7 45.4 27 CTBTO

St. John’s —52.7 47.6 38 CTBTO

Schauinsland 7.9 47.9 39 CTBTO

Spitsbergen 154 78.2 79 CTBTO

Stockholm 17.6 59.2 79 CTBTO

Ulan-Bator 106.3 47.9 37 CTBTO

Guangzhou 113.3 23.0 39 CTBTO

Darwin 130.9 —-12.4 78 CTBTO

Ussuriysk 132.0 44.2 59 CTBTO

Total 906

collection period of the xenon samples is typically 12h. Al Two stations of the CTBTO network, Okinawa and
measured radionuclide concentrations were decay-correctetakasaki, are located in Japan, bétXe measurements are
for the sampling period to the end of the sampling interval made only at Takasaki. However, the Takasaki noble gas de-
and converted from activity per norm cubic meter at standardections were, for an extended period of time, reaching the
temperature and pressure (273.15 K and 101 325 Pa) to actidynamic range of the system, meaning that measurements
ity per cubic meter (using meteorological analysis data) forwere so high that they became unreliable. In addition to that,
comparison with the model results. For the purpose of in-there were also considerable memory effects. While some
verse modeling, the data were further decay-corrected to theesearchers (K. Ungar, personal communication, 2011) have
time of the earthquake. made attempts to extract quantitative information from these

www.atmos-chem-phys.net/12/2313/2012/ Atmos. Chem. Phys., 12, 221313 2012



2320 A. Stohl et al.: Radionuclide release from Fukushima nuclear power plant

Table 5. List of stations used for th&3Cs inversions, sorted by longitude. Num gives the number of valid observations used for the
inversion. NIES is the National Institute for Environmental Studies, JCAC is the Japan Chemical Analysis Center, JAEA is the Japan Atomic
Energy Agency with data points froFuruta et al(2011).

Station name Longitude Latitude Num Data source

Nankang 121.6 235 23 Hsu et al(2012
Pengchiayu 122.1 25.6 23 Hsu et al(2012
Okinawa 127.9 26.5 39 CTBTO
Takasaki 139.0 36.3 38 CTBTO
Wako 139.6 35.8 31 RIKEN
Tsukuba 140.1 36.0 24 NIES
Chiba 140.1 35.7 37 JCAC
Tokai—mura 140.6 36.4 69 JAEAS. Furuta, personal
communication (2011)
Guam 144.9 13.6 36 CTBTO
New Hanover 150.8 —2.6 36 CTBTO
Petropaviovsk 158.8 53.0 40 CTBTO
Wake Island 166.6 19.3 36 CTBTO
Midway Islan —-177.4 28.2 39 CTBTO
Sand Point —-160.5 55.3 37 CTBTO
Oahu —-158.0 21.5 39 CTBTO
Salchaket —-147.1 64.7 39 CTBTO
Vancouver —-123.2 49.2 39 CTBTO
Sacramento —121.4 38.7 39 CTBTO
Yellowknife —114.5 62.5 39 CTBTO
Ashland —-99.8 37.2 38 CTBTO
Resolute -94.9 74.7 37 CTBTO
Melbourne -80.6 28.2 39 CTBTO
Panama City -79.5 9.0 39 CTBTO
Charlottesville -78.4 38.0 39 CTBTO
Ottawa —75.7 45.4 9 I. Hoffman, personal
communication (2011)
St. John'’s -52.7 47.6 39 CTBTO
Iceland -21.9 64.1 13 Ro5
Reykjavik -21.8 64.1 38 CTBTO
Caceres —6.3 39.5 16 Ro5
Orsay 2.2 48.7 19 Ro5
Sola 5.7 58.9 23 Ro5
Schauinsland 7.9 47.9 27 CTBTO
Braunschweig 10.5 53.3 19 Ro5
Osteras 10.6 59.9 22 Ro5
Spitsbergen 154 78.2 31 CTBTO
Longyearbyen 15.6 78.2 15 Ro5
Stockholm 17.6 59.2 39 CTBTO
Svanhovd 30.0 69.4 20 Ro5
Dubna 37.3 56.7 39 CTBTO
Kuwait City 47.9 29.3 39 CTBTO
Kirov 49.4 58.6 36 CTBTO
Zalesovo 84.8 53.9 39 CTBTO
Ulan—Bator 106.3 47.9 39 CTBTO
Quezon City 121.4 14.6 39 CTBTO
Ussuriysk 132.0 44.2 38 CTBTO
Total 1494
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data, we decided to not u&Xe data from Takasaki for our bulk samplers started on 18 March and a total of 1497 24-h
inversions. samples were available for the period of our study. These
Regarding thé3’Cs measurements at Takasaki, there wasdata were quality-checked and updated for an earlier pub-
another problem. During the first passage of the plume atication (Yasunari et al.2011). Later revisions of a few
this station, radioactivity entered the interior of the build- data points by MEXT were taken into account. Furthermore,
ing. This resulted in a serious contamination, meaning thatl2 deposition measurements were available from Tokai-mura
137Ccs shows up continuously in the measurements since thaith an irregular time resolution following rain events. Dif-
initial event, even when it is probably completely absentferent deposition samplers were used at the various sites and,
in the ambient air. We applied a correction of the datafor the inverse modeling, it was assumed that the measured
(seehttp://lwww.cpdnp.jp/pdf/110818Takasaldportrevise.  deposition is a result of both dry and wet deposition, even
pdf, downloaded on 16 August). Still, the contamination is though dry deposition onto these samplers may not be repre-
a potential problem for the inversion, which may attempt to sentatitve for dry deposition onto the surrounding landscape.
attribute the erroneously measured activity to direct releases The inversion needs information on the uncertainties as-
from FD-NPP. Similar features can be noticed also in the dataociated with each observation value. For most data sets
from the other Japanese stations. This might partly also bgall CTBTO data, plus some others), measurement uncer-
caused by contamination problems but we are lacking detainties were available and used. Where such information
tailed information. In addition, resuspension either from thewas not available, we assumed a relative uncertainty of 5%
surroundings or from heavily contaminated areas elsewherefpr the concentration data and 10 % for the deposition data
is possible as well. In fact, such resuspension is necessargnd added absolute uncertainties of 0.2 mB¢rfor 133Xe
to explain the relatively more rapid decay of radiation doseconcentration data, 1 uBqT for 13’Cs concentration data,
rates in highly contaminated areas than in less contaminatednd 2 Bqn?2 for 13’Cs deposition data. Furthermore, to ad-
areas Yamauchj 2012. dress the problem df’Cs contamination and resuspension
When using the CTBTO data, we found that these datsat Japanese stations, we used 1 per mille of the highest pre-
alone could not provide sufficient constraints on the emis-viously measured3’Cs concentration (or deposition) at a
sions (see also Sedt1). This is true especially fo¥¥’Cs, for given station as the minimum observation uncertainty, un-
which the modeled concentrations far from Japan are highlyless the measured concentration (deposition) was below that
sensitive to changes in the modeling of wet scavenging andhreshold.
thus the model uncertainties are large. We therefore added
several non-CTBTO data sets. Measurement$3éEs at 3.2 Model simulations
four Japanese stations were started only on 14-15 March
when the accident at FD-NPP was already in full progress.To simulate radionuclide dispersion, we used the Lagrangian
For the first few weeks, the data collection followed irregular particle dispersion model FLEXPARTS{ohl et al, 1998
schedules, as attempts were made to take frequent measur@tohl and Thomsagrl999 Stohl et al, 2005. This model
ments during plume passages. Some of the samples wemgas originally developed for calculating the dispersion of ra-
collected over less than one hour, whereas some of the latatioactive material from nuclear emergencies but has since
samples were collected over several days. been used for many other applications as well. Nuclear appli-
We also added data from a few non-CTBTO stations out-cations include, for instance, simulations of the transport of
side Japan, two measurif$fXe and eleven measurid§’Cs  radioactive material from NPPs and other facilitiée@reev
(see Table#t and5). These stations were selected becauseet al, 1998 Wotawa et al.2010 or from nuclear bomb tests
they documented plume passages very well and offered gootBecker et al.2010. FLEXPART is also the model oper-
data quality. In particular, measurement data from a sub-seationally used at CTBTO for atmospheric backtracking and
of the European network "Ring of five” (Ro5) were used. at the Austrian Central Institute for Meteorology and Geody-
Measurements of this network following the FD-NPP acci- namics for emergency response as well as CTBT verification
dent were described byasson et al(2011). Measurements purposes.
of 137Cs from two stations in Taiwan were describedHsu For this study, FLEXPART was driven with three-hourly
et al.(2012 and provided by these author$3Xe measure-  operational meteorological data from two different sources,
ments made at Richland were describedBiywyer et al.  namely the European Centre for Medium-Range Weather
(2017 and were kindly made available (H. Miley, personal Forecasts (ECMWF) analyses, and the National Centers for
communication, 2011)-33Xe measurements made at Sidney Environmental Prediction (NCEP) Global Forecast System
(Canada) were kindly provided by K. Ungar and I. Hoffman (GFS) analyses. The ECMWF data had 91 model levels and
(personal communication, 2011). a resolution of 0.18x0.18 in the region 126-18C E and
Measurements o¥3’Cs deposition (fallout”) were per- 27°—63 N and Px1° elsewhere, and the GFS data had 26
formed by MEXT at 46 sites in all of Japan’s 47 prefectures model levels and a resolution of 0:60.5° globally. Both
except Miyagi. The coordinates of these sites are confidendata sets do not resolve the complex topography of Japan
tial but were made available to us. Daily measurements usingery well, but in the simulations air masses from FD-NPP
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were blocked by the mountain chains from directly reach-3.3 Inversion algorithm
ing western Honshu Island, where radionuclide measurement
data indeed showed no direct impact of FD-NPP emissions.In previous studies, we have developed an inversion algo-
To improve the a priori emissions by the inversion algo- fithm to calculate the emissions of greenhouse gaStsh(
rithm, it was necessary to run the dispersion model forwardet al, 2009 or volcanic sulfur dioxide and ash emissions
in time for each one of the 972 (3 layexs324 3-h inter-  (Eckhardt et al.2008 Kristiansen et a).201Q Stohl et al,
vals between 12:00 UTC on 10 March and 00:00 UTC on 2020113 based on original work b@eibert(2000. Depending
April) emission array elements. Each one of these 972 sim©n the application, the algorithm incorporates different types
ulations quantified the sensitivity of downwind atmospheric Of observation data and can be based on forward or back-
activity concentrations and depositions to the emissions in avard calculations with FLEXPART. A full description of the
single time-height emission array element. The simulations2lgorithm was given previousiE¢khardt et al.2008 Stohl
extended from the time of emission to 20 April 00:00 UTC €t al, 2009 Seibert et al.2011) and, therefore, we provide
and carried one million particles each. A total of about 1 bil- Only a short summary here. Our inversion setup is almost
lion particles was used. Per simulation, unit masses of twddentical to that described tohl et al(20113, where vol-
tracers were released: firstly, a passive noble gas tracer an@anic ash emissions were derived as a function of time and
secondly, an aerosol tracer that was subject to wet and drltitude. The only further development is the use of ensem-
deposition. Radioactive decay was not included in the modebple model simulations to quantify the model uncertainty, de-
simulations, since all radionuclide observations and also thécribed at the end of this section.

a priori emission data were corrected to the time of the earth- We want to determine radionuclide emissions as a func-
quake for the purpose of the inverse modeling. tion of time (324 3-hourly intervals between 10 March

For the aerosol tracer, the simulations accounted forl2:00UTC and 20 April 00:00 UTC) and altitude (three lev-

wet and dry deposition, assuming a particle density oféls: 0-50m, 50-300m, 300-1000m), yielding a total of
1900 kg n3 and a logarithmic size distribution with an aero- 7 =972 unknowns denoted as vectorFor each one of the
dynamic mean diameter of 0.4 pm and a |ogari[hmic stan#? unknowns, a unit amount of radionuclide was emitted in
dard deviation of 0.3. The wet deposition scheme consider§LEXPART and the model results (surface concentrations
below-cloud and within-cloud scavenging separately, assumOr deposition values) were matched (i.e., ensuring spatio-
ing clouds are present where the relative humidity exceedéemporal co-location) witim radionuclide observations (see
80 %. Within-cloud scavenging coefficients are calculated asSect.3.1) putinto a vectowy’. Modeled valuey correspond-
described irHertel et al.(1995 and below-cloud scaveng- ing to the observations can be calculated as

ing coefficients are based dcMahon and Deniso(iL979),

- . - S y=Mx D)
allowing also for sub-grid variability of precipitation rate.
The wet deposition scheme is documented in the FLEXPARTwhereM is them x n matrix of source-receptor relationships
user manual available fromttp://transport.nilu.no/flexpart  calculated with FLEXPART.

Tests showed large sensitivity of simulafédCs concentra- As the problem is ill-conditioned with the measurement

tions to the in-cloud scavenging coefficient. We exploreddata not giving a strong constraint on all elements of the

this sensitivity by performing model simulations where all source vector, regularization or, in other words, additional

scavenging coefficients were scaled to 67 and 150 % of theia priori information is necessary to obtain a meaningful so-

normal values. These sensitivity simulations, along with thelution. Including the a priori source vect®f, we can write

reference simulation, were used as part of the ensemble for “ 0 a

quantifying the model error needed by the inversion. M(x—x")~y"—Mx @)

The agreement of model results (both using a priori and &34 as an abbreviation

posteriori emissions) with measurement data was better with

GFS data than with ECMWF data. The fact that this wasMXx ~ y. (3

also found for'33Xe which is not affected by wet scaveng- o . .

ing, shows that GFS-FLEXPART captured the general trans- . Con§|der|ng only the d|agon_aI§ ofthe error covariance ma-

port better than ECMWF-FLEXPART. Furthermore, the wet I1ceS (-€., only standard deviations of the errors while as-
. 137Cs was much stronger with ECMWE data fsu'mlng.them to be uncorrelated), the cost function to be min-

scavenging o g

than with the GFS data, causing a strong underestimation ol{mzed IS

137Cs concentrations at sites in North America and Europej = (M# — )7 diag(s, 2) (M% — 5) + &7 diag(oy ~2) ¥

(see Sectd.4.]). Therefore, all results presented in this pa- N =

per were produced using the GFS data as the reference daf'é(Dx) diag(e) Dx. @)

set. The ECMWEF-based simulations are, however, used aghe first term on the right hand side of E4) (neasures the

ensemble members in the inversion to quantify the model unmisfit model-observation, the second term measures the de-

certainties. viation from the a priori values, and the third term measures

the deviation from smoothness, is the vector of standard
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errors of the observations, aag the vector of standard er- position values. Their standard error was used as a proxy for
rors of the a priori values. The operatdiag(a) yields a  the model error. Model and measurement error were com-
diagonal matrix with the elements afin the diagonal. D bined into the observation erreg, = /gr%eas+g%0d, where

is a matrix with elements equal te2 or 1 giving a discrete ;s the measurement error anglog the model error.

representation of the second derivative, arid a regulari- While the inversion method formally propagates stochas-
sation parameter determining the weight of this smoothnesgic errors in the input data into an a posteriori emission un-
constraint compared to the other two terms. certainty, the overall error is determined also by partly sys-

The above formulation implies normally distributed, un- tematic other errors. For instance, the inversion assumes nor-
correlated errors, a condition that we know to be not ful- gy distributed errors, which is not the case. The inversion
filled. Observation errors (also model errors are subsumegysg treats all emission values and all observations as inde-
in this term) may be correlated with neighboring values, andpengent from each other, which is also not the case. How-
deviations from the prior sources are likely to be asymmet-eyer, |acking detailed error statistics, this cannot be formally
ric, with overestimation being more likely than underesti- accounted for. These additional errors can to some extent be
mation as zero is a natural bound. The justification for US-explored with sensitivity experiments (see secdan3.
ing this approach is the usual one: the problem becomes g, 137Cs. we have used measurements of both atmo-
much easier to solve, detailed error statistics are unknowrypneric activity concentrations as well as deposition to con-
anyway, and experience shows that reasonable results can Rgain the source term. It was already mentionedGoglik-
obtained. Negative emission values can occur in this set-URen et al.(1989 that it is preferable to use concentration
but were removed in an iterative procedure by binding themmeasurements for inverse modeling because of the additional
more strongly to the positive a priori values. ~ uncertainties related to modeling the deposition process, in-

Two important changes to the algorithm were made sinCe|yding the correct capture of location and time of precipita-
our last applicationtohl et al, 20113. The first change  tjon events. However, in a data-sparse situation all available
was required because the current problem is data-sparse a@ta should be used. There are 1497 Japanese deposition
some individual emission values are not well constrained byeasurements available. while only 238 of the 1494 con-
the measurement'data. This iII—conditio'ning was also engntration measurements were made in Japan. By varying
countered bybavoine and Bocquef2007) in their inverse e wet scavenging parameters and the meteorological input
model study of the Chernobyl source term. For the volcaniCyata of our dispersion model, the uncertainties of the mod-
ash problem, we used more than two million satellite obser-g|eq deposition values are reasonably well quantified, so that
vations Gtohl et al, 20113, whereas here only of the order the geposition data can provide valuable information. Fur-
of one thousand obseryatlons were available. Eartly this Waghermore, errors in modeling the deposition process will af-
compensated by reducing the number of vertical levels forfect atmospheric concentrations and deposition values in the
which emissions were determined from 19 to 3. Due to th'sopposite way. Thus, combining these two types of data will

poor vertical resolution, we removed the vertical smoothnes%amy lead to error compensation in the inverse modeling.
condition used bystohl et al.(20113 and instead imposed

a variable temporal smoothing condition. This was simply

achieved by restructurind® ande. The smoothing serves 4 Results

as an additional a priori constraint, which favors corrections

of the a priori emissions that do not vary strongly with time. 4.1  Sensitivity of the station network to emissions from
This stabilizes the inversion and reduces the noise levelinthe ~ FD-NPP

solution. Since there were a number of known incidents at . . )

FD-NPP when emission rates are suspected to have chang@c?term'n'ng t_h? emissions from FD-NPP is a data-poor
rapidly, we use a variable smoothness parameteteak problem and it is important to first explore to what extent

smoothing was imposed when the a priori emissions changeﬁle measurement data can actually provide constraints on

rapidly, while stronger smoothing was imposed during peri- e emissions. Figure SQOWS the FOtal ;ensmvny O.f t_he
ods with no reported events. measurement network f§3Xe emissions, i.e., the emission

A second change was made to improve the representatioﬁenSitiVitieS (source-receptor relationships) summed over all
of model error in the inversion. As described in S&2, an m observation cases. This provides important informa-
ensemble of FLEXPART calculations was made using tWOtion on the minimum source strength detectable by the sta-

meteorological data sets and changing the magnitude of th

fion network. For the minimum detection threshold for a
wet scavenging coefficients fd8’Cs to quantify the two CTBTO station of 1mBgm?®, an emission sensitivity of
most important sources of model error related to the me

1x10~Bgm2 per Bq s means that a 3-h-long emission
—1;
teorological input data and the wet scavenging parameterspmse larger than 210° Bqs™* is detectable. The largest ex-
The source-receptor relationships for all these model simula

pected emission rates are of the order of*By s, six or-
tions were read into the inversion algorithm simultaneously

ders of magnitude larger.
to evaluate a range of a priori modeled concentration and de-
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detected. This means that the deposition measurements alone

CLayer1 —— ( . _

Layer 2 constrain the source term only for certain periods when the
— Layer3 —— .
z FD-NPP plume passed directly over Japan.
T teot1] ] Overall, we see thdf3Xe emissions of “expected” magni-
m: [ ] tude can be reliably detected by the observations throughout
z March, while this may not always be the casefd(Cs emis-
z sions below “expected” peak values. QuantificatioR%€s
2 emissions is made even more difficult by the relatively large
& - ‘ “ ] model errors (see secti@dnd).

16-012 | | | | n ! 4.2 Emissions
0310 0317 0324 0331 0407 0414

Date Emission values reported in this section are corrected for

Fig. 2. Sensitivity of the station network t53Xe emissions at FD- radioactive decay to a reference time of 05:46 UTC on 11

NPP. The sensitivities are calculated separately for emissions at thlé,/IarCh 2011, thg time of the earth.quake. Actual emissions
lowest layer (050 m, red), middle layer (50300 m, black) and top@r€ lower, especially for the short-livé&xe.

layer (300-1000 m, blue). 421 X 133
2. enon-

Total a posteriort33Xe emissions obtained by the inversion

b -;T;S:gﬂeelg? di:n(;?ilq(;n r?ii?dsgl:r% L?:) N;ar:ﬁ dZIO%j] \7/?Ar\ler?l are 15.33.1 EBq (uncertainty range will be discussed later),
y 9 ps rapidly P>396 more than the a priori value of 12.4 EBq (which is

2011. The reason for the rapid decrease is that releases aftgr ual to the estimated inventory) and more than twice the
7 April had little chance to be sampled before 20 April by q y

the 133Xe measurement network consisting only of stations E3timated Chernobyl source term of 6.5 EBGER, 2002).
far from Japan (see Tabl§. However, as we shall see later This value is in good agreement with independent results
this does not affect our capability to quantify the emissions(smhl.et a, 2.013 which we have obtained by using an atmo-
from FD-NPP, since the entire inventory 5Xe was set spheric multi-box model (16:71.9 EBq) as well as by com-
free into the aimosphere before 16 March paring FLEXPART model calculations with CTBTO mea-
o L __surements of33Xe during the period 11 April to 25 Ma:
The accumulated emission sensitivities for the three emis-1q (14.2:0.8 EBq ano? 19 ﬂg 4 EBq whgn using GFé
sion layers are very similar most of the time (), sug- and ECM.WF.meteoroIogicaI. inr.)ut data, respectively). All
gesting similarity of transport. While differences can be ’

R values obtained are higher than the calculdf®&Xe inven-
larger when con3|der|ng |_nd|_\/|d_ual_ measurement Sampleﬁory, which confirms the full release of the noble gas inven-
separately, the overall similarity indicates that the mversmntory of ED-NPP. However. as emissions cannot exceed 100 %
may not always pe able to clearly distinguish the emissionsof the inventory, there m,ust have been an additional source
from the threg hi;ght Iaygrs: , of 133Xe, which presumably is the decay of iodine-13%,

To determine!*’Cs emissions, we used both air concen- it jife 20.8 h) intoL33Xe as this additional source. Accord-

tration as well as deposition data and we therefore conyng 14 oyr ORIGEN calculations, the inventoriesitxe and

sider the emission sens;givity for both data types separatelys3) yere almost identical at the time of the accident. Since
(Fig. 3). In contrast to***Xe, the emission sensitivity for e nalf-lives of mother and daughter nuclide have a ratio

137Cs varies by several orders of magnitude, both for thes approximately 1:6, the addition&F3Xe activity (decay-

concentration and deposition data. Periods for which air.,racted to the time of the earthquake) generated by the
from FD-NPP was sampled directly by the Japanese s:tationaecay of133 is about 16.5% of the origindi®3Xe activity.

are characterized by high sensitivity, in contrast to periodstp, s the combine®3 and133Xe inventories correspond to
when air from FD-NPP was transported to the Pacific Ocean, it effective33xe activity of 14.4 EBg, only 0.9 EBq less
and could be sampled only by remote stations. Removal,an the value for our a posterid@®Xe release but within its

of 1¥'Cs by precipitation scavenging adds more variability. ggtimated uncertainty. Most of tH&3 would have decayed
Considering a minimum detectabté’Cs concentration of 133y pefore the first venting at each unit was made and

3 e e 15 3
1 uB_qlm_‘ , an emission sensitivity 010~>Bgm ™~ per ,4,1d have been released together with the originally present
Bgs ™ (i.e., the lowest sensitivity before 12 April) allows 133ye gmaller amounts d83Xe produced later would still

. L —1

detection of an emission of><];09 Bgs™", about two orders  have heen released as the damaged reactors would not have
of magnitude less than the highest expected emission rategqngtityted a barrier to noble gas releases. Finally, small
For the deposition measurements, sensitivities vary betweeg o nts of!33xe can be expected from the decay i

about ]le_lz Bq m_—z_pe_r Bgs* and Ix 10°BAM 2 Per  hat was released into the environment.
Bq s~1. With an optimistic detection threshold of 2 Bqy

emissions larger thangl0° Bqs 1 to 5x 102 Bgs ! can be
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Fig. 3. Sensitivity of the station network t53/Cs emissions at FD-NPP, for the atmospheric concentration measurements (upper panel) and
for the deposition measurements (lower panel). The sensitivities are calculated separately for emissions at the lowest layer (050 m, red),
middle layer (50-300 m, black) and top layer (300—1000 m, blue).

R 100
r a priori <
_ 100000 F a posteriori 4180 =
@ S
o f=
10000 [
a - 60 ©
S L o
1000 + 2
.g § -4 40 T
L L g
£ L Ke]
& 10 120 8
i i
0 | ol s ol il il il il . 0
0310 0311 0312 0313 0314 0315 0316 0317 0318
D F y [ | Y. A . Bew | 100
i3 [ a priori —— 9
S 100000 F a posteriori 1g =
s 4
.% 10000 P 160 ®
h= M
3 [ ®
%’ 1000 ~ - 40 'E
c [ il
g wor 120 3
2 IS
IJE.I 108, R Y L. .y —— — 0 w
0310 0311 0312 0313 0314 0315 0316 0317 0318
Date

Fig. 4. Emissions of33Xe used a priori (red line) and obtained a posteriori by the inversion (blue line) (upper panel), as well as associated
uncertainties (lower panel). The vertical distribution of the emissions over the three layers, with scale on the right hand side, is shown by the
background colors (0-50 m, light yellow; 50-300 m; light turquoise, 300-1000 m, light red) for the a priori emissions (upper panel) and the a
posteriori emissions (lower panel). The orange vertical line indicates the time of the earthquake, and the green vertical lines mark the times
when the first venting operations are reported. The data shown in this plot are available as Supplement.

The time variation of a priori and a posteriori emissions is a robust feature of the inversion, which was obtained also
is generally quite consistent (Fig), both suggesting that with reduced smoothness, increased a priori uncertainty and
the entire’®3Xe inventory was released between 11 and 15for both meteorological data sets. While errors in the tim-
March 2011. However, the a posteriori emissions start 6 hing of emissions are possible with our inversion method,
earlier and end 12 h later than our first guess estimate. Thithey should be smaller than the 18 h between the time of the
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Fig. 5. Emissions oft37Cs used a priori (red line) and obtained a posteriori by the inversion (blue line) (upper panel), as well as associated
uncertainties (lower panel). The vertical distribution of the emissions over the three layers, with scale on the right hand side, is shown by the
background colors (0-50 m, light yellow; 50-300 m; light turquoise, 300-1000 m, light red) for the a priori emissions (upper panel) and the
a posteriori emissions (lower panel). The orange vertical line indicates the time of the earthquake. The data shown in this plot are available
as Supplement.

earthquake (and also the start of our a posteriori emissions) In our first guess!33Xe emissions end after a final peak
and the reported time of the first successful venting. Thepresumably caused by a hydrogen explosion which damaged
early start of a posteriori emissions could be due to a noblehe wet well of unit 2 at 21:00UTC on 14 March. Our a
gas release as a consequence of the emergency shutdownpsteriori emissions, however, continue until 12:00 UTC on
the reactors, possibly enhanced by structural damage fro5 March. The pressure vessel and dry well of unit 2 were
the earthquake and/or leaks due to overpressure. Also theeported to be at ambient pressure only at 21:00 UTC on 15
injection of cold water through the emergency core cool-March, and various valve operations are reported for unit 3
ing systems and associated thermal stress on fuel claddingmtil 20 March. This could explain ongoing emissions at
may contribute to this release. Finally, workers temporar-least until 15 March, especially if we consider that the core
ily opened an air lock in the reactor building and closed it degradation may still have been in progress. The inversion
only after they observed a white “cloud” coming out. Thus, results show no emissions after 15:00UTC on 15 March.
some radioactivity seems to have leaked out already befor@artly, this may be related to the decreasing emission sen-
the pressure relieve valves were opened in reactor unit 1 agitivity at that time (see Fig2), which also leads to rather
00:15 on 12 March, according to the Report. Notice, how-small reductions in the emission uncertainty after 15 March
ever, that the retrieved emissions during the first six hourglower panel of Fig4). Therefore, we cannot rule out the
after the earthquake are not very large. Large emissions arpossibility that minor emissions have persisted even after 15
retrieved from 12:00 UTC on 11 March, the suspected timeMarch, but they would only constitute a small fraction of the
of failure of the primary containment vessel, according to total emission.
the Report. For a detailed discussion of this early start of the Regarding the vertical emission distribution, the inversion
emissions, we refer tStohl et al.(2011h. attributes a larger fraction to layer 2 (50-300 m) than the first
The emission peaks on 12, 13, and 14 March are associguess, probably indicating that thermal plume rise was often
ated with venting events at units 1, 3 and 2, respectively. Itimportant (Fig.4, lower panel). However, the vertical attri-
is interesting to notice that in all three cases our a posteriorbution is very noisy and emissions fluctuate between layers
emissions start increasing earlier than our first guess emist and 2. A clear separation of the two layers is not possi-
sions and drop more strongly at the end of the venting. Thisble at a 3 h time resolution. The inversion does not increase
seems to indicate that contaminated air was leaking from themissions from layer 3 (300-1000 m), with two notable ex-
containment as pressure was building up, even before activeeptions on 12 March when emissions were high. They oc-
venting started. curred around the times of the unit 1 venting and hydrogen
explosion at 06:36 UTC.
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The emission uncertainty as calculated by the inversion Only Japanese deposition data
scheme is reduced by up to three orders of magnitude (lowel }ﬂ a poctoron
panel of Fig4). This is achieved also because of the smooth- 100+
ness criterion, which provides a constraint on the a posteri-
ori emissions and formally reduces uncertainty. However, it
is dubious that it really leads to a reduction of uncertainty.
Thus, the emission uncertainty plot mainly serves the pur-
pose of identifying periods when the observations provide a
strong (large uncertainty reduction) or weak constraint (small 1t
error reduction). Real uncertainties will always be larger than
the calculated a posteriori uncertainties and will be explored ‘ ‘ ‘
in Sect423 0310 0317 0324 8;&?91 0407 0414

Emission (GBq/s)

T T
Only Japanese concentration data
a priori

4.2.2 Caesium-137 a posteriori

100 -

The upper panel of Figs shows the a priori and a poste-
riori emissions of3’Cs. The total a posterio#?’Cs emis-
sion is 36.6 PBq, 70 % more than the first guess (Tapénd
about 43 % of the estimated Chernobyl emission of 85 PBq
(NEA, 2002. Our total a posteriori emission is lower than
the first estimate of 66 PBq published by thentral Institute

for Meteorology and Geodynami¢8011) on 22 March, but

considerably higher than the estimateGifino et al.(2011) 0310 017 0324 0331 o407 o414
of 13 PBqg. Both previous estimates were based on only few Dae
selected measurements. Our emission is in relatively good
agreement with thénstitut de Radioprotection et de Surete 100 L
Nucleaire(201]) estimate of 30 PBqg caesium (including Cs
isotopes other thah3’Cs) for the period 12—22 March. It
is compatible with the range of inverse modeling estimates
given by Winiarek et al.(2012 and their lower bound of
12 PBq.

The first emission peak on 12 March, which in our first 1k h A
guess is related to the hydrogen explosion in reactor unit
1 was corrected upward substantially by the inversion. We L] : : ‘ \AP/ v\ﬂ(
notice in particular that the inversion strongly increases the 0310 0317 0324 Jas1 0407 0414
fraction of the!3’Cs emissions into the third layer (300—
1000 m) at that time (lower panel of Fif), which was seen
already fort33xe. This suggests an elevated injection of ra- Fig. 6. Sensitivity of 137cs a posteriori emissions to changes in
dioactivity into the atmosphere due to the explosion. Thethe input measurement data: Results obtained when using only
emission peaks on 13 March and just past 00:00 UTC on 14apanese _deposition d_ata (top panel), when using only Japanese
March are not changed much by the inversion, however arfencentration data (middle panel), and when using only non-
earlier onset is suggested for the second peak as was the ca‘JsaéD.an.ese concentration data. (bpttom panel). Shpwn are a priorl
for 133e. The inversion also suggests a large fraction Ofem|ss|ons (red line), a posteriori emissions (blue line) and a pos-

L e ; teriori emissions based on the full data set (repeated from5rig.
these emissions to be injected in the 300-1000 m layer. green shading in background).

The highest emission rates of about 400 GBgeccurred

on 14 March after 12:00 UTC until 15 March at 03:00 UTC

and are related to a hydrogen explosion in unit 4 and a sus- For the period from 16—-19 March, the inversion increases
pected hydrogen explosion in unit 2, which occurred nearlythe a priori emissions by more than an order of magnitude.
at the same time (around 21:00 UTC on 14 Marchino et  Especially on 19 March, the emissions are comparable to the
al. (2011 estimate a release rate of about 280 GBYfsom peaks on 12-15 March. Our method does not allow us at-
00:00-06:00 UTC on 15 March, quite comparable to our owntributing the emissions directly to a particular reactor unit.
value for the same period, but their maximum persists onlyHowever, spraying of water on the spent-fuel pool in unit
for six hours, whereas we find two separate maxima within a4 started on 19 March at 23:21 UTC and at that time our a
15-h period. posteriori emissions decrease by orders of magnitude. This

Emission (GBqg/s)
>
T

T T
Only data from outside Japan
a priori
a posteriori

Emission (GBq/s)
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Table 6. Sensitivity of a posteriori total emissions to scaling the a priori emissions by factors ranging from 20 % to 500 %, and to replacing
the GFS meteorological data with ECMWF data. ForthCs inversions, total emissions are also reported when using only deposition data,
only Japanese concentration data, and only non-Japanese data. All values are reported relative to the reference emission.

A priori 20% 50% 200% 500% ECMWF onlydepo onlyJapan only nhon-Japan
133xe, aposteriori 92% 95% 107% 125% 104 % - - -
137Cs, aposteriori 63% 85% 119% 179% 68% 55% 59% 150 %
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Fig. 7. Scatter plot of observed and simulafétXe concentrations, based on a priori (red squares) and a posteriori (blue crosses) emissions.
The gray line in the middle is the 1:1 line and upper and lower lines represent factor of 5 over- and underestimates.

coincidence suggests that these emissions are related to tHe2.3 Some sensitivity tests
spent-fuel pond in unit 4. Such emissions from spent fuel

have also been suggested on the basis of radionuclide CORye performed many sensitivity tests, and Tebteports how

centrapqn ra’qos. Kirchner .et al, 2012, N.otlce that thg a  total emissions changed in some of these tests. When scaling
posteriori emissions are hlghertha_n the first guess emissiong . 4 priori emissions by values between 20 % and 500 %,
before the start of the water spraying, but lower afterwards,[he a posteriort33Xe emissions change only between 92 and

so this decrease is not primarily related to the much smallerlzs% of their reference value. whereas s emissions
drqp n f'r.St JuESS emissions. Sensmw_ty _calg:ulatmns Wlthvary between 63 and 179 %. Thus, tHéXe emissions are
unit 4 emissions removgd from the a priori ?t'" §howed the almost independent of the chosen a priori emissions, while
drop in emissions. Notice also that the period is well con-y, 013704 emissions are much less robust. For these tests, we
strameddby measlurement d?t?';‘s shown by the large UNC&have changed the a priori emissions aggressively. For a fac-
ta'lr:]ty ri ucuqnd( gwer panzeloM 'g?]' 410 Aoril. the i tor 2 change of the a priori emissions, the a posteft/Cs
_Forthe period between 21 March an pril, the Inver- o icsions change only between 85 and 119 %. Replacing the
sion yields variable emissions, with total emissions h|gherGFS data with ECMWF data for driving the reference model

than in our first guess. The emission fluxes are one to two Orsimulation increases the total emissions by 4 9%4#3Ke and

Qer_s of T?]gnltude_smaller_than fluxes ugtll 19_ M?r(:lh an(ltll tt?edecreases them by 32 % fb¥'Cs. In all these tests, the tem-
timing of these emissions Is not captured particularly we .yporal variation of the emissions remains very similar.

the inversion, as sensitivity tests show time shifts of the emis- ) ) . i tHaT
sion peaks. However, all sensitivity experiments do show Another interesting test is to split the’Cs measurement

such peaks and total emissions higher than the first guess. data setinto Japanese deposition data, Japanese air concen-
tration data, and non-Japanese air concentration data. Inver-

sions performed separately for these data sets show a rela-
tively large degree of consistency (F&8). The weakest con-
straint is provided by Japanese deposition data @idop
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The Japanese concentration data also provide a relatively
weak constraint at the beginning (Fi§. middle panel), be-
cause of constant westerly winds, and the only available sta-
tion before 15 March, Takasaki, failed for one day after the
plume was first striking on 14 March, caused by the detec-
tor contamination problem. From 15 March the constraint is
strong for some important periods (e.g., 15-16 March, 18—
20 March) when the FD-NPP plume was subsequently trans-
ported over Japan. During these periods, the Japanese con-
centration data also drive the shape of the reference inversion
results. However, the derived total emission when using only
the Japanese concentration data is 41 % smaller (Bble

The inversion using data only from outside Japan yields
the highest overall emissions (Fif, bottom panel), 50 %
above the reference value (Talle The magnitude of the
emissions is sensitive to changes of the wet scavenging pa-
rameters. Enhanced scavenging may be compensated for in
the inversion by higher emissions to improve agreement be-
tween model results and observations (although the effect of
this is reduced by the higher model uncertainty for cases with
strong scavenging, which gives them a lower weight in the in-
version). The global data provides a continuous constraint on
the emissions, without major sensitivity gaps. It is therefore
encouraging that the inversion using the global data repro-
duces many of the deviations from the first guess seen when
using the Japanese data sets. This yields confidence also
for those periods not well sampled by the Japanese stations.
However, the magnitude of the highest emission peak on 15
March is obviously quite uncertain, as the first guess is cor-
rected upward with the global data, but downward using the
Japanese data, and this change also explains the substantial
difference in total emissions (Tab&. This has implications
for the total deposition over Japan, since in our model sim-
ulations it is these emissions which led to the lardé4Cs
deposition in Japan.

The sensitivity tests reported here as well as other tests
show that important features such as large emission peaks
are relatively robust against changes of the inversion setup.

Fig. 8. Time series of observed (black line) and simulatédxe

concentrations, based on a priori (red line) and a posteriori (blueBased on the sensitivity tests, we estimate that the total

line) emissions, for the stations Richland (top panel), Oahu (middle!33Xe (13Cs) a posteriori emissions are accurate within 20 %

panel) and Stockholm (bottom panel). (45 9%). Individual 3-hourly emission fluxes are more uncer-
tain.

panel) because of the sensitivity “gaps” (see sectidhand 4.3 Comparison between modeled and measured

large uncertainties in the modeled deposition. This is particu- concentrations and depositions

larly true for emissions until 18 March because all deposition

measurements (except for one sample taken at Tokai-mura).3.1 Xenon-133

started later. Therefore, the inversion result is bound strongly

towards the first guess most of the time. However, in con-Figure 7 shows a scatter plot of all availablé3Xe obser-
sistency with the reference inversion, the deposition data revations versus simulation results using the a priori and the
quire higher than expected emissions on 19 March, a steep posteriori emissions. There exists a highly variable back-
drop in emissions on 20 March and several emission maximaround of133Xe in the atmosphere due to emissions from
after 21 March. The total emission is 45 % smaller than innuclear facilities {Votawa et al.2010. Our model does not
our reference inversion (Tab®, partly because the solution simulate that background and we have therefore added a ran-
is bound strongly towards the lower first guess emissions. dom, normally distributed value with a standard deviation
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Fig. 9. Scatter plot of observed and simulafédCs concentrations, based on a priori (red squares) and a posteriori (blue crosses) emissions.
The gray line in the middle is the 1:1 line and upper and lower lines represent factor of 5 over- and underestimates.

of 1x10~4Bgm3 to every simulated concentration. This a factor of about three, whereas at Sidney it underpredicted.
was done also to allow plotting of otherwise zero concen-Since the two stations sampled the same part of the radioac-
tration values on the logarithmic plot. Consequently, onetive cloud, the inversion could not bring the model results
cannot expect any correlation between measured and simun agreement with the measurements at both stations. Over-
lated values in the lower left part of Fig, which is domi-  all, however, the model captures th€Xe variability at both
nated by background variability outside the FD-NPP plume.sites quite well. The time series also shows the formation of
Some of the observed values, for which the correspondinga hemispheric cloud of*3Xe. After arrival of the FD-NPP
simulated values are belowkd0*Bqm~2, are clearly ele-  plume at Richland, there is considerable concentration vari-
vated. As background values at some stations can reach seability which decreases rapidly 48*Xe becomes uniformly
eral mBq nT3, many of these data points probably indicate distributed throughout the Northern Hemisphere. The steady
an enhanced background rather than that the model did natoncentration decrease in April is mainly due to radioactive
capture the FD-NPP plume. decay but also some further mixing into the tropical and polar
Data points in the upper right part of the figure all reflect atmospheres.
the emissions from FD-NPP and for these data points, the At Oahu (Fig.8, middle panel), which is closer to Japan
modeled and observed values show a tight correlation. Mosthan Richland, the first detection of the FD-NPP plume was
of the simulated values fall within a factor of five of the ob- Made later than at Richland, on 19 March. This happened be-
served values. While the model results using our first gues§ause this part of the radioactive cloud was first transported
emissions are already well correlated with the measurements$0 the eastern North Pacific in the midlatitudes, before curv-

the inversion clearly improves the correspondence, with mostnd to the south and then to the west. Again, the timing of
of the data points fa”|ng closer to the 1:1 line. the plume arrival is well Captured, although the model ini-

Comparisons between simulated and observed time seriet.éally und.erestima_tes the measured concentrations but then
of 133xe are shown at the example of Richland, Oahu andoverpredmts the first measured .peak.. The model success-
Stockholm (Fig8). The locations of these sites are shown in Ully captures a 1-day concentration minimum on 22 March
Fig. 13 (see also Tabld). At Richland (Fig.8, top panel), and also some sub_sequent concentration varlab|I|ty_.
the plume first arrived on 16 March. The arrival time is At Stockholm .(F'g‘8’ bottom panel), the plume arrived on
well simulated but the modeled values drop back to nearly?2 March and this was also very well captured by the model.

background on 17 March before rising again, whereas theSimulated concentrations are within a factor of two to the

measured concentrations increase continuously. At the Staqbservaﬂons and the inversion brings the simulated values

tion Sidney (not shown), which is relatively close to Rich- closer to the observations most of the time. Before the ar-

land, the measurements in fact show a similar behavior as oJﬂval of tr:]e FbD-NPP_pIume, the model S|mu;at|ons llmdebresl-(
model results for Richland. At Richland, the model overesti-t'matedt Zdo dservstlonsaal conslequence of a too low back-
mates the measured peak concentrations on 19-20 March tg;oun added to the model results.

Atmos. Chem. Phys., 12, 23132343 2012 www.atmos-chem-phys.net/12/2313/2012/
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4.3.2 Caesium-137

Figure 9 compares measured and simulatéfCs concen-
trations. Again, a random, normally distributed background
concentration was added to every simulated concentratiol~
value. Typical background values in Europe are of the or-fx
der of 0.5 uBqm?3 (Vallés et al, 2009, which was used for 8
the standard deviation of the random values. The agreemer”
between the model and the observations is worse than fa
133xe, a consequence of the added complexity of modeling
wet and dry removal of the particles carryifgf/Cs. How-

ever, there is still a clear correlation between modeled anc
observed concentrations and the inversion further improver
the agreement, especially for the highest concentration val
ues.

Figure 10 shows time series of measured and modeled
137Cs concentrations at Tokai-mura, Oahu and Stockholmr+
(station locations are shown in Fi@4, see also Tabl&).

At Tokai-mura (Fig.10, top panel), the plume arrivals on
14, 21 and 30 March as well as several peaks in April are
well captured by the model, although the differences betweet
measured and modeled concentrations are often substantic
The simulated concentrations drop to background levels ir
between plume passages, whereas measured concentratic
remain strongly elevated, especially in March after the most
heavy contamination events. Possible causes are the rest
pension of!3’Cs from contaminated surfaces (see afse
mauchj 2012, which is not treated in our model, and detec-
tor contamination similar to Takasaki. This behavior is also€
seen at the other Japanese stations.

At Oahu (Fig.10, middle panel), the main plume events
are again captured, but the agreement between model ar
measurements is much worse thanféXe. As for 133xe,
the model overpredicts the main concentration peaks for thi
site.

At Stockholm (Fig.10, bottom panel), the model generally
overpredicts in March and underpredicts in April. The low
measured concentrations between 22 and 27 March are sur-
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prising, given that thé33Xe concentrations during that time Fig. 10. Time series of observed (black line) and simulatd&Cs

period are almost as high as at the end of March. There mustoncentrations, based on a priori (red line) and a posteriori (blue

have been very strong wet scavenging'®Cs to explain  line) emissions, for the stations Tokai-mura (top panel), Oahu (mid-

the low 137CsA33Xe ratios. Indeed, the model simulations dle panel) and Stockholm (bottom panel).

show that this part of the plume was lifted to the free tropo-

sphere just downwind of Japan and then descended back to

the surface over the North Atlantic. The model must have un-o every zero observation and a random value with a standard

derestimated the wet scavenging in this case. However, thigleviation of 2 Bqn? (day) ! to every simulated deposition.

is not typical as otherwise the inversion would have reducedTherefore, no correlation is expected for the data in the lower

the emissions to improve the agreement between the modétft part of the figure. There is not a particularly tight corre-

and the measurements. lation between the observations and the model simulations
Figure 11 shows a scatter plot of simulated versus ob- near the high end of the data range. However, the model

served!3’Cs deposition values. As for the concentration has little overall bias and the inversion clearly reduces the

data, the data set is dominated by zero values and in thiscatter. There are many cases for which the model suggests

case there are also many zero observations. To show thedmckground values but observations are enhanced. Again,

data on the logarithmic plot, we added a normally distributedwe suspect this to be due to resuspension of previously de-

random value with a standard deviation of 1 Bghtday)*  posited!®’Cs or to contamination problems. However, some

www.atmos-chem-phys.net/12/2313/2012/ Atmos. Chem. Phys., 12, 221313 2012
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Fig. 11. Scatter plot of observed and simulat!/Cs deposition values, based on a priori (red squares) and a posteriori (blue crosses)
emissions. The gray line in the middle is the 1:1 line and upper and lower lines represent factor of 5 over- and underestimates.

cases may be related to precipitation events not captured bgnd precipitation features. Thus, the regional-scale results

the model, and there are also cases where the model gives dawust be interpreted with caution.

position values of about 100 BqTh, which overestimate the  For the interpretation of the meteorological situation over

observations, related to precipitation events that were simujapan, we used daily surface pressure and frontal analy-

lated but did not occur in reality. Notice that almost all depo- ses from the Japanese Meteorological Agerup(//www.

sition observations were made after 18 March, which is afterqata.jma.go.jp/fcd/yoho/data/hibiten/2011/1103, pdbwn-

the most severe modeled deposition event (see &&pt. loaded on 19 September 2011) in addition to the GFS
Figure 12 shows a comparison of measured and modelecand ECMWF analysis data. Hourly precipitation radar

deposition for Tokyo. No measurement data are available fodata for Honshu Island were viewed at this web-

the first plume passage over Tokyo on 14-15 March, but thesite: http://agora.ex.nii.ac.jp/earthquake/201103-eastjapan/

deposition during 20-22 March is well simulated. After that, weather/data/radar-20110311/7.htite of last access 20

the model underestimates the measurements almost contin&eptember 2011).

ously, except for a relatively well captured event on 11 April.

Again, we suspect contamination or resuspension caused the4.1  Japan

continuously high measured values that persisted even when

ho rain occurred. 10-13 March 2011.0n 10 and 11 March 2011, the north
_ _ _ _ of Honshu Island was located in air mass outflow from the
4.4 Dispersion of radionuclides from FD-NPP Asian continent south and behind of a cyclone centered east

of Kamchatka. The first emissions from FD-NPP were there-
The purpose of this section is to describe the dispersiorfore transported to the eastsoutheast and over the North Pa-
and deposition of radionuclides from FD-NPP during cer- cific Ocean. The top left panels in Figj3 and Fig.14 show,
tain phases of the accident both over Japan and on a hemiespectively, thé33Xe and!3’Cs total atmospheric columns
spheric scale.Morino et al.(2011) have already presented on 12 March at 06:00 UTC, superimposed by 850 hPa geopo-
a short description of the main transport events in the vicin-tential. A comparison of thé33Xe and'3’Cs distributions
ity of Japan in March, but their analysis was not based on ashows that the leading part of tHé€3Xe plume is much
source term constrained by an extensive measurement dagtronger compared to th&’Cs plume, a result mainly of
set. Here, transport is described by FLEXPART simulationsthe earlier start ot33Xe emissions. On 12 March, a high-
based on the GFS meteorological analyses, but reference [essure ridge had started to form behind the low to the north-
also made to simulations using the ECMWEF data. The com-east and as the ridge travelled eastward, the winds at FD-
plex topography of Japan is not well represented in these datdlPP changed from WNW to SW. For a few hours around
and so FLEXPART simulations do not resolve fine-scale flow18:00 UTC on 12 March the coastal areas north of FD-NPP

Atmos. Chem. Phys., 12, 23132343 2012 www.atmos-chem-phys.net/12/2313/2012/
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10000 15 March 2011.The smaller cyclone over Honshu devel-
oped rapidly on 15 March, and the FD-NPP plume got caught
in its circulation system. It was transported to the south at
18:00UTC on 14 March, to the southwest six hours later,
and back to the north and finally east from about 06:00 UTC
on 15 March. The plume covered large parts of central-
eastern Honshu and crossed over Tokyo and other major
population centers before it left Japan towards the north-

east around 18:00 UTC on 15 March. Figdi®(top panel)
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b3 I ﬁuﬁ ~ B shows the'3’Cs surface concentrations at 06:00 UTC on 15
0[] ‘ ‘ March when precipitation had just started, and Big(bot-
01 povs pows P P e tom panel) shows the totdP’Cs deposition and precipita-

tion amount on 15 March. The cyclone produced a few mil-
Fig. 12. Time series of observed (black line) and simulated daily limeters of rain in areas on Honshu Island engulfed by the
137Cs deposition in Tokyo, based on a priori (red line) and a poste-FD-NPP plume, which led t3’Cs washout. Precipitation
riori (blue line) emissions. was strongest (6 mm) near FD-NPP, leading to high simu-
lated deposition amounts of up to nearly 1000 kBtfnin
] ] - the vicinity of FD-NPP. Tokyo is located just outside of the
were affected by the radioactive plume but deposition of ra-5 5 with large deposition. Radar data suggests that the pre-
dioactive material was limited because no precipitation fe”cipitation from the GFS model was spatially too smooth and
at that time. _Furthermoré,37Cs emissions were still an or- \iqespread compared to real precipitation patterns. For in-
der of magnitude lower than on 13 and 14 March. There-giance there was no rain in Tokyo directly, but it did snow
fore, this brief episode had little effect on Japanese land areas, ihe mountainous areas surrounding the Kanto plain. Thus,
and winds over northern Honshu were again westerly on 13, ,137c¢ deposition may be spatially too extensive and, on
March, transporting the FD-NPP plume away from Japan. - ihe gther hand, cannot capture local maxima. This is to be
14 March 2011. On 14 March, a cyclone developed gynacted, given the global meteorological input data to our
over southern Japan, which was linked to a larger cyclonesjmyiations.
northeast of Hokkaido. The precipitation over the Pacific 5, simulation suggests that this was the main deposi-
Ocean associated with the frontal system of the larger cyyion event over Japan for the entire duration of the disaster.
clone is quite different in the ECMWF and GFS analyses. |t yas due to an unfortunate combination of three factors:
The ECMWF model has strong precipitation almost perfectly 1) the highest emissions of the entire duration of the acci-
aligned with the radioactive plume emanating from FD-NPP yont occurred during 14-15 March, (2) the winds transported
at 12:00-15:00 UTC on 14 March. The GFS frontal precip-yhege emissions over Japan, and (3) precipitation occurred
itation is located slightly further to the south and, thus, the o1 eastern Japan. Luckily, it did not rain when — accord-
northern edge of the plume experiences relatively little SCaVing to our simulation — the highest concentrations were ad-
enging. Plots of Japanese precipitation radar data suggegkcted over Tokyo and other major Japanese cities, saving
that the GFS view is more realistic and that in reality the front,age places from much high&¥Cs deposition.
was probably placed even further to the south, but this is not  the actyal severity of this episode is still uncertain, as the
fully conclusive because of the limited range of the radar datasensitivity tests in Sectt.2.3have shown that the emissions
over the North Pacific Ocean. To examine the impact this hag, 14_15 March are sensitive to the choice of input data
on13’Cs concentrations and deposition during this importantty, the inversion. To be matched by the model, the global
period with very high en"_nissions, we made a model run us_ingls7cS monitoring data require much higher emissions than
ECMWEF data but applying the same source term as deriveghe japanese data in this case. As a consequence, the refer-
with the GFS reference data. Comparing the two simula-gnce inversion which includes the global data, overestimates
tions, we found that the deposition using the ECMWF datay,e concentrations at most Japanese stations. At Tokai-mura
was 22 % larger on 13-14 March than when using the GFSop panel in Fig10), the mismatch is particularly strong as
data, with differences being particularly large in our nestedpeak concentrations are nearly a factor of four too high and
domain where they were 34% on average. This has lar9¢ne guration of the episode is too long. At Wako, Tsukuba
consequences for the intercontinental transpoﬂ@Zﬂ_:s, 8S  and Chiba sites, the overestimate is consistently a factor of
the weaker scavenging with GFS data left m&HCs in the _ about 2.5, whereas at Takasaki the model underestimates by
atmosphere and, consequently, the GFS-FLEXPART Sim+, ¢5ct0r of three. Qualitatively, our model seems to capture
ulations produced highel®’Cs concentrations over North independent3’Cs measurements made in Tokyo and shown
America and Europe than the ECMWF-FLEXPART simula- i, \winjarek et al.(2012 rather well. Unfortunately, virtu-
tions. The measurement data in North America and EUropg,y nq deposition measurements exist for this event. A sin-
are in better agreement with the GFS-FLEXPART results. gle sample taken at Tokai-mura — the same site where air
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Fig. 13. Simulated total atmospheric columnsidfxe (color shading) and geopotential at 850 hPa from GFS (blue isolines) at 06:00 UTC
on 12 March (upper left panel), 12:00 UTC on 15 March (upper right panel), 12:00 UTC on 18 March, and 18:00 UTC on 22 March. (Hawaii)
with a green triangle, Richland (USA) with a green square, and Stockholm (Sweden) with a green circle.

concentrations are strongly overestimated — from 15 Marchof 13’Cs showed a major peak on 19 March, probably from
03:00UTC to 16 March 03:00 UTC shows a deposition of the spent-fuel pool in unit 4. As winds veered from west-
830 Bq nT 2, while the model gives 9660 Bqmi. This large  erly to easterly direction late on 19 March, emissions from
discrepancy may partly be caused by the spatial variabilitythat day were brought back to Japan, in addition to ongo-
of the precipitation. In fact, we will present evidence later ing emissions from FD-NPP. Consequently, the plume pen-
that this episode indeed caused most of f€s deposition  etrated inland and, at 16:00 UTC on 20 March it covered
at least in the vicinity of FD-NPP. Nevertheless, it seems thatarge areas of eastern Honshu Island between 35 and 40° N
overall our model overestimates the impact of this episodg(Fig. 16, left panel). On 21 March at 06:00 UTC, northeast-
in Japan, either due to a too high emission peak during theerly winds prevailed at the edge of the extended Siberian
episode, or due to the coarse model resolution. High and the FD-NPP plume was transported directly across
16-26 March 2011 Between 16 and 19 March, an anticy- quyo and even futher south to Shizuoka prefecture (}'Bg
clone passed from west to east over southern Japan. Westerfjiddle panel), while the cut-off cyclone was located just
winds between this anticyclone and a low pressure centepouthwest of Tokyo. There, frontal precipitation led to par-
near Kamchatka channeled the plume from FD-NPP agairlimularlI%/?strong scavenging, and also Tokyo received an ele-
towards the North Pacific. However, on 20-21 March, a low- Vateéd—'Cs deposition on 21 March (see FI, notice the
pressure trough passed over Japan, which separated the &pod agreement between the simulated and obsér/ers

ticyclone from the Siberian High to the west, as can be seeff/€POsition in Tokyo for this event). Transport of the FD-
by isolines of geopotential at 925 hPa (Fig, blue lines in NPP plume to the southwest and precipitation persisted until

. 37 L
left and middle panel). This trough spawned a cyclone atr2:00 UTC on 22 March. Totd®’Cs deposition from 20—
its southern tip over Honshu Island which had an extensive?2 March was considerable for large parts of eastern Hon-

frontal system and caused strong precipitation over southerfint land (Fig16, right panel) but the maximum deposi-
Honshu (Fig6, red isolines in right panel). While df3xe tion values were about one order of magnitude smaller than

had leaked out from FD-NPP reactor units earlier, emissiondNose simulated during the 15 March event when emissions
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Fig. 14. Simulated total atmospheric columnsléfCs (color shading) and geopotential at 850 hPa from GFS (blue isolines) at 06:00 UTC
on 12 March (upper left panel), 12:00 UTC on 15 March (upper right panel), 12:00 UTC on 18 March, and 18:00 UTC on 22 March. The
location of FD-NPP is shown with a yellow circle, the air sampling site Tokai-mura with a green square, the deposition monitoring site in
Tokyo with a green diamond, and the air sampling station on Oahu (Hawaii) with a green triangle, and Stockholm with a green circle.

were higher. During the following days, until 26 March at  The main plume was at that time still far from the coast.
12:00 UTC, the plume veered around, with most of the emis-A vertical cross section showirg3Xe concentrations along
sions being transported towards the Pacific Ocean but occat65° N at 12:00 UTC on 15 March (Fi#7) shows that south
sionally overpassing coastal areas both to the south and nortbf 40° N, the plume was transported near the surface, while

of FD-NPP. further north it had been lifted to the middle and upper tro-
_ _ posphere. This is a typical feature of pollution transport
4.4.2  Hemispheric transport across the North PacifiS(ohl et al, 2009. The lifting in

] ) 433 137 warm conveyor belts associated with midlatitude cyclones
During the accident events;"Xe and=>'Cs from FD-NPP o0 ,ces large amounts of precipitatiofernli and Davies

were dispersed throughout the Northern Hemisphere andggz Eckhardt et al.2004. The associated strong in-cloud

eventually also reached the Southern Hemisphere. A firsk; 4, enging makes the lifted parts of the radioactive cloud rel-
radionuclide cloud ahead of the main plume was transportecétivew poor int37Cs relative t0'33Xe (compare upper right
quickly across the North Pacific at low altitudes in a Steadypanels in Figs13and14).

westerly flow and arrived in western North America on 15

March (upper right panel in Figl3). This part contained The main pa_rt of the radioactive cloud entered west-
only 133ye and cannot be seen in a corresponding map folen North America on 17-18 March and could be detected

137Cs (upper right panel in Fig.3) because th&*’Cs emis- &t monitoring sites there (se_e Fi@). On 1.8 March at
sions started later. This first radioactive cloud only skimmed12:00 UTC (lower left panels n F'913l%gd Fig.14), high
along the North American seaboard, because a large cycloni9tal column loadings of botf*®xe and**’Cs can be found
over the Eastern Pacific Ocean produced a southerly flowpVer the eastern Pacific Ocean and western North America.

. . . E 7 .
along the coastline. It was nevertheless detected at Richlan§nis part of the cloud was relatively rich ii'Cs because it
(Fig. 8, top panel). was still close to the surface south of 50°. The high-altitude

head of the cloud with lower column values B¥Cs had
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already arrived over the North Atlantic. At the same time, Surface conc. Cs-137 [Bg/m’] 15.03. 06:00
the radioactive cloud penetrated the subtropics and arrived af® ! “;} 70 ! !
Hawaii on 19 March (see also Figj0). 39 .

Emissions from FD-NPP first arrived over Europe on 20 gl
March, however only at high altitudes. Surface measure-
ments at Stockholm revealed enhan&&e concentrations
first on 22 March (bottom panel in Fig). A map of the sim- 36
ulated surface concentrations'dfXe (Fig.18) for 22 March 35
shows that all of western North America was engulfed by '
the FD-NPP plume, as well as parts of eastern North Amer-
ica and eastern Asia. At that time, Europe was still free of 355 139 140 141 142 143 142 145
enhanced®Xe at the surface, except for an isolafétiXe Deposition Cs-137 [kBg/m?] 15.03. 00:00 o 16.03. 00:00
cloud over Scandinavia. Transport movies show that the con-*° '
taminated air had been transported in the middle and upper®—
troposphere and descended south of Iceland, just 12 h befores|-
arriving over Scandinavia. A comparison of total columns g;
of 133Xe and3’Cs shows that this air is predicted to be . —
rich in 133Xe but relatively poor int3’Cs, due to wet scav-
enging during uplift (lower right panels in Fig$3 and14).
The measurements (see Flg) show that thé3’Cs concen-
trations were even lower than predicted, suggesting that the®®| .
model underestimated the wet scavenging in this case. 3 39 40 i e 3 i Tas

The total column plots (lower right panels in Figs3
and14) show that on 22 March, contaminated air from FD- I:- [ | -

NPP had circled the entire Northern Hemisphere and had ;5; 0.01 01 : 10 100 1000
reached both the tropics as well as the polar regions. Even

though enhanced surface concentrations were still limitedrig. 15. Simulated surface concentrations’8fCs (color shading)

to smaller parts of the Northern Hemisphere (Fig), this and 925 hPa geopotential from GFS (blue isolines) at 06:00 UTC
changed quickly. In April all measurement stations recordedon 15 March (upper panel), as well as tot&lCs deposition (color

an enhanced (but due to radioactive decay, decreasing) backhading) and accumulated precipitation from 00:00-24:00 UTC on
ground ofl33xe caused by the FD-NPP emissions, indicating 15 March (lower panel). The location of FD-NPP is shown with a
the transition to complete dispersion in the Northern Hemi-Yellow circle, the air sampling site Tokai-mura with a green square,
sphere (sesStohl et al, 2012. Even the Australian sta- and the deposition monitoring site in Tokyo with a green diamond.
tion Darwin started recording enhandédXe concentrations

in April, indicating penetration of radioactive contamination most no deposition measurements were made on 15 March,
into the Southern Hemisphere. this is an important confirmation.

Total deposition. Figure 19 shows maps of total depo- Our maps of total**’Cs deposition are quite different
sition of 137Cs in Japan and globally. The highest FD-NPP from those presented byasunari et al(2011), which show
deposition values of about 1000 kBgoccur in a plume  smaller deposition amounts. This can be explained by the
stretching from FD-NPP to the northwest. The orientation offact thatYasunari et al(2011) only had sufficient deposition
this simulated plume is exactly as found by aerial surveys ofdata available for their study starting from 20 March, and that
137Cs surface deposition inside a radius of about 100-130 kndoes not include the most severe deposition event according
around FD-NPP using several aircraft between 6 April andto our study, on 15 March. In fact, their Fig. 2 is quite similar
26 May 2011 MEXT, 2011). The airborne measurements to our deposition map for 20-22 March (left panelin Fig).
show that along the main plume axiS/Cs deposition val- To put our findings into perspective, a comparison with
ues greater than 1000 kBqrhextend about 50 km from FD-  the Chernobyl disaster is quite interesting.  Following
NPP. This is consistent with our results both in terms of depothe Chernobyl accident3’Cs deposition values exceeding
sition magnitude and extension, but a more detailed comparl000kBqnr? were observed in two areas, namely in the
ison is difficult because the measured deposition is spatiallyexclusion zone around Chernobyl NPP/Prypjat and north of
highly variable on scales of a few kilometers, and this cannotthe city of Gomel in Belarus (see deposition mapdJiN-
be resolved by our model. Since the modélgtCs total de- SCEAR 20008. For the FD-NPP accident, the land areas
position is mainly due to the deposition event on 15 March,receiving such high deposition values are smaller, but they
the agreement of deposition patterns with the airborne obserare still extensive. Another comparison of interest is with the
vations suggests that 15 March was correctly identified with'3’Cs deposition in the extratropical Northern Hemisphere
our model as the strongest deposition episode. Given that aktill present due to past nuclear testing, about 1-2 kB§m
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Surface conc. Cs—137 [Bq/m?’] Surface conc. Cs—-137 [Bq/ma] Deposition Cs-137 [kBq/mZ]
20.03. 16:00 21.03. 06:00 42 20.03. 00:00 to 22.03. 12:00

42 AT 42 >

41f B { a1} ot

41t
40t 40t
39} ‘ 39t
B , 38t
37¢ : 37t
36} {36}
35¢ 35}
34

33},

i

0.001 0.01 0.1 1 10 100 1000

Fig. 16. Simulated surface concentrations!3fCs at 16:00 UTC on 20 March (color shading) and 925 hPa geopotential from GFS (blue
isolines) at 15:00 UTC on 20 March (left panel) and at 06:00 UTC on 21 March (middle panel), as well d$%6&deposition (color
shading) and accumulated precipiation (in mm, red lines) from 00:00 UTC on 20 March to 12:00 UTC on 22 March (right panel). The
location of FD-NPP is shown with a yellow circle, the air sampling site Tokai-mura with a green square, and the deposition monitoring site
in Tokyo with a green diamond.

Cross section at 165 E Xe-133 [Bg/m?] 15.03. 12:00 fields on 20 April at 00:00UTC (decay-corrected for that

time) with a land-sea mask. This analysis accounts for more

i
o

] by radioactive decay. We find that Japanese land areas re-
] ceived 6.4 PBq, or 18 % of the totsl’Cs deposition until 20

. April. The relative fraction deposited in Japan is quite similar

. to the 22 % reported biorino et al.(2011), although their

g absolute values are smaller because of lower emissions used.
1 Only 0.7 PBq, or 1.9 % of the tot&f’Cs deposition occurred

. over land areas other than Japan, while the remaining 80 %

= - were deposited in the oceans.

Height agl [km]

1 than 90 % of thé3’Cs emissions until 20 April, with the rest
1 still residing in the atmosphere and small amounts destroyed
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5 Conclusions
Fig. 17. Vertical cross section along 165°E through the model out-
put for 133Xe at 12:00 UTC on 15 March. In this study, we estimated the total releases of the radioac-
tive isotopes33Xe and'3’Cs as well as their temporal emis-
sion patterns from the damaged Fukushima Dai-ichi nuclear
(UNSCEAR 20003. That value is exceeded by deposition power plant (FD-NPP) in March and April 2011. The es-
from FD-NPP over large parts of Honshu Island and the westtimate is based on an inverse modeling method, using the
ern Pacific Ocean. However, deposition of FD-NPECs  transport model FLEXPART and a large number of avail-
emissions over other parts of Asia, North America and Eu-able concentration and deposition measurements in Japan,
rope is minor compared to this pre-existing background.  North America, Europe, and a few other locations. De-
To determine the deposition amounts in Japan and othespite the significant uncertainties in simulations as well as
regions, we combined our gridded accumulated depositiormeasurements, the inversion method was able to produce
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Surface conc. Xe-133 [Bg/m’] 22.03. 18:00
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Fig. 18. Surface concentrations &F3Xe (color shading) and geopotential at 925 hPa (blue isolines) at 18:00 UTC on 22 March. In the lower
panel, the stations Oahu (Hawaii) and Stockholm (Sweden) are marked with a green triangle and a green circle, respectively.

model results that are largely consistent with the measureen 14 March, when hydrogen explosions occurred in reac-
ment data. tor units 3 and 4 and, presumably, unit 2. We also find un-
Regarding the noble gd$3Xe, it is almost certain that expectedly high*’Cs emissions from 16-19 March, which
the accumulated inventory of the reactor units 1-3 was com-Suddenly dropped by orders of magnitude when spraying of
pletely set free into the atmosphere between 11 and 15vater on the spent-fuel pool of unit 4 started. Thus, we be-
March. The study indicates a total release of 15.3 (uncerlieve that these high emissions are related to the degraded
tainty range 12.2-18.3) EBg, more than the estimated invenfuel in the spent-fuel pool of unit 4, and this result would
tory of 12.4 EBq'33Xe. We explain this with the additional also confirm that the spraying was an effective countermea-
decay of!33 into 133Xe, which would effectively increase Sure at least in this case. Between 19 March and 10 April,
the estimated inventory to 14.4 EB&3Xe. This release is €pisodic but generally decreasing emissions were found.
more than a factor of two higher than the Chernob{Xe The winds transported the FD-NPP emissions towards the
source term and most likely the largest radioactive noble gagacific Ocean most of the time, while Japan was affected
release in history. There is also strong evidence that the staRnly occasionally. While this seemed like a relatively for-
of the release occurred early, before the first active ventingunate situation for Japan during the accident event, a dif-
was made. This early onset of emissions is interesting anderent picture emerges from our detailed analysis. Exactly

might indicate some structural damage to the reactor unit§luring and following the period of the higheSt'Cs emis-
by the earthquake. sion rates on 14 and 15 March, the FD-NPP plume was ad-

vected towards Japan and affected large areas in the east of

Regarding13’Cs, the inversion results indicate a total : ;
emission of 36.6 (20.1-53.1) PBq, or about 43 % of the eS_Honshu Island. The advection towards Japan was triggered

timated Chernobyl emission. This means that nearly 2 % otby a developing cyclone, which produced precipitation on 15

the available inventory of the reactor cores in units 1-3 am]t\)/larrnchléI?eCadw\\/g rt(\)] the gepolsnrl]c(;n I?|f I\ng\]/e :r?ﬁ tloirls 0tf| trr:e alrl- d
the spent-fuel pool in unit 4 was discharged into the atmo- ome S overJapanese land. FHowever, the situation cou

sphere. The inversion strongly increased the emissions earl ?\t/ﬁebgrir;ev\;ﬁznmtlﬁhgvljo rsgpas I‘:ﬁ:‘g”ﬁgﬁ:ﬁfg}%?gﬁ?
on 12 March, around the time when the first explosion oc- P P

curred in unit 1. These early emissions were estimated lowe okyo. Our model seems to overestimate the impact of this

by the Japanese authorities, but are in accordance with th pisode in Japan., eithgr. due to an emissipn overestimate on
first estimates published l§yentral Institute for Meteorology 4-15 March, or insufficient model resolution.
and Geodynamic®011). The highest release rates occurred
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Total Deposition Cs-137 [kBq/n?] removed most of th&*’Cs, but the noble gds3Xe remained

in the air mass. Highet3’Cs concentrations reached Eu-
rope at the end of March. By middle of Aprit33Xe was
fairly uniformly distributed in the middle latitudes of the
entire Northern Hemisphere and was for the first time also
measured in the Southern Hemisphere (Darwin station, Aus-
tralia).

A quantitative analysis of the model output shows that
18 % of the total'3’Cs deposition until 20 April occurred
over Japanese land. Only 0.7 PBq, or 1.9 % of the total de-
position were received by land areas other than Japan, while
the remaining 80 % were deposited in the oceans.

6 Needs for open data policy and further research

While we have collected measurement data from a variety of
sources, virtually none of these data sets is publicly available,
and there are probably more useful data sets that were not
accessible to us. Institutions having produced relevant mea-
surement data should make them freely available. A central
Fig. 19. Maps of total deposition of-37Cs until 20 April data repository should be created where these data are being

00:00 UTC, for Japan (upper panel) and the global domain (lowerStored, qu_ality assured, reformatteq to a common format _and
panel). Superimposed on the upper panel is the total precipitatiofnade available to the general public. This will allow consid-
from GFS for the same time period. The location of FD-NPP is erable improvements of the source terms in the future.

shown with a yellow circle, the air sampling site Tokai-mura with  We have derived the source terms for two important ra-

a green square, and the deposition monitoring site in Tokyo with adionuclides. However, this needs to be done also for other

green diamond. In the lower panel, the stations Oahu (Hawaii) an¢adionuclides, notably iodine-131.

Stockholm (S\{veden) are marked with a green triangle and a green \we have used a global model for our study. Future

circle, respectively. studies should apply a nesting approach, where high res-
olution can be achieved over Japan. This would facili-
tate a more accurate simulation of radionuclide transport

During a second episode from 20-22 March, even largeover Japan, which is important for assessing the impacts on

areas of Honshu were covered by the FD-NPP radioachuman population. Importantly, this would also allow more

tive cloud, from Shizuoka prefecture in the south to areasaccurate inverse modeling since better use of the Japanese

north of FD-NPP. Strong frontal precipitation nearly com- measurement data could be made with reduced model errors.

pletely cleansed the atmospheré®iCs and again produced There is a need for planned atmospheric tracer experi-

strong deposition of this radionuclide over Honshu, includingments to evaluate and further improve dispersion models

Tokyo. This episode again followed a period of high (though used in emergency applications, as argued recentigdiy

fortunately not as high as on 14-15 MardfiyCs emission  marini et al.(2011). There is also a need for careful check-

fluxes on 19 March, which were transported to Japan on 20ng and improvement of washout parameterizations in atmo-

March. There were a few other periods when the FD-NPPspheric dispersion models. The data set used in this paper

plume was advected over land, but the areas affected wereould be useful in that respect.

smaller and the emissions lower, resulting in minor contami-

nation compared to 15 and 20-21 March.

The emissions from FD-NPP were quickly dispersed inAppendixA

the entire Northern Hemisphere. Already on 15 March, a

first isolated'33Xe cloud reached western North America, accident events at the different units

followed by the arrival of high concentrations of bd##Xe

and 137Cs on 19 March. Europe was first reached on 22A1  Unit 1

March by an air mass rich ih®3Xe but relatively poor in

137Cs, which had been lifted in a frontal system over the On 14:00 UTC, 11 March (less than 8 h after the station

North Pacific, was transported aloft and descended agaiiblackout) increased radiation was observed in the turbine

over the North Atlantic shortly before reaching Northern hall, indicating that at least noble gases must have started to

Europe. Precipitation associated with the frontal lifting had leak into the environment. Atthe same time, pressure built up

0.001 . . 100 1000
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inside the containment and it is reported that between 00:1%losing operations of the valves are reported which may have
and 01:17 on 12 March relieve valves were opened, probablyiven rise to intermittent emission peaks on top of the slower
giving rise to large releases. It is reported that at 05:30 ordischarge which is expected similar to unit 1. Finally, be-
12 March the venting was finished. We assume that a largéween 1 April and 24 some secondary increase in pressure
part of the release has occured by then. At 06:36, the unit essel temperatures was reported.

hydrogen explosion (which was the first one) happened, ob-

viously from hydrogen that had entered various reactor build-A4  Unit 4

ing compartments during the venting, or through leaks. The = ) )
containment pressure had dropped by 09:00 so that we ad-ittle information has been published on the spent fuel pond

sume the release was largely over at that time. Emissiongf Unit 4 (which was the most critical one due to ”le high
would likely continue at a lower rate through various leaks loading). I.ts water temperature was reported as 84°C on 13
and at some point in time possibly also from the spent-fueIMarCh' 19:00 UTC. At such temperatures some release of ra-

pond which after the explosion was directly exposed to thedionuclides is already likely. On 14 March, 21:00UTC, a

environment. On 14 March, a secondary pressure maximunfor hydrogen explosion occurred in unit 4. This may or
may not have been caused by degraded fuel in the pond. Itis

in the containment was reported, possibly indicating another, _ X

minor, peak in the emissions. reported that on 19 March, 23:21UTC, spraying of water. on
the pool was started. Having no further information, we sim-

A2 Unit 2 ply assumed a release fraction on the same order as for the

reactor cores, less than 1% of the caesium inventory, which
Unit 2 is of a newer design than unit 1 and was able to with-1S thought to have mainly been released between hydrogen

stand the station blackout somewhat longer. The first vent&xplosion and the start of water spraying.

ing for this unit is reported at 02:00 UTC on 13 March, with

unclear success, and the first time of confirmed open safetgypplement related to this article is available online at:
relief valves is 09:00 UTC on 14 March. Radiation measure-http://www.atmos-chem-phys.net/12/2313/2012/

ments in the wet well and dry well (reactor compartments gcp-12-2313-2012-supplement.zip

below the pressure vessel, inside the containment) jumped

up about an hour later, probably indicating core melt, and

also MELCOR calculations give fuel melting for this time, AC'_‘”OW'edgeme_”tgl’\S";’ would like to thank S. Furuta and M.
as well as noble gas release. Thus we think that noble gaségn for providing Cs concentration and deposition data from
have been vented more or less completely at this time. A okai-mura; H. Haba for the Wak&3’Cs concentration data; K.

_ ) tUngar and I. Hoffman fot33Xe data from Sidney an#’Cs data
15:00 UTC, another venting of the dry well was performed, from Ottawa, Canada: H. Miley foF33xe data from Richland:

and a hydrogen explosion is suspected to have damaged the_c gy for data from Taiwanese stations: MEXT for providing

wet well at 21:14. Large releases appear likely. On 15ihe137cs deposition data from all Japanese prefectures: colleagues
March, 21:00 UTC, pressure vessel and dry well were at amfrom the Ro5 network for the Ro5 data; and all the researchers

bient pressure, indicating the lack of any efficient barrier.who produced the CTBTO measurement data. Y. Yokouchi helped
The bulk of the discharge should have occurred by that timeJocating the data from Tsukuba and Chiba. M. Takigawa made the
but similar to unit 1, weak releases may continue. Betweerpn-site dose rate measurements available in a convenient format.
26 March and April 19 a secondary temperature increase ifhe second author is grateful for discussions with staff of the

the RPV was reported, possibly associated with somewhal'stitute of Safety and Risk Sciences at BOKU. This work is
increased release. partly a spin-off of the project SOGG-EA (Sources of Greenhouse

Gases in East Asia) funded by the Norwegian Research Council.

. ECMWF and met.no granted access to ECMWF analysis data.
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For unit 3, the first venting operation, through the wet well,
is reported for 23:41 UTC on 11 March. This should already
have released noble gases. About 24 h later, after observedeferences
increase in the suppression chamber pressure, a second vent- ,
ing of about 20 min was reported. On 13 March at 20:20Andreev, ., Hittenberger, M., Hofer, P., Kromp-Kolb, H., Kromp,
the safety relief valves were reported open, and MELCOR W., Seibert, P., and Wotawa, G.: Risks due to beyond design base

Lo - - . accidents of nuclear power plants in Europe — the methodology
indicates pressure vessel failure around this time. Six hours Riskmap, J. Hazard. Mater., 61, 257—262, 1998.

Iater., 02:00 UTC on 14 March, a very strong hydrogen ex-gacer. A Wotawa, G., Ringbom, A., and Saey, P. R. J.: Back-
plosion occurred, severely damaging the upper part of the i 5cking of noble gas measurements taken in the aftermath of the

reactor buiIQing and scattering de_bris. The Report indicates announced October 2006 event in North Korea by means of PTS
end of venting at 03:00 UTC. This should have ended the methods in nuclear source estimation and reconstruction, Pure

large release. However, until 20 March, various opening and Appl. Geophys., 167, 581-599, 2010.
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