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wSalLl2yasS (G2 9RAG2NINAaA NBYI NJ a

Response to reviewer 1, Page 24517, lineZ5t You have clarified what you were referring to here in your review
response (L3€l5 P1) but you have not made changes to the text. It would be good to make a small change to the
text to ensure readers are not confused in a similar way as the reviewer.
Reviewer 1, Page 24517, line25:Q/ 2 YLJ NBR (2 | ANONI TG YSIadiNBYSyi
aerosol concentrations in the middle and upper troposphere. Thus, a short lifeifypears necessary to
NB LINE RdzOS &dzOK 20aSNDI GA2yadQ LG A& dzyOf SI NJ gKI Q
knowledge AEROCOM has shown a general overestimation of BC mass in the upper troposphere. BC lifetin
is not analogous to accumulah sulphate due to the aging step implemented in most model and the size
partitioning of primary emissions. (see below)

Our initial response to reviewers comment:

Ly GKS aSyiSyO0S (KS NBGJASGSNI Aa NBFSNNRYSD (12y (6K
we review the literature investigating aerosols in general, and at this point do not compare sulphate and BC
directly. However, in the Discussions chapter (two last paragraphs of Section 6) we further highlight the
differences betwen sulphate and BC and mention the aging of BC.

Response to editor / revised response to reviewers comment:

We have revised the sentence to make it clear which reference we are pointing to. The sentence now reads
dSamset et al. (2014) found that, compdrto aircraft measurements models seem to overestimate black
carbon (BC) aerosol concentrations in the middle and upper troposphere, and thus, a short aerosol lifetime
F LIS NB ySOSaal NBE G2 NBLINRRAzZOS &4dzOK 20aSNIBF A2y 3

Review 2 Main comment 2: Again, ydiave made a valid response to this point but it seems little changes were
made to the paper to ensure the readers to not have the same confusion as the reviewers. Please make sure to
clarify all these points in the paper.
Reviewer 2 Main comment 2
w Ce\7d9aled interesting to look at within the multiple timescale framework of section 6.1. However,
there seems to be a mismatch between the timescales one could derive from Figure 7 and those quantified
in Table 4. In Figure 7, it is remarkable that thedels all show a large variability in lifetime before day 40,
followed suddenly by a wellehaved increase in lifetime with time. That sudden change cannot be a
signature of different horizontal patterns, so it must be due to the vertical distributionwbytsuch a good
agreementona4®Rl & GAYSalOlftSK ! yR gKeé R2SayQd GKFG GAYS

Our initial response to reviewers comment:

The occurrence of the less variable steady state is related to the emissions. Betweend dalyd® are low

level emissions df’Cs, about one order of magnitude less than during the highest emissions around day 5.
Because the emission was a point source (and not global) and its geographical distribution is rather local, or
continues to see the impact of single deposition events, making the instantaneous lifetime fluctuate
considerablyOn day 40 all emissions BfCs end in the model simulationf€TPBL is soon emptied from
most*¥’Cs, and the remaining’Cs (mainly in the free troposphere) is more widely spread and gives rise to a
more stable instantaneous lifetime, and thus a qgtsisady state with less varidiby.

We included the sentences above to the second paragraph of Section 5.3 to make this clear. (highlighted)

The lifetimes in Table 4 represent average (mean or median) lifetimes over certain time periods and therefot
are not picking up the suddemange around day 40 related to the burdens.

Response to editor:

This must be a misunderstanding. There has been a large change in the text to address this point. We
included the following sentences ircdgen 5.3 ofthe manuscripts:

G¢KS 200dzNNBYyOS 2F (KA&a fSaa OFNARIOfS -DthSdare ail
low-level emissions df’Cs, about one order of magnitude less than during the highest emissions around day
5. Because the emission was a pointreeu(and not global) and its geographical distribution is rather local,
one continues to see the impact of single deposition events, making the instantaneous lifetime fluctuate
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considerablyOn day 40 all emissions BfCs end in the model simulationseTPBL is soon emptied from
most*¥’Cs, and the remaining’Cs (mainly in the free troposphere) is more widely spread and gives rise to a
more stable instantaneous lifetime, and thus a gisisady state with less variabilitg.

Page 24526, lines 226: Same as above

Reviewers commenPage 24526, lines 226:1 do not follow the reasoning here: since the radioactive
tracers must end up deposited at the surface, using grebaded measurements should not be a problem
when assessing lifetimes, irrespectiviehow high the tracer goes during its time in the atmosphere.

Our initial response to reviewers comment:

Yes as long as the measured and modelled data to derive the lifetime are the bathegroundbased as

here it is no problem to assess the lifae from these data and the lifetime should be comparable. The issue
S NS G(GNBAYy3I G2 SELXIFAY KSNB Aa yz2id G2 RSBSWYR d
the measurements and the median model give slightly longer lifetimes

(byabout0.3m®n RIF&&0 F2NJ 0KS SFNIASNI LKIFI&aSa GKFy F2NJ
and could expect longer lifetimes for later time periods due to transport in the upper

troposphere. But since we are here using only grehagkddata (both from model and measurements) we
might not expect to see the same increase in lifetime with time.

Response to editofrevised response to reviewers comment

We have rewritten the sentence to make it clear what we are discussing here. Aratladgdecond sentence

for clarification.

The sentences now reads:

G1 26 SOSNE aAyOS GKS RIGlI dzb&ed aid2hushhidded teh@rdsithatPpartiol F S
the aerosol population residing in the lower troposphere, neither the measuremantise models may fully
reflect the increase in lifetime due to transport in the upper troposphere. Differences in lifetime between
tracers emitted near the surface and those coming from the stratosphere may be substantial, as discussed i
Kristiansenet £ ® O HAMHU ®E

The changes in the response to reviewers comments are also adapted in-thsgdofise section below.
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Ly GKS F2fft2¢Ay3z 6S NBLISII GKS NBEOASmSNRAE O2YYSylda

Response tAAnonymous Referee #1

Here, the authors have exploited the release of radioactive isotopes (137Cs, 133Xe)
during the Fukushima D#&ghi nuclear power plant accident to constrain modelled

aerosol lifetimes in 19 global models. The paper suggests that the majority of models
underestimate aerosol lifetimes compared to observations. Deviations between modelled
and observed lifetimes are greatest in the Arctic. Comparison of the modelled

and observed passive tracer (133Xe) indicate errors in simulated transport mechanisms.
However results from the aerosol tracer 137Cs indicate that the pervasive low

bias in Arctic (and global) aerosol (within the majority of models) is driven by too fast
removal in the PBL and free troposphere. This study provides a novel method for evaluatingrgidbls and |
recommend publication after the authors address the minor

comments detailed below:

We would like to thank anonymous reviewer#1 for the positive feedback on our paper.

t ' 3S Hnp mcaso dontripde tomthveArctie aerosol underéstt (i S & Q

Underestimate or underestimates is a verb used here as a noun. Please correct by

NBE LJX | OAy 3 & A stkuctubiig2hg final 4ehtén€e. 2 NJ NB

¢tKS aSyiSyO0S Aa NEBashdoitribBefto theyirmiergs@matioNds theR\ictic aebodob
O2yOSYUGNI A2y adé

Page 24516, line 20:

Do the authors really need to abbreviate accumulation mode to AM? If it is necessary,

 0OO0Oa YAIKG 06S o0SGUESNIIFa 'AG1Sy Y2RS |fa2 o0S3aya oAl
why accumulation mode needs to lbbbreviated, ACP has no word limit.

We used the same abbreviation in the previous-p&jer (Kristiansen et al, 2012) that this study is based on, and we
would like to keep using the same style in this follgpaper.

Page 24516, line 25:

Please add citaon.

We added the reference

Andreae, M. O.: Atmospheerosolsversuggreenhouse gasen the twentyfirst century, Phil. Trans. R. Soc. A
(2007) 365, 19141923 doi:10.1098/rsta.2007.2051, 2007.

Page 24517,line2dp Y Q/ 2 YLI NBR ( 2ts mddels3eem T ibverésfirhaie dzNB Y Sy

aerosol concentrations in the middle and upper troposphere. Thus, a short lifetime appears necessary to reproduce
4dzOK 20aSNBIFGA2YyadQ LG A& dzy Of SINJ gKFid GKAA ailhasi SYS
shown a general overestimation of BC mass in the upper troposphere. BC lifetime is not analogous to accumulatior
sulphate due to the aging step implemented in most model and the size partitioning of primary emissions. (see
below)

Inthe sentencetheSPA SHSNI Aa NBEFSNNAYy3I (2 6S INB If NBFRe& OAlA
review the literature investigating aerosols in general, and at this point do not compare sulphate and BC directly.
However, in the Discussions chapter (twd fEsagraphs of Section 6) we further highlight the differences between
sulphate and BC and mention the aging of BC.

2SS KIS NBGAASR GKS aSyidSyOS G2 YIS Al Of SI sdmgeK A OK
et al. (2014) found thatcompared to aircraft measurements models seem to overestimate black carbon (BC) aeroso
concentrations in the middle and upper troposphere, and thus, a short aerosol lifetime appears necessary to

NB LINR RdzOS adzOK 20a&aSNWI A2y adé

Page 24518, line 24:
AsRA&d0dzaaSR 102@3S3Y LQY dzyadzaNBE gKeé Al Aa y
(FDNPP) shortening to Fukushima seems sufficient.
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We used the same abbreviation in the previous-p&ifers (Kristiansen et al, 2012, Stohl et al 2011 and Croft et al
2014) hat this study is based on, and we would like to keep using the same style in thisufplb@per. This
abbreviation has also been adopted by many other authors and seems accepted in the literature about the
Fukushima accident.

Page 24519, linesiB Y eyXdrtker explained that elemental carbon or BC were not

fA1Ste GKS GNIYyaLR2NI OF NNASNADPDQ

Change to: They further explained that elemental carbon (EC) or black carbon (BC) particles were unlikely to be
transport carriers

Changed

Page 24519, line 2@/ S & A dzY-b F NRY C5

Was the Cesium (and Xenon) isotope emitted only from Fukushima? Both were released

in large quantities but the text includes no explicit discussion of the uniqueness

of the emission. If alternative sources exist how would this effeetresults?

No other sources of the radioactive isotopes were simulated by the models.

As discussed in Stohl et al (2011) and Kristiansen et al (2012) which this study is based on, there exists a highly
variable background of 133Xe in the atmosphere duenissions from nuclear facilities (Wotawa et al., 2010). Our
model does not simulate that background. However, the atmospheric background levels of 137Cs and 133Xe were
defined as the measured mean activity concentrations before tHgf®accident (Augti2010 to 11 March 2011),

and subtracted from all measurement values after theNHP accident. The background of the radionuclides is very
low with values which rarely exceed the level of detection at most stations. Thus, the effect of the background
sultraction was negligible for 137Cs while a small effect could be seen at some stations for 133Xe. We use the
backgroundcorrected measurement values in the comparison to the modelled values which also does not include al
background, hence the comparisom®sld be suitable.

We have added a few sentences about this issue in the pappatagraph of the Introduction) including the below
reference.

Reference: Wotawa, G. et al (20I@)mputation and analysis of the global distribution of the radioxendopso
133133 based on emissions from nuclear power plants and radioisotope production facilities and its relevance for tf
verification of the NucleafestBan treaty, Pure Appl. Geophys., 167,&El, 2010

Page 24519, line 29:
WFIOUQ y2a T Oda
Changed

Hgure 2:

To aid understanding of the transport pathways it would be useful to add a fourth (and

possibly fifth) column showing the distribution in the first week of emissieh days).

Please also consider showing the full latitudinal range (90S to 90M)ray a NH

satellite projection centered at the pole. Finally, rainbow color bars are inaccessible

to the colorblind and provide a distorted perception of data (http://www.climdtbbook.
ac.uk/2014/endof-the-rainbow/) please consider converting tdhae saturated

scale.

We added another column showing the distribution in the first week (18 March 2011), and we have increased the
latitudinal range to (20S to 90N). We also changed the color bar according to the reviewers comments.
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New figure 2.

Page24525, lines 1M Y Q. STRMNB Rl & wmp=
As discussed above additional plots in figure 2 would make this easier to follow.
Changed according to the above comment.

t 1 3S HnpHcX fTAYS yY Q. 204K YSI&adaNBR FyR YSIy Y2RSttS
50N suggestintgss efficient aerosol removal at higdtitudesxQ

XAY aLINAy3Iod tfSrasS NBFSNI G2 GAYS LISNA2R® t NE@A2dza ¢
at highlatitude may be different in late summer. It would be useful here to include some

discussion of the seasality of highlatitude aerosol lifetime.

2S | RRSR GKS GAYS LISNA2R 6al NOK (2 WdzySod Ly 2dzNJ ai
the limited time period of the measurements. However, in the introduction we discuss findinggtesratudies on
seasonality. Particularly we mention the study by Zhang et al (2015%kdwed that the lifetime depends on season
and emission type. Substantially lower BC lifetime is found in summer, likely due to relatively strong wet removal,
than in other seasons, and opdine emissions that have higher initial injection heights which leads to generally
longer lifetime than emissions from the surface.
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t+3S HwnpnoX fAYS mMpY Q./ NBY2@lIt Aa taz2z RSLISYRSyl
The deviation between sulphate and BC lifetimes could also be driven

by primary emission size (Reddington et al., 201tt://www.atmos-chemphys.
net/13/4917/2013/acpl13-49172013.html). Your results here are in direct contrast

to the recommendations of Bond et al.,(2013). Please discuss further.

This paper is not intended to be a detailed comparison of sulphate and black ttethores. We refer to BC papers
mainly because most recent aerosol lifetime papers seem to address BC. We have added that model results for BC
depend on the emitted size distribution and have added the Reddington et al. (2013) reference. We havedlso adde
several sentences explaining that our results are probably not representative for BC aerosol and certainly not for
freshly emitted BC. Since this study is not focussing on BC we do not go into details about the recommendations of
Bond et al. (2013).

t 38 HnpnpZz fAYS mMnY Q¢KS dzyRSNBaGAYFGA2ya | NB I NH
] KFy3s G2Y WeKS dzy RSNBAGAYIGA2y A& I NESAG F2N I SNE
Changed

Page 24545, line i H Y QRSGAl GA2ya (2 (KS 20aSNDIiA2yaeQ

] KIy3s (G2Y WRSOGALGAZY TNBY 20aSNDIGA2Y4Q

Changed
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Respons to Anonymous Referee #2

In this study, the authors apply the radioactive trabaised constraint obtained by

Kristiansen et al. (2012) to assess the aerosol lifetimes simulated by 19 global models.

They find that modelled lifetimes vary over a wide rabgé are generally too short.

To interpret their constraint, the authors propose to represent aerosol lifetime as a

succession of increasingly long timescales related to the strengths of aerosol sinks,

themselves a function of altitude.

The paper is intergting and welwritten. It falls short of pinpointing the exact causes of

model diversity in aerosol lifetimes, but demonstrates the usefulness of their constraint,

which should help modellers improve their aerosol schemes in the future. Figurésatesare informative and
well-chosen.

In my comments below, | recommend clarifying the discussion in places to avoid seemingly contradicting aspects o
the analysis and to support the reader in understanding the implications of the results. Addressingaimoserts
should not amount to more than minor revisions.

We thank anonymous reviewer#2 for the positive feedback on our paper.

1 Main comments

w ¢KS aiddzRé Aa y2i4 AyGSNBaGdSR Ay YAaaArzy AyaSOoaAizy
odzi GKIFG addzRé Ay FIOG FAyYyRa 20K AasSy (G2 ljd2dS GK
onthealttu’lS 2F Aye2SOlAzyodé {2 (GKS adGdlradSySyid 2y tAYyS Hc |
height (and the lack of a corresponding discussion in section 6.2) is unjustified. This silence is difficult to reconcile
with the analysisinsectjpa c d®m YR c®PoY AF NBY2@It GAYSaoltSaz I
dependent on the vertical location of the aerosols (page 24536, line20) then surely the injection height must
matter?

When it comes to the altituddependency itsiimportant to consider the differences betwegabal mean lifetime
ande-folding lifetime as discussed in depth by Croft et al (2014). The reviewer is correct that they found that the
global mean lifetimes are indeed dependent on the injection altitud2.6 S@SNE GKS& Ffaz2z adld
eF2t RAy3a GAYSAa 46SNBE NBflGA@Ste AyaSyaradaargsS G2 Syiraa
different definitions of lifetime were not equally dependant on the injection height. Ipapar (Line 26, P24521 in

the ACPD version) we clearly specify that tel@ding lifetime was unaffected by emission altitude, which is correct
and justified by the findings of Croft et al 2014.

>

We further clarify the differences between the two lifetime A y 2 dzNJ LJ- LIS NJ ATheydCkoétal2 y n
2014] also show that the global mean aerosol lifetime strongly depends on the altitude where emissions are assum
to occur, while the €olding lifetime is relatively insensitive to emissions patars such as altitude, location and

time, suggesting that-€olding times allow a robust comparison between modelled and measureased
fATSGAYSa¢ o

In our study we focus on thefelding lifetime over the timacale. &and our results are derivdtbm this lifetime
definition, which is shown to be relatively insensitive to the emission altitude. Howg\di, this is indeed relevant,
but this timescale is not the focus of this study.

In section 6.1 we also discuss the modelled global meéimifeas well as M ® sincalrie do not have
measurements that can be used to evaluate modelled global mean lifetimeswerdo not focus on these lifetimes.
It is still of interest to us to discuss and show on a moarlel comparison perspective théferences between-e
folding and global mean lifetimes, like in Section 6.1.

Throughout the paper we consistently specify which definition of lifetifi@dimg or global mean lifetime) we are
referring to, and hence we feel the differentiation betwedobgl mean lifetime and-élding lifetime is made clear.

We also specify that we are focusingontisoale. H | YR y 20 2y _ mdwhygatinze Hepéndencit K 2
is not of interest in this study.

w CAIdzNBE 1 A& faz2 AyiuGSNBadAy3a G2 221 4G 6AGKAY (K
seems to be a mismatch between the timescales one could derive from Figure 7 and those quantified in Table 4. In
Figure 7, it is remarkable &ih the models all show a large variability in lifetime before day 40, followed suddenly by a
well-behaved increase in lifetime with time. That sudden change cannot be a signature of different horizontal
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patterns, so it must be due to the vertical distrir, but why such a good agreement on adty timescale? And

gKeé R2SayQid GKIFIG GAYSAOFES FLIISIENI Y2NBE Of SIENI & Ay ¢
The occurrence of the less variable steady state is related to the emissions. Betweedddlget6 are lowevel
emissions of*’Cs,about one order of magnitude less than during the highest emissions around Baygdhise the
emission was a point source (and not global) and its geographical distribution is rather local, one continues to see t
impact of single deposition events, magsithe instantaneous lifetime fluctuate consideraliiyn day 40 all emissions

of ¥'Cs end in the model simulationfi€TPBL is soon emptied from m&%€s, and the remaining’Cs (mainly in the

free troposphere) is more widely spread and gives risentora stable instantaneous lifetime, and thus a quasi

steady state with less variability.

We included the sentences above to the second paragraph of Section 5.3 to make this clear.

The lifetimes in Table 4 represent average (mean or median) lifetimesean time periods and therefore are not
picking up the sudden change around day 40 related to the burdens.

w ¢KS I dzi K2 NJ NB a S NI SHatitudesstali®rs ApertiapsibetauseldiMte ymportdnge oftrandpiért

to the Arctic. They implyeseral times, most clearly on Page 24529 linesl64that transport to those highatitude
stations somehow tell us more about wet deposition. But is that really the case? One reason could be that those
stations are reached after a long transport, butw@agly Ulan Bator is the most remote station when accounting for
transport pathways (Figure 2). Another reason is that ekipical precipitation frequency and intensity are more
difficult to model accurately. Perhaps, but 75% of total precipitation ikérlrropics. So do hightitude stations

really tell us something that other stations cannot?

We are taking a closer look at the hiftitude stations in relation to previous studies which have shown that models
struggle to capture Arctic aerosol cont&tions, and particularly their seasonality, and this at least partly seems to
be related to model shortcomings in removal processes. We introduce this topic already in the Introduction. We do
not mean or say that looking at high latitude stations teksmore about wet deposition in general. So we agree with
0KS NBGASGHGSNI 0KFG>X LISNKIFLIAZ GKS ' NODGAO adldrazya R2
find this an interesting topic to discuss.

2 Other comments

w t I 3 Slinesr@li: it Would be the right place to remind modellers of the difference between lifetime and
residence time, the latter being the ratio of burden to deposition/emission/production. It is unfortunate that
modellers never use the proper terminology.

We agree with the reviewer and have added two sentences:

G{ SOSNI f RSTA Y xedidedcy tine @he ratio b bBderk todepositiriRemission/production) exist but
the terminologies are often used inconsistently. We encourage future studiegetolear information about which
fATSOAYS RSTAYyAGAZ2YA (GKFG I NB dzaSRdé

w tIF3S HnpmTtI fTAYS HTY (KS GgKAESE A& y2i adNepy3a Sy
al. (2014), which hint at the need for shorter lifetimes in msgahd comparisons against observations in the Arctic,
which suggest the need for longer lifetimes. As stated later in the introduction and in section 6.6, the regional
dependence of lifetime likely explains the contradiction, but it means that comparaen® be used cautiously

when making statements about the quality of simulated lifetimes in models.

We agree with the reviewer that the wording was not strong enough to highlight the contradiction. Therefore, we
KI @S NI LIK NisiaSsRort aeikodlifetine dppears necessary to reproduce such observations (e.g., Samset
et al., 2014). On the other hand, the models generally underestimate the aerosol concentrations closer to the surfac
FYR GKAA ¢2dzZ R 3ISH 62NBS gAGK || aK2NISNI Y2RSE fATSE

w de 4518, line 26: Is there a reference for the fact that Cesium uptake by aerosol is proportional to surface area
I NBy Qi &a2fdzof S LI NGAOEfSa LINBEFSNNBR Ay lyeé gl ek
Papastefanou (2008) explains in detail the attachment of radioactive decay products to aerosols particles. The bool
available herehttp://file.zums.ac.ir/ebook/281
Radioactive%20Aerosols%20(Radioactivity%20in%20the%20Environment,%20Volunie%2012)
Constantin%20Papastefan®®.pdf or here
https://books.google.co.uk/books?id=kKtr7CH9kvMC&printseotcover#v=onepage&q&f=false



http://file.zums.ac.ir/ebook/281-Radioactive%20Aerosols%20(Radioactivity%20in%20the%20Environment,%20Volume%2012)-Constantin%20Papastefanou-00.pdf
http://file.zums.ac.ir/ebook/281-Radioactive%20Aerosols%20(Radioactivity%20in%20the%20Environment,%20Volume%2012)-Constantin%20Papastefanou-00.pdf
http://file.zums.ac.ir/ebook/281-Radioactive%20Aerosols%20(Radioactivity%20in%20the%20Environment,%20Volume%2012)-Constantin%20Papastefanou-00.pdf

©CoOoO~NOOUITA, WN P

See in particular sectidh3. Attachment of radon decay products to aerosol partiglagd 1719). Similar processes
to those of radon are likely to occur for cesium. The process is also detailed elsewhere in the baok. tlded
the abovementioned reference to the manuscript.

w tI3S HnpumZ fAYS HnY ¢KS RSEAONALIIAZY 2F Y2RSt SEL
to do exactly? What was the emission rate? For how long are the emissionsddip/here are the emissions

injected? How long are the simulations?

The emission are detailed in Stohl et al (2011), and available as a supplementary to thahtipgbmngw.atmos-
chemphys.net/12/2313/2012/acil2-23132012.htm). The modellers were asked to use exactly those emissions.

We have added a few sentences to the paper in the particular paragraph to better describe the emissions:

G¢KS aAyYdz Id&om2lyMarckuntl & ¥dt$ June 2011 for when the last measurement of the
radionuclides were taken. A total of 36.6 PB&tEs and 15.3 EBq BFXe were released by all models. The emission
rates vary significantly over the emission period comsii¢l1 MarclgH 1 ! LINAf HAamMmMO @€ ¢ KS
into three vertical layers betweem@ nnn Y | 62@3S 3ANRdzyR t S@St o{G2Kf Si

w tF3S Hn p2e:diis pardgsah alsoNooks like a good opportunity to formalise the differencedetw

lifetime and residence time.

We are not sure what the reviewer means here. Lifetime is the more general term and can include processes such
chemical transformations or radioactive decay. However, when referring to the atmosphere as a resetwoe, lif

YR NBAaARSYOS GAYS IINB G@LIAOKTt e dziSRheladkragedimey &8 Ya @
Y2t SOdz S aLISyRa Ay | NBASNIW2ANI 6adzOK |a GKS FdY2aLK
lifetimes used clearly in opaper and do not rely on semantic differences.

w t I 3S Hn p2e:ddd ndt blgvSthe reagoning here: since the radioactive tracers must end up deposited at
the surface, using grountbased measurements should not be a problem when assesstigbs, irrespective of

how high the tracer goes during its time in the atmosphere.

Yes as long as the measured and modelled data to derive the lifetime are the bathegroundbased as herat is

no problem to assess the lifetime from these data @nedlifetime should be comparable. The issue we are trying to
SELX IAY KSNB A& y2G G2 RSTSYyR dzi Ay 3 BotiabDKmedsdrdneritshavdS S
the median model give slightly longer lifetimes

(by about 0.81.0 days) foii KS S NI ASNJ LIKI aSa GKFy F2NJ fFGSNI GAYS L
could expect longer lifetimes for later time periods due to transport in the upper

troposphere. But since we are here using only grehamkd data (both from model dnrmeasurements) we might

not expect to see the same increase in lifetime with time.

We have rewritten the sentence to make it clear what we are discussing here. And added a second sentence for
clarification. The sentences now reads:

a1 2 6 SPS NXataused © Serivie fa&lifetimes are grodbadsed and thus biased towards that part of the

aerosol population residing in the lower troposphere, neither the measurements nor the models may fully reflect the
increase in lifetime due to transport in the @pgroposphere. Differences in lifetime between tracers emitted near
GKS &adz2NFIFOS FyR GK2aS O02YAy3 FNRY GKS &0NI (2aLIKSNES

w tIF3S wnpHyI tAYS 1Y 1 £ SI &io ahalyses. 2Fye@nnihggmode’ &&Srota | N
assessed in this study.
As Table 1 highlights, two models are fié@lzy Y Ay 33X IAOBSY & aAyiISNEME YSGS2N

w tIF3S HnpHpZ TAYS nY 12¢ G2 Ay (G BNdiaNBfihe underestimatichyi.eJ2 NI
if an aerosol had to be deposited before time T, then obviously it should also have been deposited before time T+1"
We are not sure what the reviewer means here. Obviously, the statement about T and T+1 is comectidonot
understand what the reviewer is asking us to clarify here.

w tF3IS HnpHpZ fAYS mMoY LG A& 62NIK YSydGaAz
28 AYOESRISENIGE YR ALIGALE 200dNNBYOS YR RAYSYAAZY.

w tIF3S HnpoTI &aSO0GA2Y conY ¢KA&A &aSOGA2Yy Aa aLlSOdzZ I i
by all models, e.g. doubled or halved wet deposition rates, emitting in September instead of March, etc. This is

8
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unfortunate, but probablydo late to fix. It is now up to individual modellers to run those sensitivity experiments in
their model development cycle.

We agree with the reviewer that this section is slightly incomplete as it does not include experiments by all models,
however result are shown from four models which span the range in modelled lifetimes . The section is meant to
bring some ideas for further model experiments and we hope modellers will take on this task using their individual
models.

3 Technical comments
w t 3T HMpHSH mMnY ai ORANNWS OKGSIRESY GRSOI @
Corrected.

w tI3S HNpHPZ fAYS HnY wSLIIOS G2F¢ 6A0GK aAaté
2 A0K araé GKS aSyiSyO0OS R2Sa y2G NBIR O2NNBOiltezr &z
w tI3S anHcZ fAYS MY aF G22 1ljdzAOl NBY2@0Ft¢yY (22 |d

Corrected.

Figues 4 and 5: Rigorously speaking, those are Tables, not Figures.
We agree but we would like to keep the cetoding in the table which we think is a useful addition, and hence these
needed to be converted to figures.

Figures 4 and 5: The choice of col@unot great: green/red are widely used to denote "ok/not ok", whereas here
they both denote "not ok". Blue/red would be a more usual choice to indicate an under&stanate.
We have changed the colooding to blue/red.
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Abstract

Aerosols have important impacts on air quality and climate, but the processes affecting their removal from
the atmosphere are not fully understood and are poorly constrained by observations. Thieodaked

aerosol lifetimes uncertain. In this studye make use of an observational constraint on aerosol lifetimes
provided by radionuclide measurements and investigate the causes of differences within a set of global
models. During the Fukushima Biahi nuclear power plant accident of March 2011, theoadive

isotopes cesium37 (3'Cs) and xenoi133 {£33Xe) were released in large quantities. Cesium attached to
particles in the ambient air, approximately according to their available aerosol surfa¢&@sesize

distribution measurements taken clés¢he power plant suggested that accumulatimade (AM)sulphate
aerosols were the main carriers for the cesidence,*'Cs can be used as a proxy tracer for the AM
sulphatemer osol 6s fate in the atlXebehdvesalmastlikeapassivent r a
transport tracer. Global surface measurements of the two radioactive isotopes taken over several months
after the release allow the derivation of a lifetime of the carrier aerosol. We compare this to the lifetimes
simulatedby 19 different atmospheric transport models initialized with identical emissidA%sfthat

were assigned to an aerosol tr acselphatgand3iXe emssions mo
that were assigned to a passive tradéz.investigite to what extent theodelledsulphatdracer can

reproduce the measurements, especially with respect to the observed loss of aerosol mass with time.
Modelled®'Csand®*3Xe concentrations sampled at the same location and times as station measurements
allow a direct comparison between measuredrandelledaerosolifetime. Theef ol di nge | 1 f et |
calculated from station measurement data taken between two and nine weeks after the start of the emissi
is 14.3 days (95% confidence interval 138.7 days). The equivalemhodelledd lifetimes have a large

spread, varying between 4.8 and 26.7 days with a model median of 9.4+2.3 days, indicating too fast remo
in most models. Because sufficient measurement data were only available from about twafeeties

release, the estimated lifetimes apply to aerosols that have undergomnarigagransport, i.e. not for

freshly emitted aerosol. Howevenodelledinstantaneous lifetimes show that the initial removal in the first
two weeks was quicker (lifeties between-b days) due to the emissions occurring at low altitudes and co
location of the fresh plume with strong precipitation. Deviations between measunemhdelkdaerosol

lifetimes are largest for the northernmost stations and at later time gestmtesting that models do not
transport enough of the aerosol towards the Arctic. The models underestimate passivé3¥ager (
concentrations in the Arctic as well but to a smaller extent than for the aéfd8e) ¢racer. This indicates

that in adlition to too fast aerosol removal in the models, errors in simulated atmospheric transport toward:s
the Arctic in most models also contribute to timelerestimation of thArctic aerosol
concentrationsaderestimates

11
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1 Introduction

Aerosols play an important role for air qualiétgd influence the global climate (Friedlander, 1977; Seinfeld
and Pandis, 199&amanathan et al., 2001) but the processes affecting their removal from the atmosphere
are not fully understood and are poorly constrained by observations. Generally, aerosol concentrations ar
affected by emissions, transport, removal, and physhemicatransformation (e.g., Péschl, 2005), and the
atmospheric lifetime of aerosols is a function of the various removal processes, such as dry deposition by
impaction and sedimentation, as well as wet deposition. For accumuiatide (AM) aerosols (0-2 pum
diameter), the dominant removal process is wet deposition. The uncertainties and lack of observational
constraints on these removal processes affect the ability to model aerosol concentrations correctly and m:
modelledaerosol lifetimes uncertaiithe urcertainty in the effects of aerosols on climate further affects the

ability to diagnose how sensitive the climate is to greenhouse gas emissipsndreac?007).

Observatiorbased estimates of aerosol lifetimes are sparse due to the difficulty of obtaining measurement
that cover a sufficient geographical area and time period for robust analysis. Reported obdsagation
aerosol lifetimes range from a few daysatmut a month in the troposphéWilliams et al., 2002; Paris et

al., 2009; Schmale et al., 2011). Other aerosol lifetime estimates are derived from radionuclides produced
cosmic rays, radon decay or nuclear bomb tests, and varyfdays to more #in a month (Giorgi and
Chameides, 1986), reflecting the different origin (e.g., surface or stratospheric) of radionuclide tracers.
Aerosol residence times of abaudlays in the lower troposphere and about 12 days in the middle to upper
troposphere may b&een as typical (Moore et al., 1973) but higher valu&dadys for the lower

troposphere have been reported as well (Papastefanou, 2006). Following the Chernobyl nuclear accident,
exponential decline of the radionuclide concentrations indicateddemes time o7 days (Cambray et al.,
1987).Models report global average residence times of AM aerosol in the atmosphere on the arder of 3
days for species emitted near the surface (Chin et al., 1996; Feichter et al., 1996; Stier et al., 2005; Bergle
et al., 2004, Liu et al., 2005; Bourgeois and Bey, 2011; Chung and Seinfeld, 2002; Koch and Hansen, 20C
Textor et al., 2006). The differences in reported lifetimes from observations and models can partly be
attributed to the applied definition of lifetar(i.e. characteristic time of exponential decay vs ratio of burden
to deposition or emissions). These lifetigiferenceglefinitionsare only equivalent if the decay has a
constant dolding time over the considered time period (Croft et al., 2084Yeral definitions of lifetime

andresidence time (the ratio of burden to deposition/emission/produetkasi)buttheterminologies are

often used inconsistentlWe encourage future studies to give clear information alwbigh lifetime

definitionsthat areused.

Many modellingstudies havanalysedhe global distribution, transport and lifetime of aerosols, particularly
within the Aerosol Comparisons between Observations and Models (AeroCom) initiative (e.g., Textor et al
2006; Koch et al., 2008Bamset et al., 2014). It has been demonstrated that large differences exist for

aerosol dispersal and removal between mo&elsiset et al. (2014) found th@tompared to aircraft

12
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measurements models seem to overestiilatsk carbon (BCaerosol concerdations in the middle and

upper tropospherend-—Fthus, a short aerosol lifetime appears necessary to reproduce such observations

{e-gSamsetetal;2014)hile. On the other handhe models generally underestimate the aerosol
concentrations closer to the surfaged this would get worse with a shorter model lifetimeparticular,

models struggle to capture the high aerosol concentrations in the Artic related to the ArcBedsare

(e.g., Shindell et al., 2008; Koch et al., 2009). A general underestimation of surface aerosol concentration:
the Arctic is found during the Arctic haze season, while an overestimation is often found in the summer
(e.g., Eckhardt et al., 2013lodels are underestimating poleward transport, removing aerosols too
efficiently, or not confining pollution sufficiently to the lowest model levels due to excessive vertical
diffusion (Koch et al., 2009), bittis not clear which is the main cause. It has also not been fully quantified
how these model issues evolve during transport to the Arctic. Browse et al. (2012) and Wang et al. (2013t
found that scavenging parameterizations play a significant rohedelling Arctic aerosol concentrations.

In particular, slow scavenging by ice clouds in winter and enhanced scavenging by drizzle in summer are
important formodellingthe annual cycle of Arctic aerosol concentratidgising a sourcéagging technique,
Wanget al. (2014b) found that the annual mean lifetime of Arctic #dk-carberBC) aerosol has very

strong sourc&egion dependence, varying by a factor of four. Zhang et al. (2015) further showed that the
lifetime also depends on season and emission 8udestantially lower BC lifetime is found in summer,

likely due to relatively strong wet removal, than in other seasons, andiogpemissions that hav@gher

initial injection heightavhich leads t@enerallyrave-donger lifetime than emissions frotine surface.

In this study, we evaluataodelledaerosol lifetimes slightly differently than in previous studies. We use a
unique single event with relatively wédhown emissions to determine the lifetime of aerosols in the
atmosphere. Previous studies report the mean lifetime of aerosols from sinsneth higher uncertainty

in the emission terms. Specifically, emissions and lifetimes are sometimes tuned to obtain what is thought
be fireasonabl ed concentrations. I n this exercis
Ichi nuclea power plant (FENPP) accident in March 2011 a%Csitr a
released during the accident attached to the particles in the ambient air, approximately in proportion to the

surface areéPapastefanou, 2008he peak of thaerosol surface area distribution is generally in the AM,

which in the area of FINPP is typically dominated lsulphateKaneyasu et al. (201performed
measurements close to NIPP and confirmed that’Cs was attached to or included in aerosols (ivatéy
mixed with other aerosol components), and th&gs size distribution measuremest®wedhat AM
sulphateaerosols were the main transport carriers for the cesium.fliltbgr explained thaglemental

carbon (EC) or B@articleswereunlikelyretlikely to bethe transport carriers because flaming fires did not

continue during the FINPP accident, largscale forest fires were not reported aroundNfEP, and
because the local residents had refrained from the burning of firewood in fear e&thiesien of
radionuclides since the accident. However, they could not exclude the possibility thahealtgsle

organic carbon (OC) could have acted as a transport medium of cesium. Even though it is possible that sc

13
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of the®'Csattached to other aemighansulphatethese aerosol components were likely mixed internally
with the dominant AMsulphateaerosol and therefore should have similar removal properties. Miyamoto et
al. (2014) reportedf’Cs size distribution measurements taken in an earliesepfaays after the accident)

and closer t&D-NPP,which showedctivity median aerodynamic diameter (AMAD)3fCs around 1.5

1.6 ¢em, iwiththgresate olanaybsu et al. (2012Masson et al. (2013) found that after leng
range transport to Europe, AMADSFCs r anged between 0.25 and 0. 71
ambient aerosol$ience *’'Cs can be used as a proxy tracer for theMiphatea e r os ol 6s f at e
atmosphee.

Cesiumfrom FD-NPP was measured in the Northern Hemisphere for more than three months after its
release and traced the fate of its caraierosol in the atmosphere. These measurements provided a unique
opportunity to estimate the lifetime of AM aswdis in the atmosphere, as presented by Kristiansen et al.
(2012). In that study, measurements of the two radionuclides x&f%a)(and cesium'¢’Cs) were used,

both released in large quantities from-RPP. The noble gas xenof®fXe) was useds spassive transport

tracer.Notice that both radionuclides have very low background concentrations caused by emissions from

nuclear facilitie{Wotawa et al., 201@r, in the case of'Cs,resuspension of deposited radiocesium.

Background values were suftted from all measured values, as describerisfiansen et al. (2012)

These authorased the measured ratios of the aerdSaC§) to the passive tracéf{Ke) enhancements in

the surface concentrations, to compensate for variability in transputtestimated an AM aerosol lifetime

of 10-14 days. This is longer thahe mean lifetimes of AM aerosols obtained from most aerosol models
(typically in the range ofi¥ days). The disagreement could be partly due to thetfattthe emissions

were froma single location and during a specific season, the measurements were al@semdand thus

the data were not fully representative of the global and annual mean aerosol lifetime, as well as using
definitions of lifetime that were not equivalent unttex considered conditions (Croft et al., 2014)the

current study, we try to resolve this issue and investigate to what extent aerosol models can reproduce the

observations, especially with respect to the observed loss of aerosol mass with time.

Weusee he term fiaer osol |l ifetimed throughout the ¢
sulphate We assume that tH&/Csattached mostly to the dominant Addlphateaerosol, confirmed by
measurements.hE lifetimes apply to aerosols thatve undergone loaginge transport (after abow32

weeks), i.e. the results presented cannot directly constrain the lifetime of freshly emitted aerosols.

The paper is organized as follows.Sact.2 we describe the measurements used in the study, &éalloyw

an overview of all participating models $ect.3. The methods are describedSect.4, and the main results
presented itsect.5. In Sect.6 we further discuss some important aspects of the results and compare our
results to other recent studi®ééain conclusions are summarizedSect.7. The paper also includes

supplementary information in three appendices A to C.

14
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2 Observations

We have used atmospheric surface measurements of activity concentrations of the noble gas 133Xe and
aerosolbound radionuclidé*’Cs available from several stations (Fig. 1) operated by the Comprehensive
NuclearTestBan Treaty Organization (CTBTOFor collecting particulate radionuclides, about 20.660

of air is blown through a filter over a period of R4The different radionuclides are measured with -igh
resolution germanium detectors (Schulze et al., 2000; Medici, 2001). The minimum detexttaibje a
concentration of*'Cs is 1¢ B m' 3 During the International Noble Gas Experiment (INGE), noble gas
measurement systems have been set up worldwide (Wernsberger and Schlosser, 2004; Saey and de Gee
2005) at CTBTO stations. The collection periddie xenon samples is typically 12 h. The most prevalent
and important isotope 1§3Xe, which is measured with an accuracy of aboutiBym' 2All measured
radionuclide concentrations were corrected for radioactive detatyve to the time of the daguake on 11
March 05:46 UTC that triggered the nuclear accidéné measurements were further converted from

activity per norm cubic meter at standard temperature and pressure R#&hd3.013253°a) to activity per

cubic meter (using meteorological analysis data) for comparison with the model fEseltseasuremest

and their uncertainties are described in more detail by Stohl et al. (2012) and Kristiansen et al. (2012).

3 Model simulations

A total of 19 atmospheric transport models have simulated the transport and removal of the radioactive
isotopes released dng the FDNPP accident. The models are classified as either Lagrangian Particle
Dispersion Models (LPDM), Aerosol Transport Models (ATM; models which rely entirely on
meteorological input data) and Aerosol Circulation Models (ACM; models which calduéatewn
meteorologyandor are nudged towards (re)analysis data). Table 1 shows an overview of the models
included in the experiment including their type, meteorology and model resolutions. More details on each

model 6s treat ment of aerosols are given in Appe

All model simulations were initiated wkitidentical emissions of cesiufit’Cs) and xenon't3Xe) as
determined from inversaodellingby Stohl et al. (2012)'he simulations extended from 11 March until at

least 5 June 2011 for when the last measurement oddimnuclides were takeA. total of 36.6 PBqg of

137Cs and 15.3 EBqf 1*3Xe werereleased bwll models.Theemission ratgvary significantly over the

emission period considered (11 MaiicRO April 2011)butFthe major emissions of the radionuclides

occurred over aboddays (1115 March 2011). The emissions of cesium continued until 20 March after
which they dropped significantlythe releases were divided into three vertical layers betwieE00 m
above grond level (Stohl et al., 2012¢roft et al. (2014) have shown that théokding lifetimes derived

from their GEOSChem model simulations of the Fukushima emissions do not depend very much on the
exact specification of the emissions (e.g., their altitlatgtion and time). This is because radionuclides

could be measured in the atmosphere for several months, long after the emissions practically had ceased
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(Kristiansen et al., 2012). Therefore, after the end of the emissions the decrease in measuredticorscent
can be attributed solely to aerosol removal. Biases in the emissions affect the absolumudalield

values, but not the lifetime estimate. In the analysispitght beexpected that the FLEXPART model will
perform relatively well since the source terms used by all models were estimated usingnmodsiiag

with the help of FLEXPART. However, the source term was constrained using measurements from severe

other statias than those utilized in the current study, and both airborne and deposition data.

The cesium was treated stidphateaerosols in the model simulations, i.e. undergoing the same wet and dry
deposition as AMsulphateaerosols. Xenon was treated as a passacer without wet and dry removal
processes. In order to evaluate the removal of aerosols due to wet and dry deposition processes only, no
radioactive decay df’Cs (halflife 30 years) and**Xe (haltlife 5.25 days) was simulated by the models or
the model simulation was decagorrected to the start of the nuclear accident (11 March 05:46 UTC). Both
the emissions used for the model simulations and the atmospheric concentration measurements were alst
decaycorrectedModelledcesium and xenon concentrations were sampled at the location of the 11 CTBTC
sites (Fig. 1), at times when measurements were available. This allows a direct comparison to the
measurements and observatlmsed lifetime evaluations (Kristiansen et al.,20Modelledtotal

atmospheric burdens as a function of time were also calculated and evaluated.

The transport of the radioactive cloud across the Northern Hemisphere is illustiaig®iras simulated

by the FLEXPART model using meteorological aneygata from the Global Forecast System (GFS) model
of the National Centers for Environmental Prediction (NCEP), in the weeks following the initial release at
FD-NPP. While transport patterns depend on the meteorological data set used (e.g., some navetds ge
their own meteorology), it can be seen thdt\Beeks after the start of the emissions, the radionuclides were

already distributed fairly homogeneously over the entire Northern Hemisphere.

4 Methods

We use the same basic approaches as in Kristiansen et al. (2012) to evaluate measwddll@akbss of
aerosol mass with time, i.e. aerosol lifetimes. Measured aerosol lifetimes derived directly from the decay c
stationmeasurements of cesiufi’Cs)and xenon'3Xe) (Kristiansen et al., 2012xrecompared to
modelledaerosol lifetimes determined in exactly the same way frmdelledstation concentrations for the
same time periods as the observations. To reduce the variability caused by atmuspispoct, we

normalize thé®'Cs values by th&Xe values, i.e. the ratio of the aerossICs) to the passive tracer

(**3Xe) is used throughout all lifetime evaluations. This largely compensates for variability in transport but
not completely becaugke source terms fd¢’Cs and'*3Xe are not perfectly correlated. Additionally, we

use global burdens estimated from measurement data as in Kristiansen et al. (2012) and compare these t

modelledglobal burdens.
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Several definitions of atmospheric lifetiregist. In Kristiansen et al. (2012), thdéadding lifetime was

used as a measure of aerosol lifetime. Croft et al. (2014) document, compare and explain differences
between global mean aerosol lifetime, the definition typically reported for acaostulimate model
simulations, and-éolding times from their GEO&hem transport simulations of the PP accident
emissions. They show that the two definitions are not directly comparable for tN®FPRase. The lifetime
results for the former definitionave heavily influenced by initial quick removal, giving a much shorter
lifetime than the €olding lifetime for the hemispherically relatively wetlixed phase starting about 3
weeks after the main emissions. They also show that the global mean aezbsw Btrongly depends on
the altitude where emissions are assumed to occur, whilefttheirgg lifetime is relatively insensitive to
emissions parameters such as altitude, location and time, suggestinéptiatgetimes allow a robust

comparison betwenmodelledand measuremetiased lifetimes-or the purpose of this study we consider

lifetime as equivalent to residence time.

In this exercise, we will use thefelding lifetime (as in Kristiansen et al., 2012) and the instantaneous
lifetime (as in Croft et al., 2014) as means of evaluation. The two lifetimes are typically used to evaluate

exponentially decreasing aerosol cortcations after an emissions pulse.

The efolding lifetime is defined as

W e @

F <

WwhereC(t) is the concentration at tin;, C(to) the initial concentration at tinte, andt; is the time since

to. Instantaneoulifetime is defined as

W. v <= (2)

wheret; andti.; are adjacent time steps, here in this study separatédiay.

Further, we calculate the mean and median of alinbéelledlifetimes. These are calculated from the
lifetimes obtained for each model. Since the distribution ofrtbdelledlifetime data are not symmetric but
have outliers, the mean is not the best representative oétieof the data, and therefore the nadis
preferred. The variability is given as the standard deviation (STD) from the mean, and the median absolut
deviation (MAD) from the median. The MAD is defined as the median of the absolute deviations from the

dat ads medi an:

D60 I AAEAT | AMEATHQ phaaDs (3)
whereN is the total number of models abids the lifetime (either €olding or instantaneous) obtained from

modeli.
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5 Results
5.1 Direct comparison of measured and modelled aerosol lifetimes

Here we present a direct comparison of measurednaaelledaerosol lifetimes based on an observational
constraint provided by radionuclide measurements of th&lPP emissions. We investigate the causes of
differences between the measurements and models. The measuneadafiddaerosol lifetimes are
estimatedrom the ratios of the aerosdf{Cs) to the passive tracéfiXe) surface concentrationSect.4)

at 11 CTBTO measurement sit&e(t.3) as shown ifrig. 3. Both the measurements and all model
simulations show a decrease in these ratios with timeodugtoval of aerosols. The aerosol lifetimes are
estimated by fitting an exponential decay mddety lines in Fig. 3)o the daily median ratios over all
stations (black triangles; ¥ in Fig. 3)l11Mddht wee
During this time period, measurement data exist from at least five stations each day, i.e. the daily median
valuex i s cal cul at ed .fTheaata density bebore slay 15fandvaiter daya6b is guie
sparse and there are samplingdais. Before day 15, the measurements are mainly from the closest stations
as the plume has not yet reached all sites and mixed through the Northern Hemisphere. After day 65, vali
measurement data become sparse because concentrations start to drdpebgddection limit and all data
below detection limit were discarded. The remaining valid data after day 65 are mainly from Yellowknife
and Spitsbergewith values near the detection limit these periods were considered, the lifetimes would be

biased hgh, possibly due to a latitude effect discussed later.

The measured aeroséf{Cs) to the passive tracefiXe) ratios decay withanfeo | di nge(Egilh) et i r
of 14.3 days (Fig. 3 and Table 2) with a 95% confidence interval of1IB7ldays (Appendix B and Table

B1). The equivalennodelled( lifetimes vary between 4.8 and 26.7 days with a model mean (z standard
deviation) of 10.7+5.5, and a model median (x MAq. 3 of 9.4+2.3 days (Table 2). Thus, the model

mean and median lifetimes are shorter than the lifetime based on the measurements, iathcatjogka
removal of the aerosols in the models. However, some individual models have longer lifedimes th
measured, and the model mean + standard deviation encompasses the measured lifetime. Large variatior
themodelledlifetimes are expected due to differences in the simulated transport and especially tropospher

removal.

Table 2 shows the lifetime estimates using data only from stations below and above 50°N separately. Botl

measured and meamodelledlifetimes are shorter below 50°N than at high latitudes, suggesting less

efficient aerosol removal at high latitud#&sring the time period investigatelérch-Jung. However, a few
models (NorESM, ULARCCM, EMAC-1, EMAC-2 and NAME) also have somewhat shorter lifetimes at
higher latitudes than at lower latitudes, and two models (CAM5 and FLEXPART) show no change in
lifetime with latitude. Wang et al. (2013b) found that CAM5, with the shortest lifetimes of all models,
overestimates aerosol wet removal by stquaried liquid in mixeebhase clouds, which was improved in

CAM5_PNNL. There is a larger spread in model lifegna@d larger deviations from the measurements at
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high latitudes compared to at lower latitudes, indicating larger uncertainties in the simulation of aerosols a
higher latitudes. Similarly, lifetime estimates from the earlier phase432fays after thetart of the

release, a period when the major emissions were over) are compared to those for later time periods (days
65) (Table 2). Both the measurements and the median model give slightly longer lifetimes (by abdut 0.3
days) for the earlier phastsan for later time periods. This is perhaps unexpected as the radionuclides are
initially located in the lower troposphere where they are strongly affected by precipitation scavenging and
dry deposition, and later when the radionuclides are mostly lorated relatively dry upper troposphere

(or even stratosphere) the removal processes are much less effective which would yield an increase in

lifetime. However, since the data used to derive the lifetimes are ghassdhnd thus biased towards that

partof the aerosol population residing in the lower troposphsey-mightneither the measurements nor

the models magetfully reflect the increase in lifetime due to transport in the upper troposphere.

Differences in lietime between tracers emitted ntar surface and those coming from the stratosphease

be substantial, as discussed in Kristiansen et al. (2Ba&hermore, most of the radionuclides were uplifted
immediately after the release (Stohl et al., 2012) and thus quite well mixed in the troposphere already for 1
earlier time period (days 246), as also shown in Fig. 2. In addition, station data ftanidter time periods

(day 4565) include fewer data points in the calculations than in the earlier phases. Lastly, there are larger
variations in thenodelledlifetimes for the later phase, and a larger model to measurement deviation,

indicating larger uecertainty in thenodelledlifetimes for the later phase than for the earlier phase.

In summary, both the mean and mediaodelledaerosol lifetimes are somewhat shorter than the observed
aerosol lifetime, although mostly agreeing within the standard davsabf themodelledlifetimes. The
underestimation of lifetimes by the models is smaller than what was indicated by Kristiansen et al. (2012)
based on reported mearodelledlifetimes from the literature, consistent with the findings of Croft et al.
(2014. The deviations between observed aratlelledaerosol lifetimes are largest for the northernmost
stations and at later time periods indicating higher uncertainties in the simulation of aerosols and aerosol

lifetimes at higher latitudes and later times.

5.2 Model evaluation of latitudinal variations in transport and scavenging

The previous section indicated that disagreements between the measurements and the models are larges
higher latitudes and at later time periods. This agrees with sg@vevabus studies (e.g., Shindell et al.,

2008; Koch et al., 2009), which suggest that models do not capture the Arctic aerosol variations very well.
I n this study, we have the possibility toioasval u
and transport at different latitudes, by comparing the measured and modelled &&@sphad the passive
transport tracer't3Xe) data. In this way, we can directly explore how well the models are atglpramuce

the observationat the northemmost stations (i.e. above 60°N; Yellowknife 62.5°N and Spitsbergen 78°N)
compared to at lower latitudes. We also examine whether there are any temporal variations in the model

observation deviations. The analyses are limited by the low number of Arcact8alstations and the

19



w

© 00 N oo o1 b

10
11
12
13
14
15

16
17
18
19
20
21
22
23
24
25
26

27
28
29
30

31
32
33
34
35

particular season and tiaperiod (MarchJune 2011) of the measurements. Some indications may still be
given which might help explain shortcomings with simulated scavenging and/or transport in the models, al

if one is the more likg cause for deviations to observations.

We use the ratio of th@odelledto measured surface concentrations as means of model score, where a
ratio > 1 indicates that the model oygedicts, and a ratio < 1 represents usatedictions (Fig. 4 and 5).
Figure6 shows the ratio ahodelledto observed aerosol (green circles) and passive transport tracer (blue
circles) concentrations as a function of latitude of the measurement stations. Generally, the models
reproduce the observed passive trat8K¢) valles better than the observed aero59CE) values,

indicating that transport is reasonably well represented in the models. Scavenging affects only the aeroso
causing more variability and a larger extent of eeerunderprediction. On average, ovet atations and
models, the median ratio ofodelledto measured passive tracer values is 0.79 (Fig. 4) and for the aerosols
0.49 (Fig. 5), suggesting a general urdediction of both aerosol and passive tracer concentrations. The
aerosol underestimatias consistent with the lifetime results from the previous section (5.1) which showed
thatmodelledaerosol lifetimes are too short compared to the measurements, and this would yield too muct

removal and thus und@redictions of the aerosol concentrations.

Furthermore, at the southernmost stations (Wake Island and Oahu) many modptedietiboth the

aerosol and passive tracer concentrations, whilst yméelicting both at the stations further north (Fig. 4

and 5). The exception is Schauinsland (48&Kgre the models generally oyaredict the passive tracer but
underpredict the aerosol values. We find the largest updediction at the northernmost stations;

Yellowknife for the passive tracer and Spitsbergen for the aerosol valuesiotledledto measured aerosol
ratios have a pronounced latitudinal trend with ratios decreasing (i.e. largetpuedietions) with

increasing latitud€Fig. 5 and 6), This indicates that there is too much aerosol removal occurring en route tc
the Arctic. There is atsa slight decrease modelledto measured passive tracer ratios with latitude (Fig. 4
and 6), suggesting that transport to the high latitudes is also not strong enough in the models and this
contributes to the aerosol underestimates at high latitudege\o, the main reason for the aerosol

underestimates at high latitudes must be a too efficient simulated removal.

Finally, Fig. 6 illustrates the temporal variationsrabdelledto measured ratios. The values are medians
over 14 day time periods and the sizehaf tircles indicates the timie larger the circle the later the time
period. Particularly for the aerosol values, some models tend to show a stronger underestithatioe,w

also evident in the median model.

Our results suggest thatodellingof both scavenging and transport are causes for disagreements with
observations. Transport to the high latitudes is not strong enough in the models and this contributes to the
model underestimates also of the aerosol tracer at high latitudes. Howewveodibléedto observed ratios
decrease much more strongly with latitude for the aerosol than for the passive tracer and this indicates the

problems with the aerosol scavenginghis major reason for disagreement between the simulations and the
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measurements. Scavenging in the models depends strongly on the representation of clouds (temporal an

spatial occurrencend dimensionsas well as on the amount of precipitation, whichlitedy to be the

underlying issues. This helps explain the larger deviations between measuneddetiddaerosol lifetimes
for the northernmost stations and at later time periods as seen in the previous section (Table 2).

5.3 Instantaneous lifetimes

The time variations in aerosol lifetimes can be examined further by considering the instantaneous lifetimes
Uhst (defined inSect.4). In this section we use global modelled data as opposed to the previous $eations
focused on modelled concentratsost the measurements stations. The estimate of instantaneous lifetimes
uses the global aerosdf{Cs) and passive tracéfiXe) burdens as simulated by the models. Kristiansen et
al. (2012) also provide an estimate for the burdens using the stationremeasts and a 1D box model. This
estimate is however limited by the assumption of a-metled state in the atmosphere and only valid
approximately after about 3 weeks after the release until about 9 weeks (Appendix C). Therefore, global
burdens estimateidom the measurement data are only available for a limited time period. The global
burdens are shown in Appendix C dfid. C1. The modelled global aerosét’Cs) burdens increase

initially due to continuous cesium emissions but decrease as the aares@moved from the atmosphere,
while the passive tracet*Xe) global burdens stay approximately constant in the models after the xenon

emissions cease. In the following, wealysethe instantaneous lifetimes obtained from the global burdens.

We use tk ratios of the aerosd®*(Cs) to the passive tracé?¥e) global burdens, and calculate the
instantaneous lifetimes (Eq. 2) from these ratios, as shown in JahkkFig. 7. In the first week after the

start of the release, timeodelledinstantaneoubfetimes are abou days (Table3), much shorter than the e
folding lifetimes presented iBect.5.1 for later time periods. This illustrates that the initial removal was
quicker, as previously suggested by Kristiansen et al. (2012) and illustrateaftiet@l. (2014). This is due

to the emissions occurring at low altitudes andomation of the plume with ging precipitation. After

about threaveeks, estimates for the instantaneous lifetimes from the measurement data are also possible
give a lifetime of 9.310.9 days, which is mostly longer than the median model lifetime of abeli0&10

days (Table3). After about sevemweeks (day 4%0),the instantaneous lifetimes reach some gsesidy

state with less variability (Fig. 7J.he occurrence of this less variable steady state is related to the

emissionsBetween day 1:@0 there are lovlevel emission®f 13'Cs, about one order of magnitutisss than

during the highest emissions around daBécause the emission was a point source (and not global) and its

geographical distribution is rather local, one continues to see the impact of single deposition events, maki

the instantaneous lifetinflictuate considerablyOn day 40 all emissions &t‘Csendin the model

simulationsThe PBL is soon emptied fromost!®'Cs, and the remaininid’Cs(mainlyin the free

tropospherkis more widely spread and gives rise to aesiable instantaneolifetime, and thus a quasi

steady state with less variabililthemodelledinstantaneous lifetimes over days 49 to 63 (wee@s 8

21



o 0o B~ WN P

~

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28
29
30
31
32

33

shaded area in Fig. 7) vary between 2.8 and 19.0 days with a model median of 10.4+2.5 days. The media
instantaneous lifetime for the same time period based on the measurements is 9.6+0.7 days. In this perio
the mediaimodelledlifetimes are closer to,ub slightly longer than those based on measurement data, in
contrast to earlier phases. This could be due to more pronmrueiglledthan real mixing into the

stratosphere where lifetimes are longer. This stratospheric mixing is not evident in theraedauoeement

data.

The further steady increase in the instantaneous lifetimes in the later phases after about day 65 (Fig. 7) is
attributed to transport and mixing into regions where the lifetimes are longer, such as the upper troposphe
and the stratosgne After some time, the troposphere is mainly cleaned by wet scavenging while aerosols
that have been transported into the stratosphere remain, as the removal there is inefficient, especially for .
aerosols for which also gravitational settling is velow. The total aerosol mass and the lifetimes are then
dominated by the stratospheric loading, giving a continuous increase in lifetime (Cassiani et al., 2013). Th
large variations in the steady increase of instantaneous lifetime between models metgteddo how the
models simulate transport into the upper troposphere and stratosphere. The longest lifetimes at later stag
are probably given by models that inject a fraction of the aerosols quickly into the stratosphere (probably
even by a single em§) and have an efficient removal in the troposphere, which would give a large (and
increasing) fraction of the aerosols residing in the upper troposphere and stratosphere. Furthermore, mod
with diffusive advecti on s cintetimesgatospheye. Thusahes si v el
instantaneous lifetimes at later stages are probably more indicative of the upper tropospheric/stratospheri
aerosol fraction and are less useful to constrain tropospheric removal. In addition, tmexee|
assumptionequired for the measuremederived lifetimes breaks down once a substantial fraction of the
material is in the stratosphere. This means that measurelmevied and modeaderived instantaneous

lifetimes for the later phases are not entirely comparabtbgegsare not derived in a consistent way. It is
expected that the measuremdatived instantaneous lifetimes are systematically lower, since they are
based on surface measurements with the assumption of a constant scale height. Calculating the global
burdens based on tmeodelledstation data and the box model reveals that for some models timeduoi@t

estimates indeed underestimate the full global burdens (see Appendix C and Fig. C1).

In summary, we find that theodelledinstantaneous lifetimes weretiailly short (about 22 days) and the
initial removal quicker than for later time periods. At later times (we€eKsthe instantaneous lifetimes
obtained by measurements were generally longer than obtained from the models, as als®est&nlin
from dation locations. After that, theodelledinstantaneous lifetimes are influenced by mixing into the

stratosphere and not representative anymore of scavenging processes in the troposphere.
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6 Discussion

6.1 Interpretation of the aerosol lifetime estimates

To interpret our estimates of aerosol lifetime, we first discuss an exemplified evolution of the aerosol burdt
after a unipulseemission (Fig. 8). In our example, the decay of the burden is not perfectly exponential but
consists of differentharacterististimescales Ther e i s a fast initiizal rer
which represents the time period when the aerosols are mostly residing in the planetary boundary layer
(PBL) and are very susceptible to dry and wet deposition. Thedeaviod has slower removal with a time

s ¢ a2l aad rdépresents the period when most of the aerosols are residing in the free troposphere. The las
ti me period, with t b &sthesdermdwvwehentmost e theagrosbls areeremevatiafio e

the troposphere and only the fraction that was transported into the stratosphere remains.

The exemplified curve would depend on where on the globe the emissions take place, during which seasc
and might differ from year to year. Thus, the time scaldssary greatly for different cases, and also for

di fferent models handling the mweuddbeverydifergngforfalo r t
cases, probably depending on a few precipitation events, while different cases and modeisveoald

smal | er sapnrdeviadh aré ajfectedby processes on a more global scale. Global mean lifetimes
(e.g., Croft et al., 2014) would neainlyd et er mi ned by t k) endit couldbe arduedibhath a
knowing the initial lifetimes important for estimating the aerosol burden, the radiative forcing and climate

sensitivity.

Il n this study we focus mabetduse sufficientmeasureament data wered | a
only available from about two weeks after the start efréiease, until about day 65 (Sect. 5.1). We do not
have sufficient meyaastilislkeyghattseme ofthe samenpsotessasi contriltiite to
det er miyare3.b owhhi 8Jle pUobably mainly impactied by pr
additionally influenced by how the aerosols are mixed out of the PBL, transported in the free troposphere
and finally brought back into the PBL ;alsdpedotm way
we | | 1. Ih @urcas®, another flife r e n c e 1 & re disaldatethe fotther was mostly determined by a

few individual precipitation events near Fukushima, while the latter is determined by removal occurring

worldwide.

The evolution of the burden Kig. 8 can be approximated by the sofrthree exponential functions, i.e.
A Aop Aop AP (4)

where § + fo +f3 = 1.

A mean lifetime can be calculated as
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which corresponds to the area under the curve f(t).

Usinga optimizing convolution approach we can find the coefficients in Eq. 4 which give the best agreeme
between the aerosol burdens obtained from the model simulations (Appendix C) and the expression in Ec
Table4ds hows t he «char actam dobtbiredront the manwlatmn apmoadl, calculated
for the different models from their aerostl’Cs) burdens, as well as the mean lifetllagEq. 5). The initial

t i me 1$séastdstand@rourtiays, which is related to the low altiridmissions diydrophilicaerosols.

The intermediate time scal@ is around12 days, and the longest time schjeabout 156200 daysThe

e st i mastvenydunddrtain for most models as it is very close to the a priori estimate of 200 days. Th
exceptions are the NorESM and Gi8®delE models which had longer time series available. The model
mean and paeedherafore chlaulatedbased orsthisvo modelsonlfl. h e  me a n ni$ rattiee t i
short, on the orderof-2 days, and i s iswhichavasgalsoydenaohsfragded byeCdoft dt @l. |
(2014).Th e e st i.shavsegood agreeméht with the instantandiéetime Uhstover week 89 from

Fig. 7 andTable3, and for most models thefeo | d i n g efrbmi Fige3tand Mable diso fit well with (3.

This clearlydemonstrate that inthisstudythe cus i s on the Jdntermediate

6.2 Causes of model-observation deviations and model differences

Our results show that there are significant deviations betae@solifetimes obtained from models and

those obtained from observations. Thedelledlifetimes have a large spread but are generally shorter than
the observed lifetimdn addition, large biases in model to observed surface concentrations were found, witl
an overall undeprediction of both thaerosol £¥'Cs) and passive tracéfXe) concentrationsThe model
observation deviations can be due to inaccuracies in the source emissions, errors in scavenging and
convective transport, and incorreliffusivity of the modelsThese issues are discussed more in the

following.

Inaccuracies in the source emissions will affect the absolute ramdelated values and therefore the biases

in the model to observed concentrations (Fig8).4t cannot be ruled out that otifCs emissions are too

low, or there were errors in the injion heights. However, thé’Cs source term used is rather on the high
side compared to others (e.g., Chino et al., 2011). Alsd3%e source term has been confirmed
independently (Stohl et al., 2012b) and has rather low uncertainty. Overall, untise=ytia the assumed

source term and its implementation are likely not the main reasons for the general underestimation of the
aerosol ¥'Cs) and passive tracéf{Xe) concentrations. The lifetime estimates (Fig. 3 and Table 2) are not
affected by thelasolute values of the source term used. However, these lifetime estimates would be affecte
by possible late emissions of radionuclides long after the start of the release. Such late additional release:
could be either direct late emissions from-NPP orindirect releases by resuspension of deposited
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radionuclides. Kristiansen et al. (2012) discussed this uncertainty and found no evidence for such late

emissions, neither in the measurement data nor in the existing literature onMNPFaCcident.

Most malels have treated cesium solelysatphateaerosols, while it is possible that some of the cesium
attached to other aerosol components with different deposition properties. Initetly,moRrsoluble

aerosols could have been present around the power plant, which might be removed less efficiently from tt
atmosphere in the first days after emission before mixing internally with soluble aerosol components. The
assumption that cesium attesxl solely tasulphatecould result in too strong scavenging during the first few
days after the release, and can therefore contribute to the overall underestimations of the-#és)sol (
concentrations (Fig. 5T.he efolding lifetimes (Table 2) shouldot be affected by errors in theodelled
scavenging effi ci eimEiy 8),)asthetédidng lifetimes hawe beempderved enly(fot)

|l ater peri ods :inkid. 8)amen thesaerdsals/ase likely internally mikied ardsol

components undergo similar removal.

More i mportantly, the model sd tr eat medeledifaife aer o
and absolute concentrations. Thedelledrepresentation and distribution of clouds, as well as rainrpatte

and rain intensity, are important factors since they determine where and how much aerosol is removed.
Further, the horizontal resolution of the model and meteorological input data might have a large impact in
terms of clouds and precipitation (integsaind spatial extent). Higher horizontal resolution can in general
lead to more resolved largeale and less stdrid convective clouds (Hagemann et al., 2006). The
scavenging parameterizations, including cloud and rain definitions and occurrencegye#figrbetween

the models (Table Al), and are likely the major cause of model differences and deviations between mode

and observations. Thissueis further discussed iBect.6.6.

Additionally, the coupling between aerosol scavenging and the convection scheme in the models may
represent a large source of uncertainty and thus contributes to bothaobedstation deviations and
differences between models. Different aerosol amounysreah the dry upper troposphere depending on
how aerosols are scavenged in convective updrafts and whether updrafts are allowed in the convection
scheme to overshoot the level of neutral buoyancy. This has an immediate impact on lifetime via the
convectve scavenging and also longer term effects, depending on how much aerosol can reach the upper
troposphere. Finally, the diffusivity of the models, i.e. either pure numerical diffusivity or apparent
diffusivity caused by less representative winds, may bdeportant cause of the deviations between the
models and observations, and the differences between models. If the models are too diffusive, they may
unphysically transport aerosols to higher altitudes where they are preserved. Once too much aerosol mas
reaches high altitudessfelding lifetimes would be very long. At the same time too excessive vertical
diffusion would mean that the aerosols are not confined sufficiently to the lowest mode(K®ati<t al.,

2009) and thushe models will probably ureestimatenassnear the surface. These topics of coupling

convection with scavenging, and diffusivity should be investigated further.
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6.3 Modelled aerosol lifetime versus aerosol concentration bias

Comparing the lifetime estimates in Table 2 andadmesol concentration bias values kig. 5, it seems that
some models have a large bias to the measured aerosol concentrations, yet still have a realistiE.lgfetime
OsloCTM3 has a relatively small biasijo 0.76 i.e.-24% relative bigsand difetime of 8.8 days, while
OsloCTM2 highly underestimates the aerosol concentratimasrétio 0.02, i.e -98% relative bias) and has

a lifetime estimate of 11.2 days, closer to the lifetime estimate from the observations (14.3 days). This is
probably lecause the concentrations are strongly influenced by the treatment of theequosfalrin the

first few days when the plume was at low altitude antbcated with areas aftrong precipitation, whereas
the lifetimes derived for later time periods argensitive to this initial removaDepending on how the

models simulate this initial episode (e.g., how the aerosol plume and precipitation areas align), different
amounts of aerosols can survive the first few days. This is clearly sEan & whichshows how the total
atmospheric aerosot*(Cs) burdens for the different models vary over the first three weeks after the initial
release. As an example, OsloCTM2 has stronger aerosol removal than OsloCTMS3 during the first three
weeks. Further, even reblatly small differences in lifetimes can lead to large concentration differences after
several multiples of the lifetime. For instance, assume tracers with 6 and 10fdliseelifetimes. After

60 days, total atmospheric burdens of these two tracdrdifiglr by a factor 50 (reduced to 1/403 and
1/22026, respectively, of the initial burden). This might also explain why aerosol models differ so widely
from each other at later times (e.g., in remote regions like the Arctic), whereas they agree mubbselgre

in earlier time periods and closer to the source regions (e.g. Fig. 5).

Additionally, by comparing the instantaneous lifetimes in T&Méth the aerosotoncentratiorbias values

in Fig. 5, themodels with positive biases (greater than one, i.e. overestimation of the aerosol concentration
tend to show longer instantaneous lifetime in the first few weeks (Fig. T@a)models that are strongly
underestimating the aerosol concentrations hale#ger instantaneous lifetime in the first weeks. This
confirms that the initial quick removal isodelleddifferently by the various models, which affects the
absolute concentrations and bias calculatibasthermore, there seems to be a positive crosl of

lifetimes for different time periods (Fig. 10bMost models that have short instantaneous lifetimes in the

first three weeks also have short instantaneous lifetimes for later time periods.

6.4 Differences in modelled transport and scavenging

Our results show that there is a large spread in the model results. This is due to the different ways the mo
handle transport and scavengilge note that theange of models in our analysis is quite wide. Many are
developed for climate applicationscamay have been adapted for longer lifetime aspects, while others are
more focused on dispersion and transport on a shorter timelscatiglition some modelare related to
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each othenwhich will affect the model ensembldowever,as some models are related by driving

meteorology, others are related by aerosol module, which makes it difficult to categorize this appropriately

Sensitivity simulations with the NorESM model (not shown) indicate that between five ensemble members
all simulating their own meteorological conditions, there were no large differences in lif€hrmeuggests

that the lifetime estimates are independent of the meteorological situation, although the difference betwee
the different models might be greateaha perturbed ensemble of one model, and resolution effects might
also play a role. Croft et al. (2014) showed that th@ding lifetimes do not depend very much on the exact
model setup (emission altitude, vdngingparametanizattomsdre t i
likely to be the main cause of intBrodel differences in-éolding times in this study, especially at times

periods around 165 days after the release start.

The vertical distribution of themodelledaerosols will likely dfer substantially between the various model
simulations. At later time periods, the troposphere would be mainly cleaned by wet scavenging while
aerosols that have been transported into the stratosphere (or upper troposphere) remain, as the removal
is inefficient. The total aerosol mass and the lifetimes are then dominated by the upper tropospheric and
stratospheric loading, giving an increase in lifetime (Cassiani et al., 2013). The different stratospheric
loadings might therefore be a cause ofdamgpdel differences. For example, in the OsloCTM2 and
OsloCTM3 simulations, about 7&0% of the burden is stratospheric at the end of the simulation.

OsloCTM2 has a higher stratospheric loading than OsloCTM3, which might be related to its coarser
resolution and thus stronger diffusion, which partly explains why OsloCTM2 generally has a longer lifetime
(Table 2). By calculating tropospheric burdens and the associated lifetimes (burden relative to wet
deposition; not shown), this yields the lifetime with mspo scavenging without the effect of stratospheric
mixing. Then the lifetime for OsloCTM3 is longer than for OsloCTM2, highlighting the impact of the
different stratospheric aerosol loadings at later times.

The vertical distribution of the aerosols is explored further for four different models which span the range i
modellediifetimes; FLEXPART with a short lifetime (~6 days); EEMEP with the longest (~27 days); and
OsloCTM3 and NorESM with lifetimes closer, tout still lower than the measurements (8.8 and 10.5 days,
respectively). Figure 11 shows the total aeroS8CE) mass as a function of latitude for these four models,

in four different height layers (surfacebtkm, 510 km and above 10 km) at thréiferent time steps (14,

28 and 41 days after the first emissions). The aerosol concentrations in the surface layer (lowest model le
peak around the latitude of the emission pulse for all models. FLEXPART and NorESM generally have
more aerosols at theurface than OsloCTM3 and EEMEP and this is particularly evident at the northernmos
latitudes. The same trend can be seen in the lower tropospHekan(Dexcept OsloCTM3 is closer to or

above FLEXPART while NorESM has consistently more mass at thegaseAt higher altitudes (20 km

and above 10 km) OsloCTM3 and NorESM have the most aerosol mass at highest altitudes (above 10 krr
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This indicates that models with lifetimes closer to the measurements have more mass at higher altitudes.
FLEXPART ard EEMEP models with lifetimes that deviate more from the observations show lower

fractions of the aerosol mass at higher altitudes.

The passive tracer also shows large differences between models (e.g. Fig. 4). Evelfromodetssame
Aifamilyo (e.g. GI'SS, CAM and ECHAM) give quite
four models based on ECHAMS seem to simulate the passive tracer transport quite differently. This could
due to differences in the @img meteorological fields or advection schemes used in the models. The tracer
transport is affected by four processes: 1) lagge transport, 2) convective transport, 3) turbulent

transport, and 4) artificial numerical diffusion. All four processesansitive to horizontal and vertical
resolution, even if the models are all nudged towards the same reanalysis. Another possibility is that the
implementation of the point source was treated differently in the models, e.g. the flux was added at slightly
different times (before or after certain physical processes) in the model (see Fig. 9). To identify the exact

reasons why there are such large differences warrants a further study.

6.5 Sensitivity of e-folding times to measurement sampling

In this study ve have usethodelledsurface concentrations at the times when observation data exist,
amounting to 433 data points over all 11 stations and measurement times (March to June 2011) considere
Croft et al. (2014) did a similar lifetime estimate but derifrech modelledsurface concentrations 6¥Cs

from continuous time series at the 11 stations during March to June 2011 usin@y%b06Qthourlywalues

They found a lifetime for GEOE&hem of about 16.7 days, while in this study the lifetime estimate for
GEOSChem is longer (20.2 days$jor five other models (GIS8odelE, FLEXPART, BCC SGCM CAM,
EMAC-1 and EMAG2) we calculated the difference in the estted lifetime using continuous-fiburly or
3-hourly) time series at the stations, compared to using only the 433 data points at the times of the
measurements. For all five models, the lifetime is slightly shorter (by 0.2 to 0.9 days) when using the
continuous data than when using only data at the measurement times, but the difference is much smaller
for GEOSChem (3.5 dayslGEOSChem is sensitive to the initial scavenging and transport as apparent in
Fig. 3 by the anomalous values at Wake Islanthenearly time period. Insufficient scavenging at 4iigh
latitudes may also play a role, as seen in the overestimation of aerosol concentr&ligrts iand this

seems to contribute to the longer lifetime for the selection of points used in thisritttigr discussion on

the scavenging parameterization in GEOI$em is given irbect.6.6.

Another issue with the measurement sampling is how to deal with measurement values below detection li
(BDL). In our analysis we have discarded all data BDL, hawrehis might bias the measurements high. To
address this, we made a sensitivity test where all measurements values BLD were set to 1% of the detect
limit, and included in the analysis. This increased the number of station values from 433 to 49&tidine

with the most data BDL are Ulan Bator, Ashland and St. Johns, and the BDL values occur mostly betweer
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days 40 to 70. During the days 15 to 65, the time period of the lifetime estimiig. B, there are 38 BDL
values mostly at Ulan Bator and Ashland. Using also BDL values in the analysidpttme lifetime over

days 1565 decrease by 0.7 days (from 14.3 to 13.6 days) compared to when discarding BDL values. This
illustrates that a smallids might be present when removing values BDL, but the difference is not significant
indicating that the measurement numbers are robust to BDL values. Besides, since the exact same statiol
data points are used for the derivation of thelding lifetimesfrom the measurement data and the
modelleddata, it is likely that the same bias is present in botimibdelledand measurement data sets and
therefore the comparison ofodelledand measured lifetimes remains valid.

6.6 Sensitivity of e-folding times and aerosol bias to wet removal parameterizations

A sensitivity test with the NAMEIIIl model was d
were decreased by a factor 10. It is not suggested that the initial scavenging coefficients eterd @ fao

high, but it was done to demonstrate the results of running the model with different scavenging coefficient
Decreasing the scavenging coefficients by a factor of 10 increaseddldéng lifetime from 5.5 days to

13.1 days (not shown), ikrating the dependency of estimated lifetimes on scavenging treatment.

Further, recent revisions to GE&@hem that introduce an explicit dependence of wet removal efficiency on
(1) cloud liquid and ice water conte() cloud temperature and (3) clouddtion from the assimilated
meteorological fields have yielded about 40% lower mean lifetimes in the Arctic spring and s@nufter (

et al. (in prep;)Wang et al., 2014). Two revised simulations based on these changes,GBEMST258

and GEOSChem_allT, & included here (Fig. 12 and Tablefor comparison to the default scavenging in
GEOS Chem (GEOSChem_Orig, same simulation abelledGEOSChem in all previous tables and

figures). Simulation GEO&hem_T258 updates the scavenging scheme relative to GE&S_Orig

through processes (1)3), but preserves the restriction for lasgmale incloud scavenging of aerosols to
temperatures ave 258K. Simulation GEGEhem_T258 produces a significantly lower aerosol
concentration bias (1.69 vs 5.53) relative to observations (Fig. 12). As wellfdlung lifetimes for the

station data are shorter by upgidays (Tablé). These improvementisiply that using an explicit

dependence of wet removal rates on cloud properties may be necessary to properly capture aerosol lifetin
Simulation GEOSChem_T258 yields the greatest change in the lifetimes for earlier periods (about 30% for
days 2545, Tableb), indicating that these scavenging revisions influence removal efficiency in or near the
boundary layer more than in the free troposphere. The simulated stébidimg lifetimes for days 465

are insensitive to these scavenging revisions ateestyres warmer than 258K, suggesting that the day 46
65 efolding lifetimes characterize scavenging efficiency at colder temperatures in the free troposphere.
Implementing these larggcale scavenging revisions at all temperatures (simulation GEH@8_dlT)

yields the closest agreement with the observed da&b4&folding lifetimes (13.2 days vs. 14.7 days),
although the aerosol concentration bias relative to observations become negativi3(i.e-0.52relative
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biag. This illustrates the importacontrol of scavenging efficiency in the free troposphere and at

temperatures colder than 258K on thedel@ing lifetimes.

6.7 Comparison to other recent studies

The present study suggests that models generally have a toswdpbatdifetime, while in a recent study
Samset et al. (2014) find that models seem to have a too long black carbon (BC) lifetime, in line with othel
recent studies (Bauer et al., 2013; Wang et al., 2014). These and other studies (e.g., Wang et al., 2013b)
using vertical profiles of BC from aircraft measurements have shown that the models tend to underestimat
the concentrations close to ground, while overestimating at higher altitudes, particularly in the upper
troposphere. The overall tendency for the atmaspleelumn is an overestimation and hence a conclusion
that models require a shorter lifetime and more wet removalgoodice the measurements. However, a
uniform reduction of thenodelledBC lifetime would lead to an even larger underestimation auhace

in the Arctic (Eckhardt et al., 2015). This points to considerable regional and vertical differences in
lifetimes, which was clearly illustrated by Croft et al. (2014) using the GE&n model. They showed
thatmodelledlifetimes were lowest aness than 5 days in the boundary layer below 2 km, and increased by
several orders of magnitude with altitude as wet removal mechanisms became increasingly less efficient
with altitude. Lastly, transport issues may cause the apparent misfit between anddogher altitudes. In

our study, we have shown that some models underestimate transport particularly to the northernmost
stations.

Eckhardt et al. (2015) compared both surfarel aircraft measurementssfiphateand black carbon (BC)

in the Arctic b model output from eleven different models. They found that the models generally
underestimate the surfacencentrations of BC angllphatan winter/spring, whereas concentrations in
summer were overestimated. Boiphatethey found very large differences in the model ensemble, with an
apparent artcorrelation betweemodelledsurface concentrations and total atmospheric columns. They also
found a strong correlation between surface measuipthateandBC concentrationswhich indicated that

the sources contributing sulphateand BC are similar throughout the Arctic, and that the aerosols are
internally mixed and undergo similar removaleither Eckhardt et al. (2015) nor Samset et al. (2014) found
an obvious factomiodel type or aerosol treatment) that could explain why some models performed better

than others.

Our findings suggest that the models tend to underestimate aerosol lifetimes compared to radionuclide
observations, in contrast to what is found for BC framime of the other studies mentioned abave.

course, the differences may arise fromdiferent properties of sulphate and BC. The removal time of BC

depends strongly on its mixing state amdittedsize distribution (Reddington et a20Q13).Specifically,in

models theBC removalime scalds also dependent on the aging parameterizations, whichften very

simple andnight be a confounding factorhis could mean that our results are not representative for BC
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and are certainly noepresentative for freshly emitted BBowever, the high correlation and similar

behaviour of sulphate and BC found by Eckhardt €2815) suggests that their fate in the remote

atmosphere is similaThe disagreement between models and observatigastisularly evident for the

Arctic regions, and there seems to be a mismatch between the surface and at higher Hiteérefese, ve
recommend that radionuclides, in particdfiXe and'*’Cs,bemeasured in the free troposphere in the days
and weeks following any detection coming from abnormal atmospheric releases. Such measurement will
allow us to understand if the models can reproduce the atmospheric burden and vertical profiles of the
aerosolsand better constrain modelled aerosol lifetimes.

7 Conclusions

In this study, we have compared measurednaodelledaccumulatiormode (AM) aerosol lifetimes, using
radioactive isotopes released during the Fukushimddbanuclear power plant accident of March 2011.

The radioactive isotop€’Cs released in large quantities during the accident, attached to pantities

ambient airapproximatelypyaccording tadhe particle surface area, which is generally dominated by the
accumulation mode (AM). Measurements suggestedstiphateaerosols were the main carrier for the
cesium, and cesium was therefore used eacaitfor the AMsulphataer os ol 6s fate i n =
contrast, the noble gas xend#’Xe), also released during the accident, behaved almost like a passive trace
and served as a reference species for atmospheric transport. Global measufe¢hehisaadioactive

isotopes taken over several months allowed the quantification of the lifetime of the carrier a€hesols.
lifetimes apply to aerosols that have undergone-tamge transport (after abou32wveeks), i.e. the results
presented canndirectly constrain the lifetime of freshly emitted aerosols or secondary aerosols produced i

the boundary layer.

19 global models simulated the transport of the radioactive isotopes using identical emigsions.
investigated to what extent the modelsildareproduce the observations, especially with respect to the
observed loss of aerosol mass with time. Model results sampedcitythe same location and times as
station measurements allowed a direct comparison between measuneddatiddaerosol decay and
provided a strong constraint amodelledaerosol lifetime. Concentrations at measurement sites and global

atmospheric burdens were used to evaluatentbdelledlifetime of the aerosols.
Our main findings are

T Theef ol di n g .ebtimatesl framrst@atiorUmeasurements taken about two to nine weeks after
the start of the emissions, is 14.3 days (95% confidence interval33 . Hays), and serve as an
estimate for the lifetime of AMulphateaerosol. The equivalentodelledl lifetimes have a large
spread, varying between 4.8 and 26.7 days with a model median of 9.4+2 Blddgded

instantaneous lifetimes show that the initial removal was quicker due to the emissions occurring at
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low altitudes and céocation with strong precipitain. Both efolding and instantaneous lifetime
estimates show that the models generally give a slightly shorter aerosol lifetime than observed. Thi
is in contrast to recent findings for black carbon, which showed too long modelled lifetimes
compared to agraft measurements. More measurements of both radionuclides and ddfnesul
componentsparticularly in thdree troposphere, are needed to better constrain modelled lifetimes,

and understand these inconsistencies.

Deviations between measured anddelledaerosol lifetimes are largest for the northernmost
stations and at later time periods. Comparisons of measuredatelledaerosol {*'Cs) and passive
tracer {#3Xe) concentrations at each measurement station show a general underestimation at hig
latitudes, suggesting that both scavenging and transport are causes for disagreements with
observations. The underestimatiesreis largest for the aerosol$*(Cs), suggesting that scavenging

and related cloud processes are the major reasons fomhgae-tofrom theobservations.

Some models have a large bias to the measured aerosol concentrations, while at the same time
showing a realistic lifetime. This lkkely due to the treatment of the initial quick removal that affects
the aerosol concentrations but tioe lifetime estimatewhichis derived only for later periods (after
two weeks)Different approaches might be needed for tackling-omeundefrscavenginglose to

the source emission in the early phase, and gedse scavenging at later time periods. Revisions

to one model that introduced an explicit dependence of wet removal efficiency on cloud liquid and
ice water contentloud temperature and clo@idction from the assimilated meteorological fields,

yielded significantly improved results.

How representative or diffusive the transport schemes of the models are, and to what extent they
produce too fast vertical transport, should be investigated fuERkeessive diffusion in the models
would mean that too much aerosol mass would be present at high altitudes, thereby increasing e
folding lifetimes independently of scavenging, while at the same time the models will likely

underestimate aerosol concetitbas near the surface.

32



© 00 N o O

10

11

12
13
14
15
16
17
18
19
20

21
22
23
24
25
26
27
28
29
30
31
32
33

Appendix A: Aerosol modules

Table A1 gives an overview of each model 6s trea

Appendix B: Confidence intervals and R? statistics for lifetime estimates

Table B1 gives the 95%onfidence interval (C.1.) forthefeo | d i n g . (Eqil¥frenh Talohee2. Nibte that

Wis not thecentreof the C.I. as explained by Kristiansen et al. (2012). The table also gives the coefficients
of determination Rwhich measure how close the data are to the fitted exponential decay models, with 1.0
indicating a perfect fit, and values that are not statistically significant at the 99.9% level are marked with al
asterisk.

Appendix C: Global aerosol burden

Theaerosol lifetime can also be assessed through the decay of the global atmospheric-#@s)sol (

burden. Figure C1 shows different estimates of measurechadelledatmospheric burdens of both the
aerosol £¥'Cs) and the passive tracét®ke). First, gbbal burdens are estimated withhB-box model using

the station measurements (Kristiansen et al., 2012). The box model assumes that the station concentratio
the ground are representative for the depth of the tropospheric column and for the latithidecbrtain

station is located in. This requires an assumption of amigktd state, which occurs after about 20 days
(Kristiansen et al., 2012). The same bogdel calculations were performed on thedelledstation data

(dark green and blue lines imgEC1). Secondnodelledglobal burdens were also calculated from the full

3D model output (light green and turquoise lines in Fig. C1).

Comparing the burdens calculated by applying the box model to the model simulated station data (dark
green and blueries in Fig. C1) with thenodelledglobal burdens based on the full 3D model output (bright
green and turquoise lines) serves as an evaluation of the box model assumption. For some models the gl
burdens from the surfasites extrapolated with the boxoatel compare well with the burdens from the full
model output directly, while for almost half of the models (GM&lelE, ULAQCCM, CAM5, EMAC-1,
ECHAM-HAM2, EEMEP, OsloCTM2, NAME) the bermodel estimates do not reconstruct the full global
burdens very wélnd a general underestimation from the-bwdel estimates are found, which is expected
since they are based on surface measurements. When estimating the lifetime from the modelled global
burdens, we choose to use the global burdens based on the fellougaut rather than those based on the
modelled station data and the box model, while for the lifetime estimate from the measurements we must
rely on the box model and measured station data. This makes the comparison of lifetimes derived from thi
globalburden data not entirely consistent since the measureah@thelledburdens are not calculated in the

exact same way.
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Themodelledpassive tracef{3Xe) burdens (turquoise lines in Fig. C1) increase in the first few days due to
xenon emissionsvhich coninue until days. Over the next monththe passive tracer burdens stay
approximately constant since it is not lost by any physical removal such as wet scavenging (and radioacti
decay is corrected for). The passive tracer global burdens based onitimedstiz and box model (dark blue
lines) are only shown from day 20 onwards due to the requireewisatid assumption. Some slight

decrease seen in the measurements is related to leakage into the stratosphere or outside the domain (i.e.
Southern Hemjshere) considered for the box model estimates.rifidbdelledglobal aerosol*’Cs) burdens
(bright green lines) also increase initially due to continuous cesium emissions which peal3odmidy

about day 40the aerosol burdens vary as they are aftebtethe emissions. After about 10 day® cesium
emissions drop significantly, but emissions continue between day 10 and 40 at about two orders of
magnitude lower than the largest emissions. Hence, occasionally the aerosol burdens are increasing after
decrease up until day 40. After thisydéhe cesium burdens decrease as the aerosols are removed from the
atmosphere or are lost by mixing into the stratosphere. The ratio of the a&¥&@=)Itp the passive tracer

(**3Xe) burdens (black lines) decreases due to loss of aerosols, mosthatkhby wet deposition.

The efolding lifetime (Eq. 1)is calculated from the ratio of the aerossICs) to the passive tracéfiXe)
burdens, by fitting an exponential decay model to the ratios between day 45 and day 65 (grey lines). Befo
day 45 the global aerosol burdens vary due to continuous emissions and reach-stephsitate after

about 4550 days when the burden values are becoming less variable. After,dag 6feasurement

uncertainty becomes more substantial as the measured conaestagiproach the instruments' detection

| i mi teclifetiménbasedlon the global burdens from the station measurements and the box model is 12.!
days, while the lifetime based on the modelled global burdens (from the full 3D model output) vary betwee
2.6 and 16.3 days with a model mean (x standard deviation) of 10.0+4.1 days, and a model median (+ MA
Eq. 3 of 9.4+2 .4 days.

The lifetime derived from the bemodel based burdens is more uncertain than the lifetime estimate from the
station data irBect.5.1 due to the required assumption of a waked state of the atmosphere. The
assumption is violated due to slow mixing into the stratosphere. Once a large fraction of the material is in
the stratosphere the watlixed assumption breaks down. Thitect becomes more prominent at later times
as the fraction of aerosof${Cs) in the stratosphere increases while most of the tropospheric aerosols
(*3"Cs) have been removed by scavenging. Loss to the stratosphere cannot be distinguished from
tropospheac removal. Errors due to variability caused by the relatively psganesentivityof the

measurement network may also exist in the-bmdel estimates. Thaodelledglobal burdens calculated

from the full 3D model outputs should not have this problenat Tieans that measuremeletrived and
modetderived lifetimes for the later phases are not entirely comparable, as they are not derived in a

consistent way.
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In summary, the lifetime estimates based on global atmospheric burdens showrtizd¢hedifetimes
are somewhat shorter than those based on the measurements. This is the same trend as seen for the sta
data inSect.5.1. However, the lifetime estimates based on therbodel calculations are more uncertain

due to the required wethixed assumjpn.
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1 Table 1. List oimodels. ATM: Aerosol Transport Models (models which rely entirely on meteorological
F input data), ACM: Aerosol Circulation Models (models which calculate their own meteobeigy are
3 nudged towards (re)analysis data), LPDM: Lagrangian PaBRislgersion Models, *AEROCOM Phase I
4 models.
Model Type Meteorology Model output resolutior References
H: Horizontal (degrees lat x lon)
V: Vertical, T: Temporal
1 NorESM ACM Internal (generated online) H: 1.875x2.5° Kirkevag et al. (2013),
V: 26 levels up to ~2.2 hPa. Iversen et al(2013),
T: 3 h mean (model calc. 30 min) Bentsen et al. (2013)
2 GISSModelE2TOMAS* ACM NCEP reanalysis horizontal winds ever H: 2.0°x2.5° Adams andSeinfeld
6h V: 40 levels up to 0.1 hPa (2002), Lee et al. (2015)
T: 3 h mean (model calc. 30 min)
3 GISSModelE* ACM NCEP reanalysis horizontal winds ever H: 2.0°x2.5° Koch et al. (2006),
6h V: 40 levels up to 0.1 hPa Tsigaridis et al. (2013),
T: 3 h mean (model calc. 30 min)  Schmidt et al(2014)
4 ULAQ-CCM ACM Internal (generated online) H: 5.0°x6.0° (T21) Pitari et al. (2014)
V: 126 levels up to mesosphere
T: 45 min
5 BCC AGCM 2.0.1 CAM* ACM Online coupled. NCEP/NCAR H:2.8°x2.8° Gong et al. (2003),
- - - reanalysis as initial field V: 26 levels up to 2.9 hPa Zhang et al. (2012b),
T: 3 h (modekalc. 20 min) Zhang et al. (2014)
6 LMDZORINCA ACM Nudged to ERAInterim reanalysis wind H: 2.5°x1.27° Evangeliou et al2013)
fields every 6 h with a relaxation time ¢ V: 39 levels up to ~78 km
10 days T: 3 h mean
7 CAM5S* ACM ERA-Interim reanalysis every 6 h fre  H: 1.9°x2.5° Liu et al. (2012),
gridded to the model grid resolution)  V: 56 levels up to 1.9 hPa Ma et al. (2013)
T: 30 min
8 CAM5 PNNL* ACM Same as CAM5 Same as CAM5 Wang et al. (2013b)
9 CAM5 NDG ACM ERA-Interim reanalysis horizontal H: 1.9°x2.5° Liu et al. (2012),
- winds (regridded to the model grid) at V: 30 levels up to 3.6 hPa Zhang et al. (2014)
every model time step, with a relaxatio T: 30 min
time scale of 6 h
10 ECHAM5-M ESSy. ACM ERA-Interim every 6 h on the model H: 1.1°x1.1° Christoudias et al. (2013
. . grid resolution. Nudged variables are  V: 31 levels ugo 10hPa
Atmospherlc ChemlStry divergence and vorticity of the wind,  T: 3 h (model calc. 6 min)
Model, v1.92 (EMAG1) temperature, and the logarithm of the
surface pressure
11 ECHAM5-M ESSy. ACM ERA-Interim every 6 h on the model H: 1.9°x1.9° Kunkel (2012),
. . grid resolution. Nudged variables are  V: 31 levels up to 10hPa (~30 km) Kunkel et al. (2013)
Atmospherlc ChemlStry divergence and vorticity of the wind,  T: 1 h (model calc. 15 min)
Model, v2.50 (EMAG?2) temperature, anthe logarithm of the
surface pressure
12 ECHAM5-HAM2* ACM Nudged towards ERAnterim reanalysis H: 2.8°x2.8° Zhang et al. (2012a)
at every time step. Relaxation time V: 19 levels (top layecentreat 10
scales are 6h for vorticity, 48 h for hPa, including stratosphére
divergence, 24 h for temperature, and T: 30 min
h for surface pressure
13 ECHAMS-SALSA* ACM ERA-Interim data at 6 h intervals H:1.9°x1.9° Bergman et al. (2012),
V: 31 levels up to 10 hPa (~30km) Laakso et al. (2015)
T: 1 h mean (model calc. 12 min)
14 GEOSChem v0901-03 ATM GMAO GEOS5.2.0 assimilated H: 2.0ex2.5¢ www.geoschem.org
meteorology0.67x0.5 degree horizonta V: 47 levels up to 0.01 hPa Croft et al.(2014),
grid, 6 h, regridded to model resolution T:1h Bey et al. (2001)
15 EEMEP v2533 ATM ECMWEF IFS cycle 36, 3 forecasts H: 1.0°x1.0° http://www.emep.int/msc
V: 20 levels up to 100hPa (~14 km w/models.html
T: 30 min
16 OsloCTM2* ATM ECMWEF IFS cycle 36, 3 h forecasts ~ H: 2.8°x2.8° Sgvde et al. (2008),
V: 60 levels up to 0.1 hPa Berglen et al. (2004)
T:1h
17 OsloCTM3 ATM ECMWF IFS cycle 36, 3 h forecasts ~ H: 1.1°x1.1° Segvde et al. (2012)
V: 60 levels up to 0.1 hPa
T:1h
18 NAME Il LPDM Met Office Unified Model analysis, H: 1.0°x1.0° Leadbetter et al. (2015),
0.35°x0.23° and 3 h resolution. V: 2 km (upper level at 20 km) Webster and Thomson
T: 3 hmean (2014)
19 FLEXPART v9.0 LPDM National Centers for Environmental H: 2.0°x2.0° Stohl et al. (2005),
Prediction (NCEP) Global Forecast V: 100 m surf conc.+ total column  Stohl et al. (2012)
System (GFS) analyses, 0.5°x0.5°and T: 3 h mean
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Table 2. Efolding aerosol lifetime¢Eq. 1)estimated from the decay of the ratios between the aerosol
(*3’Cs) and the passive tracétke) surface concentrations at 11 station locations. Variations in lifébime
different latitude regions (below and above 50°N) and time periods are also given. Mean and median
modelledlifetimes are calculated from the lifetimes obtained for each model and the variability is given as
Standard Deviation (STD) and Median Absolute Deviation (MAD, Eg. 3). The data are shown in Fig. 3.
95% confidence intervals and Rtatistics are given iAppendix B, Table B1. Values that are not

statistically significant are marked with a star and were not considered for the mean and median

calculations.
efolging lifetime
U [days]
Days 1565 Days 1565 Days 1565 Days 2545 Days 4565
MODEL All stations Stations Stations  All stations All stations
below 50°N above 50°N

1 NorESM 10.5 11.2 9.0 10.1 10.9
2  GISSModelE2TOMAS 9.6 9.3 10.1 9.5 10.2
3  GISSModelE 8.0 7.7 8.5 7.5 8.6
4 ULAQ-CCM 6.0 6.4 5.7 5.7 4.3
5 BCC_AGCM 16.7 17.7 18.5 17.9 12.6
6 LMDZORINCA 11.5 10.0 16.1 6.9 175
7 CAM5 4.8 5.1 5.1 14.6* 2.8
8 CAM5 PNNL 12.5 12.7 18.7 14.7 15.1
9 CAM5_NDG 7.7 7.3 9.8 6.1 6.2
10 EMAC-1 11.7 13.9 8.3 8.7 8.1
11 EMAC-2 8.1 8.1 7.8 19.9* 3.9
12 ECHAM-HAM2 6.4 6.3 8.8 5.7 6.2
13 ECHAM5-SALSA 6.9 7.5 7.8 8.6 34.0*
14 GEOSChem 20.4 16.6 33.0 18.6 23.3
15 EEMEP 26.7 20.2 50.0* 15.6 23.6*
16 OSLOCTM2 11.2 11.1 19.9 10.8 8.3
17 OSLOCTM3 8.8 9.1 9.3 13.0 7.8
18 NAME 9.4 11.0 8.7 7.3 45
19 FLEXPART 5.8 5.9 5.9 6.5 5.0

MODEL MEAN + STD 10.745.4 10.4+4.2 11.747.0 10.1+4.3 9.1+55

MODEL MEDIAN = MAD 9.4+2.3 9.3+x2.0 8.9+1.2 8.7+2.2 8.1+3.1

OBSERVATIONS 14.3 135 15.0 15.0 14.7
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Table 3. Median instantaneous lifetimes calculated from the ratios of the aét@s) {o the passive tracer
(**3Xe) global burdens during different time periods (weeks) after the start of the emissions (11 March
2011). The variability is given as the Median Absolute Deviation (MAD, Eq. 3) for the individual models, a:
well as for the observations and the model nedadile the Standard deviation (STD) is given of the model
mean. These variabilities are calculated from the instantaneous lifetimes over each of the time periods. Tt

data are shown in Fig. 7.

Instantaneous lifetime

G’nst [days]
Week 1 Weeks 23 Weeks 45  Weeks 67 Weeks 89
(11-18 Mar; (18 Maii 1 Apr; (1-15 Apr; (15-29 Apr; (29 Apr-13 May;

MODEL days 17) days 721) days 2135) days 3549) days 4963)

1 NorESM 16+04 6.8+24 8.7+2.8 6.9+24 9.1+0.3
2 GISSModelE2ZTOMAS 25+£0.8 10.1 £ 3.6 9.5+36 74+£15 9.9+0.8
3 GISSModelE 22+13 8.7+£5.9 79135 55+£0.8 7.9+0.3
4 ULAQ-CCM 24+15 57+1.0 10.0+25 85+14 11.2+1.3
5 BCC_AGCM 28+20 9.8+23 95+1.7 9.7+0.8 11.6+0.4
6 LMDZORINCA 25+2.1 11.3+9.0 82136 8.6 £3.6 19.0+£1.3
7 CAMb5 3.6+2.6 3.6+1.7 26+1.3 2.1+0.8 2.8+0.3
8 CAM5_PNNL 25+0.8 11.7+54 10.3+5.2 11.0+£35 17.3+1.1
9 CAM5_NDG 2.1+0.7 6.0+1.6 79+4.1 6.7+ 2.6 128+1.4
10 EMAC-1 2.4 +0.7 6.8+4.1 8.3%6.1 55+£0.8 6.9+0.7
11 EMAC-2 1.7+1.2 4.4+22 44 +3.1 3.0+04 42+0.2
12 ECHAM-HAM2 28+15 6.9+4.8 6.4+3.1 51+19 10.4+0.7
13 ECHAMS5-SALSA 2.2+0.9 41+04 53+1.6 104+1.0 144+2.4
14 GEOSChem 1.4+£0.3 10.7+8.4 11.8+5.0 11621 16.4+0.9
15 EEMEP 1.0+£04 1.4+£05 2.7+1.8 3.0+1.6 81+1.9
16 OSLOCTM2 1.3+05 3.7+£22 4.6 +3.0 39+1.8 18.1+1.9
17 OSLOCTM3 1.5+0.8 11.9+6.7 6.3+3.7 6.0+1.4 10.4+2.0
18 NAME 0.8+0.3 1.8+0.7 22+1.4 32+1.2 9.2+3.6
19 FLEXPART 15+0.2 6.6+4.1 3.7+1.7 3.7+14 6.3+0.4
MODEL MEAN + STD 2.0+0.7 6.4+3.6 6.9+29 6.4+£29 10.8+4.6
MODEL MEDIAN + MAD 2.2+0.6 6.6+29 7921 6.0+25 104+25
OBSERVATIONS + box model N/A N/A 10.9+4.9 93+1.2 9.6 £0.7

7
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1 Tabled. G aract er i st iza rJgastinatsdovihl aeavoldtion approach (Eq. 4) based on the
2 different mdCeburdeds, as wall asshe meal lifetlhgEq. 5), and the instantaneous
3 | i f eitssDveraveeks ® fromFig. 7 andTable 3andthed ol di ng | i FigXandiable@e f r
4 Val ues i n sindicate kgh tinsertdinty and bre discarded in the mean and median calculations.
U U U Uh Uhst U
Week 89 Days 1565,
MODEL (days 4963)  all stations
(Table 3) (Table 2)
1  NorESM 1.8 104 192.9 2.0 9.1 10.5
2  GISSModelE2 4.1 114 [314.8] 4.4 9.9 9.6
3 GISSModelE 3.8 8.5 116.8 4.1 7.9 8.0
4  ULAQ-CCM 7.1 18.8 [200.0] 7.4 11.2 6.0
5 BCC_AGCM 11 11.0 [200.2] 2.3 11.6 16.7
6 LMDZORINCA 2.5 20.5 [200.5] 2.6 19.0 115
7 CAM5 11 3.0 [11.9] 1.1 2.8 4.8
8 CAM5_PNNL 1.7 15.9 [200.2] 2.2 17.3 12.5
9 CAM5_NDG 2.8 14.3 [206.2] 2.9 12.8 7.7
10 EMAC-1 1.8 7.0 [200.1] 2.2 6.9 11.7
11 EMAC-2 1.1 4.4 [ 38.2] 1.2 4.2 8.1
12 ECHAM-HAM2 2.2 18.6 [224.4] 2.2 10.4 6.4
13 ECHAMS5-SALSA 2.4 19.2 [472.3] 2.4 14.4 6.9
14 GEOSChem 1.0 15.2 [200.1] 1.7 16.4 20.4
15 EEMEP 0.6 8.2 [297.1] 0.7 8.1 26.7
16 OSLOCTM2 2.3 18.9 [203.0] 2.4 18.1 11.2
17 OSLOCTM3 4.5 16.3 [200.1] 4.6 10.4 8.8
18 NAME 0.9 6.5 [309.7] 1.0 9.2 9.4
19 FLEXPART 2.0 6.8 [183.9] 2.1 6.3 5.8
MODEL MEAN £ STD  2.4+1.6 12.445.6  154.9+53.8 2.6+1.6 10.8t4.6 10.7t5.4
MODEL MEDIAN =+ 2.0+0.9 11.4+4.6 154.8+38.1 2.2+0.5 10.4+25 9.4+2.3
5
6
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1
2

Table 5. Same as Table 2, but including two revised simulations with the-GE&8 model; GEOS
Chem_allT and GEO&hem_T258 (see text afaly. 12 for description of simulations).

e-folding lifetime

U [days]
Days 1565 Days1565 Days 1565 Days 2545 Days 4565
All stations Stations Stations All stations All stations
MODEL below 50°N above 50°N
1 GEOSChem_Orig 20.8 17.7 30.8 19.1 21.8
2 GEOSChem_T258 19.7 16.2 32.2 13.1 19.5
3 GEOSChem_allT 13.7 12.0 17.2 10.6 13.2
OBSERVATIONS 14.3 13.5 15.0 15.0 14.7
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Table Al. Specification of the Aerosol Modules

Model

Aerosol module
size distribution, density, microphysics (external/internal mixing, nucleation, condensation, coagulation), dry an
removal (incloud, belowcloud)

1

NorESM

Cesium wasnodelledas accumulation modailphate with median radius of 0x1L0' ®m, and a density of
1769 kgm 3 The aerosol module (Seland et al., 2008; Kirkevag et al., 2013) calculatesanasstrations
of aerosol species that are tagged according to production mechanisms in clear and cloudy air and fq
classes (nucleation, aitken, accumulation, andseonodes). These processes are primary emission, ga
and aqueous chemistry (cloud processing), nucleation, condensation, and coagulation. Loss terms a
deposition, ircloud and belowcloud scavenging. The chemical components includedudpbatgSO4),
black carbon (BC), organic matter (OM), s&dt (SS), and mineral dust (DU). This adds up to 20 aerosc
components in addition to two gaseous precursors (SO2 and dimethyl sulphide, DMS). Dry and wet
deposition for aerosols: (i) Hygroscopic growttparticles is included. (ii) The dry deposition velocity
depends on particles size, and the relative humidity influences this dependence for hygroscopic parti
(iii) Gravitational settling is included for coarse particles. (iv) Wet deposition: bettoud and below
cloud scavenging is taken into account for both stratiform and convective clouds.

2

GISSModelE2TOMAS

TOMAS (TwO-Moment Aerosol Sectional) microphysics model (Adams and Seinfeld, 2002; Lee et al
2015) has 12 bins, covering from 10 nm to=40m in a dry particle diameter: 10 bins from 10 nm tem
and 2 bins from 1 um to 10 um. We assumed modsiumto follow a size distribution ofulphate
particles.Cesiumandsulphateemissions are assumed to have a bimodahtmgnal distribution: 5% of
emissions as a nucleation mode with geometric number mean diameter (GSD) of 10 nm and a geom
number mean dmeter (GSD) of 1.6 and 95% as an Aitken mode with GMD of 70 nm and GSD of 2.
Coagulation and condensation are used, but aerosol nucleation is turned off to-pestdioaingcesium
mass to smaller size. Densitysaflphates assumed to be 1.78 g €ninternal mixing assumption except
for wet deposition. Dry deposition velocity is computed based on a resistageges approach with size
resolved resistance in the quésshinar sublayer and sizesolved gravitational settling velocity. Wet
depositon: a modified Kéhler theory is used fordtoud scavenging, and a sieesolved firstorder removal
scheme for beloweloud scavenging.

GISSModelE

Using the mass based aerosol scheme Odé¢siumwasmodelledas accumulation modailphate The
model transportsulphateas a mass tracer with a constant mean dry radius of 0:8m10he wet
deposition includes in and below cloud scavenging, which depends on the cloud cover, the hygrosco
aerosolssulphateaerosols are assumed ® fally hygroscopic, and the precipitation and evaporation rat
Convective and largecale clouds are treated separately, with convective clouds handling individual
convective plumes

ULAQ-CCM

Size distribution explicitly predicted fromraicrophysical code with ggzarticle interactions (external
mixing, homogeneous and heterogeneous nucleation, condensation/evaporation, coagulation, graviti
settling, largescale transport), dry and wet removat¢ioud, belowcloud).

BCC_AGCM_2.0.1_CAM

Canadian Aerosol Module (CAMThe size spectrum sllphatevas discretized into 12 bins from 0.0@6
20. 48 & m. sulphatdssabotityL.8 g/df Internal mixing except for the freshly emitted insoluble
components. Coagulation: only binary collisions of particles are considered, coagulation coefficient is
calculated from contributions of Brownian, turbulence and gravitational settling movemerisickation
and Condensation in order to avoid false souraesium Dry deposition: a dry deposition velocity for sei
salt on the ocean was modified to treat matimponent aerosols and complicate land properties. Wet
deposition: includes in and belasoud scavenging, which depend on cloud cover, the properties of bot
aerosols and hydrometeors, precipitation and evaporation rates.

LMDZORINCA

INCA (INteraction with Chemistry and Aerosolsiodel. Cesiunwas treated as a submicronic (diameters
1um) aerosol in accumulation mode following a lognormal particle size distribution. No microphysics.
dry deposition otesiumwas computed using the analogy of surface resistance. The deposition velocil
defined as the inverse of the sum of arodgnamic resistance and a surface resistance placed in ¥égies
scavenging for largecale stratiform precipitation is calculated adopting the falling raindrop approach.
Scavenging by convective precipitation is calculated as part of the upward cemveass flux.

CAMS

Cesiumwas assumed to attach to particles in the accumulation mode that includes internallyuigRate
black carbon, primary and secondary organic matter, mineral dust, and sea salt. Particles in this moc
described by séognormal size distribution with a prescribed geometric standard deviation of 1.8 and a
diameter size range of 880 nm. The evolution of aerosol particles is controlled by various processes
including emission, transport, aerosol microphysics (eugleation, condensation, and coagulation), clou
chemistry, and dry/wet removal processes (Liu et al., 2012). Aerosol wet removal is parameterized
separately for stratiform and convective clouds bglaud and belowcloud processes. For stratiform
clouds,the incloud removal process involves explicit aerosol activation to form cloud droplets and
subsequent removal of clodmbrne aerosols due to the conversion of cloud droplets to precipitation. Ae
dry deposition velocities are calculated with modelMmled aerodynamic resistance, friction velocity, anc
surface properties. Gravitational settling is also treated.

8

CAMS5_PNNL

Cesium s treated in the same way as in the CAM5 model. However, a new unified treatment of vertic
transport and ktloud wetremoval processes in convective clouds is applied, which has a more detaile
treatment of aerosol activation in convective updrafts. Also, a mechanism is added for laterally entrai
aerosols to be activated and then removed. In addition, a few othgeshzave been introduced to wet
removal processes to reduce some known biases in the remote aerosol distributions predicted by the
CAMS5 model (Wang et al., 2013b).

9

CAM5_NDG

Same as CAM5
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Model

Aerosol module
size distribution, density, microphysics (external/internal mixing, nucleation, condensation, coagulation), dry an
removal (incloud, belowcloud)

10

ECHAM5-MESSy
Atmospheric Chemistry
Model, v1.92(EMAC-1)

Cesiumis modelledas a watesoluble aerosol with a standard lognormal distribution with mean radius |
em and a Henryods | aw tate¥ahd adensitydf 10@0d kghfl Scavenging by (
impaction (below cloud) and nucté&n (in-cloud) by rain and snow/ice. Dry deposition: removal by
turbulent transfer and uptake processes onto
resistance model. Sedimentation: Calculated separately based on the maasmisthigoarticles.

11

ECHAM5-MESSy
Atmospheric Chemistry
Model, v2.50 (EMAG2)

Cesium § treated as quapassive aerosol particles wishilphatecharacteristics, i.e. molar mass of 96 g/ir
and a density of 2 g/cmThe aerosols have an initial diamet€0.5 um but can grow due to coagulation,
coating and condensation, and are internally mixed. Thus, the aerosols are affected by the backgrou
not interact with the background. Aerosol microphysics are calculated with GMXe (Pringle et al., 201
Aerosol removal: Scavenging by impaction (below cloud) and nucleatiarofinl), depending on aerosol

size and solubility and rain intensity and droplet size. Dry deposition: removal by turbulent transfer ar
uptake processes o0 ndepositiorhf@a aeeosots followssthe Hapfrafpeoace. The D r
deposition velocity is calculated using a resistance model. Sedimentation: Calculated separately bas
mass of the aerosol particles (Kerkweg et al., 2006).

12

ECHAMS-HAM2

M7 modal aerodamicrophysics module (Vignati et al., 2004), with modifications described in Zhang et
(2012a).Cesiumis assumed to attach to accumulatioade aerosols. toloud and belowcloud wet
scavenging ofesiumis considered for both stratiform and conveetilouds. Dry deposition is also
considered, but gravitational sedimentation is neglectecefsinm

13

ECHAMS-SALSA

SALSA describes aerosol size distribution for diameters ranging from 3nm to 10um using 17 internal
externally mixed sections. Tta@rosol microphysical processes considered include condensation,
coagulation and nucleation and aerosol particles are removed from the atmosphere by wet and dry d
as well as sedimentation (Bergman et al., 2012, Laakso et al., 046 epositioris based on the size an
composition dependent scavenging parameter, rain intensity and type of precipitation, which are use
cloudand belowcloud scavenging separately (for the coefficients see Bergman et al. (2D1p)).
deposition uses a bigdeémethod, which resolves aerosol deposition to surfacéis@nAerosol deposition
velocity is calculated using aerosol number and mass together with wet radius, density, turbulence a
surface cover (more detailed explanation can be found in Stie20@5) and Kerkweg et al. (2006).
Gravitational sedimentation is calculated using the Stokes law. Cesium is assumed to have density ¢
g/cma3. It attaches to the particles immediately and thus it is allocated to model size bins with diamete
rangirg from 50nm to 10um using a lognormal distribution with a mean diameter of 150nm and stand
deviation of 1.59.

14

GEOSChem v0901-03

Cesium igreated as accumulation modepate. No aerosol microphysics. Dry DepositiBesistance in
series schemwith dry deposition velocity dependent on surface type, as described in Wang et al. (20:
Wet DepositionSeparate treatment for largeale and convective clouds (Liu et al., 2001). Beldaud
scavenging: Depends on precipitation rate, separate ggageroefficients for accumulaticand coarse
mode aerosols, separate treatment for rain and snesloud scavenging: Depends on aerosol
hygroscopicity, cloud temperature and precipitation productionVéaag et al., 2011).

15

EEMEP v2533

Cesiumtreated as aerosol particles (PPM2.5) with no sedimentation. No microphysics. Wet depositio
depends on precipitation intensity and spesfcific scavenging coefficients. Different coefficients are
specified for incloud (rain out) and belowloud scaveging. Dry deposition: impaction of particles on
surface roughness elements and turbulent diffusion to surface treated using the resistance method tc
a deposition velocity.

16

OsloCTM2

Cesiumis treated asulphate following Berglen et al. (20045ulphatds assumed very soluble in
precipitation. Removed in both convective and leggale precipitation. Dry deposition is not included.

17

OsloCTM3

Cesiumis treated asulphatefollowing Berglen et al. (2004), bidrgescale wet scavenging follows Neu ¢
al. (2012), while convective wet scavenging uses the CTM2 approach. Both are described by Sgvde
(2012). Dry deposition is not included.

18

NAME Il

Cesium igreated as aerosol particles withsedimentation. No microphysics. Wet deposition depends ¢
precipitation intensity and specispecific scavenging coefficients. Different coefficients are specified fc
in-cloud (rain out) and belowloud (wash out) and rain and snow (Webster and Thor26dd,)). Dry
deposition: impaction of particles on surface roughness elements and turbulent diffusion to surface tr
using the resistance method to estimate a deposition velocity.

19

FLEXPART v9.0

Cesium igreated as aerosol particles with meanticle diameter 0.4 um and density 1.9 3/ko
microphysics. Wet deposition depends on precipitation intensity and determined by-specifis
scavenging coefficients. idoud (rain out) and belowloud (wash out) scavenging are treated differently
as well as largscale and convective scale precipitation. Dry deposition: impaction of particles on surf.
roughness elements and turbulent diffusion to the surface treated using the resistance method to est
deposition velocity, which also incled a sedimentation velocity dependent on the particle size.
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1 Table B1. Confidence intervals [days] for théolling aerosol lifetimes in Table 2, and the coefficients of

2 determination R Values that are not statistically significant at the 99@| are marked with an asterisk.

Statistics for dolding lifetime

U [days]
Days 1565 Days 1565 Days 1565 Days 2545 Days 45-65
MODEL All stations Stations Stations All stations All stations
below 50°N above 50°N

C.L R? C.lL R? C.L R? C.L R? C.L R?
1 NorESM [9.8,11.3] 0.94 [10.3,12.4] 0.91 [8.5,9.6] 0.96 [8.3,13.0] 0.83 [85,150] 0.77
2  GISSModelE2TOMAS  [9.2,10.0] 0.98 [8.9,9.8] 0.97 [9.4109] 094 [8.2113] 091 [85127] 0.86
3  GISSModelE [7.6,8.4] 097 [7.38.2] 0.96 [7.7,9.5] 0.89 [6.5,8.8] 0.92 [6.9,11.5]  0.79
4 ULAQ-CCM [5.7,6.3] 097 [58,7.1] 0.90 [5.4,6.0] 0.97 [5.2,6.4] 0.96  [3.9,4.7] 0.96
5 BCC_AGCM [15.6,18.0] 0.94 [16.1,19.7] 0.90 [16.8,20.4] 0.90  [14.0,24.7] 0.76  [10.8,15.0]1 0.90
6 LMDZORINCA [10.5,12.8] 0.89 [9.2,11.1] 0.91 [12.9,21.5] 0.57 [6.0,8.2] 0.91  [10.2,61.8] 0.32
7 CAM5 [4454] 088 [455.9] 0.84 [4.4,6.0] 0.77 [8.3,60.2]  0.30* [2.4,3.6] 0.86
8 CAM5_PNNL [11.5,13.5] 0.93 [11.7,13.8] 0.93 [15.3,24.0] 0.63 [11.2,21.3] 071 [11.0,244] 0.63
9 CAM5_NDG [7.282] 0.95 [6.8,7.9] 0.94 [8.1,125 064 [5.27.3] 0.89 [5.2,7.6] 0.88
10 EMAC-1 [10.7,12.8] 0.91 [12.1,16.3] 0.80 [7.4,9.6] 0.84 [7.6,103] 091 [6.6,10.4] 0.83
11 EMAC-2 [7.0,9.6] 0.78 [6.9,9.8] 0.74 [6.6,9.6] 0.70  [11.1,98.8] 0.28* [3.2,5.1] 0.82
12 ECHAM-HAM2 [5.9,7.0] 0.92 [5.7,7.0] 0.90 [7.4,10.7]7 0.72  [4.7,7.3] 0.84 [4.510.0] 0.63
13 ECHAMS5-SALSA [6.1,8.00 0.81 [6.4,8.9] 0.77 [6.4,9.9] 0.64 [6.4,129] 068 [11.4;34.2] 0.06*
14 GEOSChem [18.1,23.3] 0.84 [14.8,18.9] 0.86 [256,46.4] 0.50 [13.8,28.4] 067 [14.6,57.5] 0.41
15 EEMEP [20.1,39.7] 0.44 [15.1,30.5] 0.44 [255,1233] 0.08* [9.3,50.1] 0.34 [10.2;75.2] 0.12*
16 OSLO-CTM2 [9.9,12.9] 0.84 [9.6,13.1] 079 [13.9,354] 031 [6.9,24.7] 0.44 [6.0,13.8] 061
17 OSLOCTM3 [8.1,95] 0.94 [8.2,104] 086 [8.1,10.8] 080 [10.517.0] 0.81 [6.1,10.8] 0.76
18 NAME [7.7,11.9] 0.65 [8.9,144] 061 [6.6,126] 046 [4519.6] 039 [3.2,7.9] 0.57
19 FLEXPART [5.56.1] 0.97 [5.56.3] 0.94 [5.5,6.5] 0.92 [5.6,7.7] 091 [4.2,6.4] 0.85
OBSERVATIONS [13.1,15.7] 0.91 [12.2,15.2] 0.88 [12.9,17.7] 0.77 [11.7,20.9] 0.76 [10.1,26.8] 0.54

3
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Figure 1. Measurement station network. CTBTO stations (red markers) measuring partici@dgand
noble gases{Xe). The position of the Fukushima Blahi nuclear power plant (FRINPP) is shown by a

green marker.
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Figure 2. The transport of the radioactive plumé&*®e released from the Fukushima Belni nuclear

power plant (FBNPP; black star) as simulated by the FLEXPART model using GFS meteorological data.
133X e surface concentrations (upper panel), total atmospheric columns (middle panel) and zonal mean
verticaldistribution (lower panel) foi8 March,25 March, 8 April and 22 April 2011.(2, 4 and 6 weeks,

respectively, after the start of the initial release on 11 March). The 11 CTBTO stations are marked with

black points (please note that the pointghe lover panedo not reflect the real station elevations).
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Station (latitude)/ | Wak. | Oah. | Ash. | Cha. | Uss. St.J Sha. Ula. Sto. Yel. Spi. ALL
Model (19°N) | (22°N) | (37°N) | (38°N) | (44°N) | (48°N) | (48°N) | (48°N) |(59°N)| (62°N) | (78°N) | STATIONS

1| NorESM 158 | 1.22 | 0.76 | 0.80 | 0.54 0.47 1.19 0.61 0.47 0.48 0.58 0.61
2| GISS-ModelE2-TOMAS | 0.49 | 0.92 1.00 1.29 1.24 1.14 2.12 1.01 1.30 0.94 1.27 1.16
3 | GISS-ModelE 051 | 1.02 | 1.20 | 1.33 | 1.24 1.13 211 1.03 1.29 0.98 1.27 1.17
4| ULAQ-CCM 13.09 | 4.14 | 0.73 | 0.46 | 0.80 0.43 0.60 0.56 0.37 0.66 0.58 0.61
5|BCC_AGCM2.0.1_CAM | 1.49 | 1.72 | 0.93 0.91 0.70 0.65 1.54 0.64 0.65 0.57 0.68 0.72
6| LMDZORINCA 160 | 204 | 1.69 | 1.61 | 1.08 0.97 2.08 1.11 0.90 0.90 1.09 1.15
7 | CAMS 0.70 1.10 | 0.91 0.96 0.85 0.83 1.37 0.80 0.88 0.71 0.90 0.86
8 | CAM5_PNNL 0.68 | 1.07 | 091 | 0.97 | 0.85 0.84 1.35 0.81 0.88 0.71 0.90 0.86
9| CAM5_NDG 172 | 0.72 | 048 | 0.73 | 0.60 0.55 0.91 0.50 0.59 0.40 0.57 0.58
10 | EMAC-1 0.23 | 030 | 0.35 | 0.33 | 0.94 0.66 1.18 0.76 0.85 0.60 0.93 0.70
11 | EMAC-2 1.20 | 1.22 | 0.39 0.35 0.87 0.69 0.37 0.62 0.46 0.59 0.84 0.70
12 | ECHAM-HAM2 0.65 | 090 | 0.68 | 0.71 | 0.68 0.65 1.18 0.65 0.69 0.55 0.72 0.68
13 | ECHAM_salsa 0.71 | 0.78 | 0.04 0.21 0.29 0.20 0.12 0.15 0.07 0.07 0.19 0.15
14 | GEOS-Chem 1.00 | 1.08 | 0.88 | 0.84 | 0.83 0.81 151 0.74 0.88 0.72 0.93 0.87
15 | EEMEP 213 | 215 | 145 | 1.70 | 1.45 1.30 2.36 1.33 1.51 1.21 1.52 1.48
16 | OsloCTM2 1.20 | 1.07 | 0.70 | 0.68 | 0.68 0.64 1.41 0.70 0.66 0.55 0.90 0.76
17 | OsloCTM3 105 | 1.24 | 0.79 | 0.82 | 0.72 0.63 1.49 0.77 0.67 0.60 0.76 0.77
18 | NAME 1.13 | 0.88 | 0.60 | 0.73 | 0.66 0.46 0.76 0.50 0.38 0.31 0.17 0.51
19 | FLEXPART 1.17 | 1.35 | 0.81 | 0.93 | 0.95 1.03 1.91 1.03 0.91 0.72 1.62 1.03

MODEL MEDIAN 105 | 1.08 | 0.77 | 0.81 | 0.77 | 0.67 1.46 0.75 0.71 0.63 0.85 0.79

Station (latitude)/ | Wak. | Oah. | Ash. | Cha. | Uss. | St.J Sha. Ula. Sto. Yel. Spi. ALL
Model (19°N) | (22°N) | (37°N) | (38°N) | (44°N) | (48°N) | (48°N) | (48°N) | (59°N) |(62°N)| (78°N) | STATIONS

1| NorESM 1.58 | 1.22 | 0.76 | 0.80 | 0.54 | 0.47 1.19 0.61 0.47 0.48 0.58 0.61
2 | GISS-ModelE2-TOMAS | 0.49 | 0.92 1.00 1.29 1.24 1.14 2.12 1.01 1.30 0.94 1.27 1.16
3 | GISS-ModelE 0.51 | 1.02 1.20 1.33 1.24 1.13 2.11 1.03 1.29 0.98 1.27 1.17
4 | ULAQ-CCM 13.09 | 414 | 0.73 | 0.46 | 0.80 | 0.43 0.60 0.56 0.37 0.66 0.58 0.61
5| BCC_AGCM2.0.1_CAM | 1.49 1.72 0.93 0.91 0.70 0.65 1.54 0.64 0.65 0.57 0.68 0.72
6 | LMDZORINCA 1.60 | 2.04 | 1.69 1.61 1.08 | 0.97 2.08 1.11 0.90 0.90 1.09 1.15
7 | CAMS5 0.70 | 1.10 | 091 | 096 | 0.85 0.83 1.37 0.80 0.88 0.71 0.90 0.86
8| CAM5_PNNL 068 [ 1.07 | 091 | 0.97 | 0.85 0.84 1.35 0.81 0.88 0.71 0.90 0.86
9| CAM5_NDG 1.72 | 0.72 0.48 | 0.73 | 0.60 [ 0.55 0.91 0.50 0.59 0.40 0.57 0.58
10 | EMAC-1 0.23 | 0.30 | 035 | 0.33 | 0.94 | 0.66 1.18 0.76 0.85 0.60 0.93 0.70
11 | EMAC-2 1.20 | 1.22 | 0.39 | 0.35 | 0.87 | 0.69 0.37 0.62 0.46 0.59 0.84 0.70
12 | ECHAM-HAM?2 065 [ 090 | 0.68 | 0.71 | 0.68 | 0.65 1.18 0.65 0.69 0.55 0.72 0.68
13 | ECHAM_salsa 071 [ 0.78 | 0.04 | 0.21 | 0.29 | 0.20 0.12 0.15 0.07 0.07 0.19 0.15
14 | GEOS-Chem 1.00 | 1.08 | 0.88 | 0.84 | 0.83 | 0.81 1.51 0.74 0.88 0.72 0.93 0.87
15 | EEMEP 2.13 2.15 1.45 1.70 1.45 1.30 2.36 1.33 1.51 1.21 1.52 1.48
16 | OsloCTM2 1.20 | 1.07 | 0.70 | 0.68 | 0.68 | 0.64 1.41 0.70 0.66 0.55 0.90 0.76
17 | OsloCTM3 1.05 | 1.24 | 0.79 | 0.82 | 0.72 | 0.63 1.49 0.77 0.67 0.60 0.76 0.77
18 | NAME 1.13 | 0.88 | 0.60 | 0.73 | 0.66 | 0.46 0.76 0.50 0.38 0.31 0.17 0.51
19 | FLEXPART 1.17 1.35 0.81 0.93 0.95 1.03 1.91 1.03 0.91 0.72 1.62 1.03

MODEL MEDIAN 1.05 | 1.08 | 0.77 | 0.81 | 0.77 | 0.67 1.46 0.75 0.71 0.63 0.85 0.79

Figure 4. Median ratio of theodelledto measured passive trac&fXe) surface concentrations, for each
model and each station as well as the model median and osttiahs. Values greater than 1.2
(substantial ovepredictions) are shown in red, and values less than 0.8 (substantiapoedietions) in

green.
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Station (latitude)/ | Wak. | Oah. | Ash. | Cha. | Uss. St.) Sha. | Ula. | Sto. Yel. Spi. ALL
Model (19°N) [ (22°N) | (37°N) | (38°N) [ (44°N) | (48°N) | (48°N) | (48°N) | (59°N) [ (62°N) | (78°N) | STATIONS

1| NorESM 0.34 1.04 5.42 2.00 0.97 0.51 1.13 1.70 0.61 0.60 1.28 1.13
2| GISS-ModelE2-TOMAS | 6,18 | 9.04 | 20.45 | 13.35| 7.45 |11.44 | 13.65 | 11.30 | 12.65 | 5.50 | 10.14 10.17
3| GISS-ModelE 1.10 3.61 | 4.09 3.32 2.10 3.64 2.48 1.82 2.14 | 0.90 1.53 2.06
4 | ULAQ-CCM 60.73 | 3.60 | 2.20 | 0.41 [367.45| 0.08 | 0.19 | 46.43 | 0.39 | 0.19 | 0.80 0.80
5|BCC_AGCM2.0.1_ CAM| 942 | 1899 | 18.74 | 8.03 | 6.03 | 403 | 1046 | 529 | 341 | 1.31 | 3.14 5.50
6| LMDZORINCA 0.00 | 217 | 2,52 | 0.99 | 0.24 | 055 | 1.27 | 0.80 | 0.30 | 0.34 | 0.09 0.56
7| CAM5 0.95 0.54 | 0.08 0.02 0.00 0.00 0.00 0.00 0.00 | 0.00 | 0.00 0.00
8| CAM5_PNNL 15.71 | 1289 | 6.04 | 3.67 | 232 | 1.81 | 589 | 5.26 | 2.78 | 0.93 | 1.13 3.16
9| CAM5_NDG 10.72 | 3.37 2.69 1.76 0.19 0.29 0.91 0.88 0.60 | 0.16 0.07 0.69
10| EMAC-1 001 | 011 | 0.29 | 0.06 | 0.32 | 0.34 | 0.67 | 058 | 0.71 | 0.14 | 0.51 0.33
11| EMAC-2 002 | 059 [ 051 | 0.11 | 0.18 | 0.04 | 0.04 | 0.03 | 0.02 | 0.03 | 0.02 0.05
12 | ECHAM-HAM?2 543 | 1.80 | 0.87 | 0.28 | 0.11 | 0.02 | 0.20 | 0.15 | 0.03 | 0.02 | 0.00 0.11
13| ECHAM_salsa 2.51 2.47 | 0.38 0.67 0.07 0.24 0.17 0.12 0.02 0.05 0.01 0.15
14 | GEQS-Chem 0.14 | 414 | 752 | 6.32 | 458 | 649 | 874 | 750 | 5.55 | 3.25 | 6.89 5.53
15 | EEMEP 0.00 | 0.05 | 0.03 | 0.02 | 0.01 | 0.01 | 0.02 | 0.02 | 0.01 | 0.01 | 0.01 0.01
16 | OsloCTM2 0.06 | 0.21 | 0.30 | 0.06 | 0.01 | 0.01 | 0.05 | 0.01 | 0.01 | 0.00 | 0.00 0.02
17 | OsloCTM3 069 | 273 | 496 | 262 | 063 | 051 | 1.28 | 1.19 | 0.3%9 | 0.34 | 0.08 0.76
18 | NAME 0.03 | 013 | 0.02 | 0.03 | 0.01 | 0.01 | 0.00 | 0.01 | 0.01 | 0.00 | 0.00 0.01
19 | FLEXPART 2.54 2.81 1.00 0.64 0.21 0.19 0.57 0.42 0.46 0.03 0.17 0.35

MODEL MEDIAN 091 | 167 | 199 | 064 | 041 | 0.19 | 0.74 | 0.78 | 0.32 | 0.15 | 0.13 0.49

Station (latitude)/ | Wak. | Oah. | Ash. | Cha. Uss. St.J Sha. | Ula. | Sto. Yel. Spi. ALL

Model (19°N) | (22°N) | (37°N) | (38°N) | (44°N) | (48°N) | (48°N) | (48°N) | (59°N) | (62°N) | (78°N) | STATIONS

1| NorESM 0.34 1.04 | 542 | 2.00 0.97 0.51 1.13 1.70 | 0.61 | 0.60 1.28 1.13
2| GISS-ModelE2-TOMAS | 6.18 | 9.04 | 20.45 | 13.35 | 7.45 |[11.44 | 13.65| 11.30 | 12.65 | 5.50 | 10.14 10.17
3 | GISS-ModelE 1.10 | 3.61 | 4.09 | 3.32 210 | 3.64 | 2.48 | 1.82 | 2.14 | 0.90 | 1.53 2.06
4 | ULAQ-CCM 60.73 | 3.60 | 2.20 | 0.41 | 367.45| 0.08 | 0.19 | 46.43 | 0.39 | 0.19 0.80 0.80
5|BCC_AGCM2.0.1_CAM | 942 | 18.99 | 18.74 | 8.03 6.03 4.03 | 10.46 | 5.29 3.41 1.31 3.14 5.50
6 | LMDZORINCA 0.00 | 217 | 252 | 099 | 0.24 | 055 | 1.27 | 0.80 | 0.30 | 0.34 | 0.09 0.56
7 | CAMS 095 | 054 | 0.08 | 0.02 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 | 0.00 0.00
8 | CAMS5_PNNL 15.71 | 12.89 | 6.04 | 3.67 2.32 1.81 | 5.89 [ 526 | 2.78 | 093 | 1.13 3.16
9 [ CAM5_NDG 10.72 | 3.37 2.69 1.76 0.19 0.29 0.91 0.88 0.60 | 0.16 0.07 0.69
10 | EMAC-1 0.01 0.11 | 0.29 | 0.06 0.32 0.34 | 0.67 | 0.58 | 0.71 | 0.14 0.51 0.33
11| EMAC-2 002 | 059 | 051 | 0.11 | 0.18 | 0.04 | 0.04 | 0.03 | 0.02 | 0.03 | 0.02 0.05
12 | ECHAM-HAM2 5.43 1.80 | 0.87 | 0.28 | 0.11 | 0.02 | 0.20 | 0.15 | 0.03 | 0.02 | 0.00 0.11
13 | ECHAM_salsa 2.51 2.47 | 0.38 | 0.67 0.07 0.24 | 0.17 | 0.12 | 0.02 | 0.05 0.01 0.15
14 | GEOS-Chem 0.14 4.14 7.52 6.32 4,58 6.49 874 | 7.50 5.55 3.25 6.89 5.53
15 | EEMEP 0.00 0.05 | 0.03 | 0.02 0.01 0.01 | 0.02 | 0.02 | 0.01 | 0.01 0.01 0.01
16 | OsloCTM2 0.06 | 0.21 | 030 | 0.06 | 0.01 | 0.01 | 0.05 | 0.01 | 0.01 | 0.00 | 0.00 0.02
17 | OsloCTM3 069 | 273 | 496 | 2.62 | 0.63 051 | 1.28 | 1.19 | 0.39 | 0.34 | 0.08 0.76
18 | NAME 0.03 0.13 | 0.02 | 0.03 0.01 0.01 | 0.00 | 0.01 | 0.01 | O0.00 0.00 0.01
19 | FLEXPART 2.54 2.81 1.00 | 0.64 0.21 0.19 | 0.57 | 0.42 | 046 | 0.03 0.17 0.35

MODEL MEDIAN 091 | 167 | 199 | 064 | 041 | 019 | 0.74 | 0.78 | 0.32 | 0.15 | 0.13 0.49

Figure 5. Same d8ig. 4 but for aerosol*’Cs) surface concentrations.
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Figure 6. Ratio omodelledto observed aerosol (green) and passive tracer (blue) surface concentrations as
function of the latitude of the measurement station and time; values at each measurement station are the
median values over 14 day time periods-#IMarch, 25 Mara-7 April, 8-21 April, 22 Aprit5 May, 619

May, 20 May2 June, 317 June 2011). The size of the circles indicate the time; the larger the circle the late
the time period. Values above the dottelth& are ovetpredicted by the model and values belme are
underpredictions. Notice different scales on thaxes.
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Figure 6. Continued.
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Figure 7. Instantaneous lifetimes calculated from the ratios of the a€rfd€g) (o the passive trace?{e)
global burdens. The median instantaneous lifeticha®ver days 4%3 (weeks &; 29 Aprik13 May;
shaded area) are indicated, and represent the time period when the ratios have reachsttadyusisite
and influence from transport into the stratosphere is less significant than for later timesea8ueement +
box model refers to the estimate from Kristiansen et al. (2012) for the burdens using the station

measurements andl®-box model (see Appendix C and Fig. C1).
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