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Abstract

Aerosol removal processes control global aerosol abundance, but the rate of that re-
moval remains uncertain. A recent study of aerosol-bound radionuclide measurements
after the Fukushima Dai-Ichi nuclear power plant accident documents 137Cs removal
(e-folding) times of 10.0 to 13.9 days, suggesting that mean aerosol lifetimes in the5

range of 3–7 days in global models might be too short by a factor of two. In this study,
we attribute this discrepancy to differences between the e-folding and mean aerosol
lifetimes. We implement a simulation of 137Cs and 133Xe into the GEOS-Chem chem-
ical transport model and examine the removal rates for the Fukushima case. We find
a general consistency between modelled and measured e-folding times. The simulated10
137Cs global burden e-folding time is about 14 days. However, the simulated mean life-
time of aerosol-bound 137Cs over a 6 month post-accident period is only 1.8 days. We
find that the mean lifetime depends strongly on the removal rates in the first few days
after emissions, before the aerosols leave the boundary layer and are transported to
altitudes and latitudes where lifetimes with respect to wet removal are longer by a few15

orders of magnitude.
We present sensitivity simulations that demonstrate the influence of differences in

altitude and location of the radionuclides on the mean lifetime. Global mean lifetimes
are shown to strongly depend on the altitude of injection. The global mean 137Cs life-
time is more than one order of magnitude greater for the injection at 7 km than into20

the boundary layer above the Fukushima site. Instantaneous removal rates are slower
during the first few days after the emissions for a free tropospheric vs. boundary layer
injection and this strongly controls the mean lifetimes. Global mean aerosol lifetimes
for the GEOS-Chem model are 3–6 days, which is longer than for the 137Cs injected at
the Fukushima site (likely due to precipitation shortly after Fukushima emissions), but25

about the same as the mean lifetime of 3.9 days for the 137Cs emissions injected with
a uniform spread through the model’s Northern Hemisphere boundary layer.
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Despite the reasonable global mean agreement of GEOS-Chem with measurement
e-folding times, site by site comparisons yield differences of up to a factor of two, which
suggest possible deficiencies in either the model transport, removal processes or the
representation of 137Cs removal, particularly in the tropics and at high latitudes. There
is an ongoing need to develop constraints on aerosol lifetimes, but these measurement-5

based constraints must be carefully interpreted given the sensitivity of mean and e-
folding times to both mixing and removal processes.

1 Introduction

Aerosols have important impacts on global air quality (van Donkelaar et al., 2010), hu-
man health (Dockery et al., 1993; Pope III et al., 2009) and climate (Twomey, 1991;10

Charlson et al., 1992; Lohmann and Feichter, 2005). Simulations of aerosol three-
dimensional distributions with global models play an essential role in understanding
and quantifying these effects. Aerosol lifetimes control regional and global aerosol
abundance. However, as noted by Textor et al. (2006), global aerosol lifetimes depend
on a number of processes and parameters, including their source and sink functions,15

particle sizes and spatial dispersion, which have a wide diversity between models. Re-
cently, Kristiansen et al. (2012) presented e-folding times of measured aerosol-bound
137Cs and 131I surface layer activity concentrations at remote, global atmospheric sites
after the March 2011 Fukushima Dai-ichi nuclear power plant (FD-NPP) accident as
a constraint on atmospheric removal times for global models. Based on this constraint,20

Kristiansen et al. (2012) suggest that global models with mean aerosol lifetimes of 3–7
days may under-estimate lifetimes by as much as a factor of two. However, this com-
parison implicitly assumes that the measured e-folding time and the mean lifetime in
models are directly comparable.

In this study we implement a simulation of 137Cs and 133Xe into the GEOS-Chem25

chemical transport model (Bey et al., 2001) and examine the lifetime of 137Cs for the
Fukushima case. Our goal is to document, compare, and explain differences between
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mean aerosol lifetimes and e-folding times over several months following the FD-NPP
accident. Additionally, a set of sensitivity simulations are presented, which examine the
dependence of mean lifetimes and e-folding times on the altitude and location of the
aerosol-bound 137Cs and the time after emission.

Aerosol lifetimes depend on the removal of aerosols from the atmosphere by both5

dry and wet deposition processes (Rasch et al., 2000; Textor et al., 2006; Croft et al.,
2009, 2010, 2012). The aerosol-bound radionuclides emitted after the FD-NPP ac-
cident attach primarily (by mass) to aerosols in the size range of the accumulation
mode, similar to sulfate (radii 0.05–0.5 µm) (Kaneyasu et al., 2012) due to the peak of
the aerosol surface area distribution for this mode, and thus undergo similar removal10

processes. These aerosols are removed primarily by wet scavenging processes, which
occur both in and below clouds. As a result, 137Cs surface layer concentration mea-
surement e-folding times of 10.0–13.9 days primarily characterize accumulation mode
aerosol wet removal rates since 137Cs has a long half-life (about 30 yr) and dry de-
position is a relatively minor sink for aerosols in this size range. Measurements taken15

remote to the emissions site also characterize free tropospheric lifetimes since long-
range transport generally occurs above the boundary layer, but obviously aerosols mix
back into the boundary layer, or rain out of the free troposphere to be removed.

For this investigation, we implement into GEOS-Chem the radionuclide emission
dataset of Stohl et al. (2012), who prepared the dataset by improving first guess es-20

timates of 137Cs and 133Xe emissions from the FD-NPP using the atmospheric trans-
port model FLEXPART combined with concentration and deposition measurement data
from several dozen sites. The following sections present the lifetime definitions used for
this study and give the GEOS-Chem model description. Section 4 provides our lifetime
results and discussion. We compare to Comprehensive Nuclear Test-Ban Treaty Orga-25

nization (CTBTO) site surface layer activity concentration (137Cs/133Xe ratio) e-folding
times presented by Kristiansen et al. (2012). We then go on to explain differences
between the simulated mean lifetimes and e-folding times during the six months af-
ter the nuclear accident. Section 4 also includes the results of our sensitivity simula-
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tions, which examine the dependence of mean lifetimes and e-folding times on injection
heights, altitude and location of the radionuclides, and the time after emission.

2 Lifetime definitions

Several definitions are used to describe aerosol lifetimes in the Earth’s atmosphere.
In a steady state, where aerosol emissions are continuous and there is a quasi-5

equilibrium between sources and sinks, the global and annual mean steady-state
aerosol lifetime τss is defined as

τss =
C
S

(1)

where C is the global, annual mean burden. S is the global, annual mean emission
rate, which is equal to the global, annual removal rate.10

In the case of an emission pulse (either instantaneous or over a short period) fol-
lowed by a removal period considerably longer than the pulse, the mean lifetime can
be similarly defined. For example, over a period of six months (6 mo), the mean lifetime
is

τ6mo = 6mo

(∑i=6mo
i=0 Ci∑i=6mo
i=0 Si

)
(2)15

where Ci is the global aerosol burden at time i , and Si is the burden emitted at time
i . This is expected to be a close approximation to the steady-state mean lifetime if the
mean is taken over a period of time extending considerably longer than the emissions
pulse.

The e-folding time, τe is also commonly used to describe the measured decay of20

aerosol concentrations following an emissions pulse. This is defined as
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τe =
−ti

ln
(

Ci
C0

) (3)

where C0 is the initial concentration.
The instantaneous lifetime can be used to characterize exponentially decreasing

aerosol concentrations with a time-dependent τe. For an exponential decrease, we
may define the instantaneous lifetime as5

τinstant =
ti − ti−1

− ln
(

Ci
Ci−1

) (4)

where ti and ti−1 are adjacent timesteps. τinstant is equivalent to τe if τe is constant.
The differences between these characterizations of aerosol lifetime are examined and
quantified in the following sections.

3 Model description10

We use the GEOS-Chem chemical transport model version 9–01-03 (www.geos-chem.
org) to interpret aerosol-bound 137Cs and 133Xe activity concentrations following the
FD-NPP accident. The model is driven by assimilated meteorology from the Goddard
Earth Observing System (GEOS-5) of the NASA Global Modeling and Assimilation
Office (GMAO). The horizontal resolution used for this study is 2◦ ×2.5◦, with 47 verti-15

cal layers (model lid at 0.01 hPa). The time period simulated is from 1 March 2011 to
1 September 2011. 137Cs and 133Xe are added to the radionuclide simulation described
in Liu et al. (2001). The model uses the advection scheme of Lin and Rood (1996) and
the moist convective mixing scheme of Allen et al. (1997) applied to mass fluxes from
the relaxed Arakawa–Schubert algorithm (Arakawa and Schubert, 1974; Moorthi and20

Suarez, 1992). The standard GEOS-Chem model includes a bulk aerosol mass simu-
lation of the sulfate-ammonium-nitrate system (Park et al., 2004), as well as sea salt
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(Alexander et al., 2005; Jaeglé et al., 2011), dust (Fairlie et al., 2007, 2010) and car-
bonaceous aerosols (Park et al., 2003; Liao et al., 2007; Henze et al., 2008; Wang et al.,
2011). Carbonaceous aerosols are considered as either hydrophobic or hydrophilic,
with a fixed e-folding time for conversion from the hydrophobic to hydrophylic state. Hy-
drophylic aerosols are removed by in-cloud rainout and all aerosols are subject to dry5

deposition and below cloud washout by precipitation. The original aerosol dry and wet
deposition scheme in GEOS-Chem is described in Bey et al. (2001); Liu et al. (2001).
Modifications to the wet deposition scheme described in Wang et al. (2011) are used
for this study.

3.1 Radionuclide simulations10

We implemented the emissions of Stohl et al. (2012) for 137Cs (an aerosol-bound ra-
dionuclide) and 133Xe (a noble gas) in the GEOS-Chem model. The total emissions for
the FD-NPP accident are 36.6±16.5 PBq 137Cs and 15.3 (−3.1,+3.0) Ebq 133Xe. 133Xe
is treated as a passive tracer and does not undergo any wet or dry removal processes.
To allow direct comparison with published decay-corrected surface layer 133Xe activity15

concentration measurement e-folding times presented by Kristiansen et al. (2012), we
do not allow radioactive decay of 133Xe. The long 137Cs half-life of about 30 yr allows
radioactive decay to be neglected for the time frame of this study. We parameterize
137Cs to undergo the same dry and wet deposition processes as sulfate aerosols.

Table 1 summarizes the simulations conducted to examine the sensitivity of the20

aerosol removal times to injection altitude, to the altitude and location of the radionu-
clides, and to the time after emission. The CTL simulation injects the emissions in lay-
ers up to 3 km in the model grid boxes over the Fukushima Dai-ichi power plant location,
as described in Stohl et al. (2012). The emissions are ongoing for about 40 days, with
the majority of the emissions in the first week after the earthquake. The USFC sim-25

ulation assumes the total emissions of Stohl et al. (2012) are injected with a uniform
distribution across the entire Northern Hemisphere and into the surface model layer
with a one-time instantaneous pulse injection on 11 March 2011. The U5K and U7K
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simulations are similar, except that the emissions are injected in the atmospheric layer
at 5 and 7 km, respectively.

4 Results

4.1 Simulated global lifetimes

Figure 1 shows the geographic distribution of the simulated 137Cs burden for the control5

(CTL) simulation on days 10 and 20 after the onset of the nuclear accident. Qualitatively
our results are quite similar to those presented by Stohl et al. (2012). The 137Cs plumes
encircle the Northern Hemisphere after about 10 days and 137Cs mixes throughout the
Northern Hemisphere after about 3 weeks. CTBTO sites where 137Cs and 133Xe activity
concentration measurements are taken are indicated by the black circles. Kristiansen10

et al. (2012) give 137Cs/133Xe surface layer concentration ratio e-folding times at these
sites that are compared to our simulations in the following section. 137Cs activity con-
centrations at all of these sites were strongly influenced by the radionuclide plumes
travelling out from the FD-NPP site, which is indicated by the white circle.

Figure 2 shows the simulated global 137Cs burden as a function of days after the15

11 March 2011 earthquake for simulation CTL (black symbols). Equations (2) and (3)
are used to calculate the global mean lifetime over the 6 month simulation and the e-
folding time (fit between days 20 and 80) for the global burden. For the CTL simulation,
the global mean aerosol-bound 137Cs lifetime is about 1.8 days and the e-folding time
for the global burden is 14.1 days. Thus, there is almost one order-of-magnitude dif-20

ference between these two characterizations of lifetime. The mean lifetime of aerosol-
bound 137Cs is strongly controlled by the removal of the majority of the global burden,
which occurs in the first few days after the emissions and before the radionuclides have
left the boundary layer and entered the free troposphere. This is evidenced by the one
order of magnitude reduction in the global burden within about one week after the onset25

of emissions.
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Figure 2 also shows the global 137Cs burden for the three sensitivity simulations.
Simulation USFC with surface layer injection throughout the Northern Hemisphere and
the CTL simulation have similar global burdens. Differences between simulation CTL
and simulation USFC in the first few days can be attributed to the efficient aerosol
removal by rain events close to the FD-NPP site during that time. After 20 days, the5
137Cs is reaching a quasi-steady-state gradient of concentration throughout the North-
ern Hemisphere troposphere, and thereafter the magnitude and rate of decrease of the
global burden is similar between simulations CTL and USFC. The emissions for simu-
lation USFC were emitted into regions of the Northern Hemisphere with less efficient
wet removal (pole-ward and arid zones); this gives slower removal in the first few days10

after the emissions and a slightly larger global burden (by about a factor of two) after 6
months.

Figure 2 also shows that for simulations U5K and U7K, the global burden decreases
more slowly during the first two weeks than for simulations CTL and USFC. This de-
crease is slowest for simulation U7K. For these higher altitudes of injection, the aerosol-15

bound 137Cs is already higher in the free troposphere, where removal is less efficient,
and the particles must mix down towards the boundary layer before their removal rates
are comparable to the surface-injection simulations.

The residual global burden after 6 months shown in Fig. 2 increases with the altitude
of injection. At six months, there is a two order-of-magnitude difference in burden be-20

tween simulations CTL and U7K. This residual burden depends on the removal rates
in the first three weeks, before the aerosol-bound 137Cs reaches a quasi-steady-state
gradient of concentration in the Northern Hemisphere troposphere. Scavenging in the
first few days when the emissions are close to the surface controls this residual burden.

Figure 3 shows the instantaneous lifetimes for the aerosol-bound global 137Cs bur-25

den. For simulations CTL and USFC, instantaneous lifetimes are short (less than 5
days) during the initial period before transport into the free troposphere. Simulation
CTL has the lowest instantaneous lifetimes during the first two weeks due to a combi-
nation of dry deposition near the source and wet scavenging by rain events near the
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accident site as described in Stohl et al. (2012). The majority of 137Cs mass is removed
during this time period and yields a mean lifetime of about 2 days over the 6 month
simulation. After the 137Cs has a quasi-steady-state gradient of concentration in the
Northern Hemisphere (after about day 40 for simulation CTL and day 20 for USFC,
U5K, and U7K), the instantaneous lifetimes exhibit a steady increase. Ongoing mix-5

ing throughout the Northern Hemisphere troposphere to regions with longer residence
times yields the steady increase.

Figure 3 shows that for simulation USFC, the instantaneous lifetimes during the first
two weeks are in the range of 3–10 days. The mean lifetime for the global burden over
the 6 month period (which is strongly controlled by the major mass losses in the first few10

days after emissions) is about 5.3 days. Indeed, for any aerosol species with emissions
into the boundary layer, the global mean lifetime is similarly and strongly controlled by
the removal that happens in the first few days before the aerosols leave the boundary
layer and enter the free troposphere. Thus, global models typically have global mean
aerosol lifetimes of 3–7 days (Textor et al., 2006), quite similar to that for the 137Cs in15

simulation USFC.
The global and annual mean lifetimes for the aerosol species in the GEOS-Chem

model are shown in Table 2. These aerosols are simulated using the same removal
schemes as for the radionuclide simulation. The global, annual mean lifetimes of the
carbonaceous aerosols and dust are about 6 days, which is close to the mean lifetime20

of 137Cs when injected uniformly into the surface layer (simulation USFC). A shorter
black carbon (BC) lifetime (4.2 days) in the recent GEOS-Chem simulation of Wang
et al. (2013) is attributed to their modified impaction scavenging of hydrophobic BC in
convective updrafts and scavenging of hydrophylic BC in ice clouds. The sulfate-nitrate-
ammonium system has a shorter lifetime, 2.6 days. In-cloud production of sulfate that25

is often coincident with regions of precipitation production contributes to this lower life-
time. Sea salt has the shortest lifetime (0.4 days) due to the rapid dry deposition of
the coarse mode after emission and the peak sea-salt emissions in the storm-track
regions of the oceans with frequent precipitation. The 1.8 day mean lifetime for 137Cs
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for simulation CTL is lower than for the aerosols (except sea salt, which is mostly in the
coarse mode). The rapid removal by precipitation events near the source contributes to
this lower 137Cs lifetime. Table 2 also shows that about 85 % of the 137Cs removal is at-
tributed to wet deposition. This fraction is about 97 % for the sulfate-nitrate-ammonium
system, 90 % for the carbonaceous aerosols, 65 % for sea salt and 60 % for dust. Thus,5

these lifetimes are strongly controlled by wet deposition.
Figure 3 also shows instantaneous lifetimes of about 100 days in the first few days af-

ter emission for simulation U7K (about 30 days for U5K), which yields a 6 month mean
lifetime of 21.1 days for simulation U7K (14.7 days for U5K). After about 3 weeks, there
is a quasi-steady-state gradient of concentration through the troposphere with mixing10

into the boundary layer. At this point for simulations U5K and U7K, the removal be-
comes more efficient, with minimum instantaneous lifetimes of about 10 days, similar
to simulation USFC. Thus, there is a strong divergence in the instantaneous lifetimes
between our four simulations for the first three weeks of the simulations. However,
after three weeks, the instantaneous lifetimes converge for the three sensitivity simula-15

tions. The convergence occurs later for simulation CTL due to the ongoing emissions
over about forty days. Thereafter, the instantaneous lifetimes increase with time and
are similar (within 10–20 %) in magnitude for all simulations. This is due to the simi-
lar nature of the ongoing removal and mixing processes after the radionuclides have
a quasi-steady-state gradient of concentration through the troposphere.20

Since the instantaneous lifetimes are not constant, the time period chosen for the e-
folding fit will strongly influence the calculated e-folding times. For a consistent compar-
ison with the results of Kristiansen et al. (2012) we chose days 20 to 80 after the onset
of emissions for the fit. The e-folding times of the global burden shown on Fig. 2 range
from 14.1 to 19.0 days for simulations USFC and U7K, respectively. This is a smaller25

range than for the mean lifetimes. Injection heights above the boundary layer increase
the e-folding times by 30 % for the chosen fit period (simulations U5K and U7K relative
to simulations CTL and USFC).
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4.2 Site-specific lifetimes

Table 3 gives the 137Cs to 133Xe surface layer concentration ratio e-folding times for
our simulations (fit over days 20 to 80 of the simulation) and also shows the e-folding
times presented by Kristiansen et al. (2012) based on measured surface layer activ-
ity concentrations over the same time period. We focus on the ratio of 137Cs to 133Xe5

for consistency with their approach and to remove the influence of transport into the
stratosphere and Southern Hemisphere as described in Kristiansen et al. (2012). The
e-folding times for all of these sites generally represent air that has left the boundary
layer and been transported through the free troposphere. Thus, these e-folding times
are not strongly influenced by the quick removal of mass that occurs in the boundary10

layer near the emissions source, in contrast with the global, 6 month mean lifetimes.
The e-folding time combining all sites together is 16.7 days for simulation CTL, which
is 20 % longer than that reported for the measurements (13.9 days). Errors in the re-
moval or transport parameterizations in our model may contribute to these differences.
However, our results differ from the factor-of-two under-estimation in global model life-15

times, suggested by Kristiansen et al. (2012). For simulation CTL, the surface layer
concentration e-folding time for the sites combined is also about 20 % longer than the
simulated global burden e-folding time of 14.1 days. This slight difference in the e-
folding time for the simulated global burden relative to the site-mean arises since the
geographic distribution of the CTBTO sites will not yield an exact representation of the20

global mean.
Table 3 shows that for the mid-latitudes sites, the simulated e-folding times agree

closely with the measurements, but with a consistent under-estimation of the measure-
ments of about 10 %. For the tropical sites (Oahu and Wake Island), the e-folding times
are over-estimated by about a factor of two relative to the measurements. Possible ex-25

planations are errors in simulating convective scavenging, convective transport, mixing
from the free troposphere to the marine boundary layer, or assuming that 137Cs at-
taches only to sulfate. For Wake Island, the e-folding time was fit over days 40 to 80
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since the simulated concentration ratios did not exhibit a steady decrease until after day
40. For the mountainous Ulan-Bator site, the model also over-estimates lifetime. This
site may be influenced by orographic precipitation (Kristiansen et al., 2012) at scales
finer than the GEOS-Chem horizontal resolution.

Table 3 also shows that the e-folding times at the surface sites are similar (within 10–5

30 %) for all the simulations. The emission injection farthest outside of the boundary
layer yields e-folding times that are longest by about 30 % (simulation U7K with respect
to CTL and USFC).

Figure 4 shows the simulated radionuclide concentration ratios at each of the 11
CTBTO sites for the 6 month period after the earthquake for the simulations CTL and10

U7K. For the CTL simulation, the concentration ratios at these sites peak after 10–20
days. Thus, the e-folding fitting time was chosen to start at day 20 similar to Kristiansen
et al. (2012). The ratios for simulation U7K show an initially slower decay over the first
20 days of the simulation at these sites. After day 20, the radionuclides have a quasi-
steady-state gradient of concentration in the troposphere for both simulations and the15

decay rates become quite similar. However, the residual concentration ratios after 6
months differ by more than an order of magnitude and increase with injection height,
similar to our findings for the global burden.

4.3 Dependence of simulated burden and lifetime vertical profiles on altitude
and location20

Figure 5 shows the vertical profile of the Northern Hemisphere zonal layer-mean 137Cs
burden for the simulation USFC over the final four months of the 6 month simulation. For
this time period the 137Cs has a quasi-steady-state gradient of concentration through-
out the Northern Hemisphere with concentrations increasing with altitude. The 137Cs
is maximum in the Northern Hemisphere upper troposphere since this is the region of25

least efficient removal. Figure 5 also shows the vertical profile of the 137Cs wet removal
rates. Maximum removal rates occur between 2 and 6 km in the mid-latitudes and in the
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tropics at about 1 km. The initial quick removal rates following the emissions into the
surface layer are excluded since the mean is for the last four months of the simulation.

The bottom panel of Fig. 5 shows the vertical profile of the layer-mean 137Cs lifetimes
with respect to wet removal. Lifetimes are lowest and less than 5 days in the boundary
layer below 2 km. Lifetimes generally increase (by several orders of magnitude) with al-5

titude since wet removal mechanisms become increasingly less efficient with altitude.
The minimum in the lifetimes has a greater vertical extent in the tropics (lifetimes are
less than 5 days below 6 km) and in the mid-latitudes. Wet removal is less in the sub-
tropics and in the polar regions and this yields a relative maximum in the lifetimes in
the layers between 2 and 6 km. We emphasize that the actual lifetime of a particle at10

a given location is not necessarily the same as what is shown in this figure since these
lifetimes with respect to wet removal neglect the influence of advection. In general, the
lifetimes of particles in the slow-removal parts of the atmosphere (e.g. upper tropo-
sphere and at high latitudes) will be shorter than what this figure shows since particles
can move out of these regions.15

These location-dependent lifetimes shown in Fig. 5 are similar for all four simulations
for the final four months of the 6 month simulation (not shown). After the radionuclides
have a quasi-steady-state gradient of concentration in the troposphere, the location-
dependent lifetime is independent of the initial locations of the injection, although the
magnitude of the 4 month mean burdens and removal rates are different between the20

four simulations. Figure 3 also illustrated that once the particles move all away from
the 5 and 7 km injection altitude (after the initial few days), the instantaneous lifetimes
decrease and the overall mean lifetime is less than the 100 days implied by the initial
losses before the influence of advection.

The preceding figures illustrated that the mean lifetime of aerosol-bound 137Cs de-25

pends strongly on where the aerosol is located in the troposphere in terms of altitude
and geographic location. As a result, e-folding times at sites remote to a source do
not reflect global mean lifetimes for species emitted into the boundary layer, which is
controlled by initial quick removal after emission. Mean lifetimes and e-folding times
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would only be the same for species emitted into the boundary layer if they stayed in
the boundary layer and did not undergo any vertical mixing into the free troposphere
where lifetimes are significantly longer.

Figure 6 shows the vertical profiles of the zonal and annual mean layer burden,
wet removal rates and lifetimes for one of the aerosol species in the GEOS-Chem5

model, black carbon. The near-surface maximum in the mean layer burden in the trop-
ics/subtropics is associated with biomass burning sources. The maximum in the wet
removal rates occurs in the boundary layer close to the burden maxima. The minima
of less than 5 days in the black carbon lifetime with respect to wet deposition has the
same spatial distribution as for the 137Cs, with minima in the mid-latitude storm tracks10

and regions of convection in the tropics. Similar profiles are seen for the other aerosol
species (not shown) with differences due to the different relative contributions of wet
and dry removal to the total removal rates for the different aerosol species. These dif-
ferences in relative contributions of wet and dry removal prevent an apples-to-apples
comparison between the vertical profiles of the lifetimes of any aerosol species and15
137Cs, but we can see similarities under the same wet scavenging scheme.

5 Conclusions

In this study, we used the GEOS-Chem model to interpret lifetimes of aerosol-bound
radionuclides emitted after the Fukushima Dai-Ichi nuclear power plant (FD-NPP) ac-
cident of March 2011. The 137Cs lifetimes have implications for understanding aerosol20

lifetimes since 137Cs immediately attaches to aerosols upon emission to the atmo-
sphere. Aerosol lifetimes and removal processes are poorly constrained in present-
generation global models (Textor et al., 2006), and as a result the constraints given
by 137Cs measurements are valuable. We found a 1.8 day mean lifetime of the global
137Cs burden for our simulation of the FD-NPP accident using the emissions data set25

of Stohl et al. (2012). However, an exponential fit over days 20 to 80 after the onset
of emissions yielded an e-folding time of 14.1 days for the simulated global burden
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and 16.7 days for the site-mean of the simulated surface layer 137Cs/133Xe concentra-
tion ratios at 11 Comprehensive Nuclear Test-Ban Treaty Organization (CTBTO) sites.
This is at the upper end of the 10.0–13.9 days range of the e-folding times for mea-
surements of surface-layer 137Cs/133Xe concentration ratios at the same CTBTO sites
(Kristiansen et al., 2012), also considering days 20–80 after the onset of emissions.5

The study by Kristiansen et al. (2012) suggested that the e-folding times based on
CTBTO measurement data may indicate that global models with mean aerosol lifetimes
of 3–7 days underestimate aerosol lifetimes by as much as a factor of two. However,
we found that the site-mean e-folding times for the GEOS-Chem model and the mea-
surements agree within 30 %, whereas the simulated global mean 137Cs differed from10

simulated e-folding times by about one order of magnitude. Thus, mean lifetimes and
e-folding times are not directly comparable.

We examined the reasons for this difference between mean lifetimes and e-folding
times. Mean lifetimes strongly depend on the location and altitude of the radionuclide
injection. We showed that for simulated injections into the boundary layer, the majority15

of the mass is removed within the first few days and this yielded mean lifetimes of only
a few days. The mean lifetime for 137Cs for our control simulation with the emissions
dataset of Stohl et al. (2012) was lower than typical aerosol mean lifetimes of 3–7 days
in global models due to the fast removal of aerosols by precipitation events near the
emission site that were coincident with the periods of strongest emissions. Both global20

mean aerosol lifetimes and 137Cs mean lifetimes are strongly controlled by this rapid
removal that occurs in the boundary layer prior to mixing into the free troposphere. Our
sensitivity simulations with injections into layers at 5 and 7 km yielded mean lifetimes
of 14.7 and 21.1 days, respectively. These mean lifetimes were longer than for bound-
ary layer injections due to slower removal in the first few days after emissions until25

the radionuclides have a quasi-steady-state gradient of concentration in the North-
ern Hemisphere troposphere with mixture between the free troposphere and boundary
layer.
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E-folding times based on fits over days 20–80 after the onset of emissions exclude
the influence of the initial rapid removal of the majority of mass that occurs for a bound-
ary layer injection. A fit taken over only the first few days after a pulse emission would
yield a lifetime close to the mean lifetime. However, a fit taken after a period of mixing
into the free troposphere (days 20–80) was shown to yield e-folding times in the range5

of 10 to 20 days. We found that the decrease of the global 137Cs burden for our simu-
lations was not perfectly exponential since the instantaneous e-folding times between
adjacent timesteps changed due to ongoing mixing into regions where removal is less
efficient. As a result, exponential fits are strongly sensitive to the period of time taken
for the fit.10

These results have implications for the interpretation of the aerosol lifetime constraint
provided by an exponential fit to measurement data at sites remote to the emissions.
The aerosol mean lifetimes and the radionuclide e-folding times (remote to emission
site and after the majority of the emission pulse has ended) cannot be directly com-
pared since the e-folding times exclude the influence of the initial rapid removal in the15

boundary layer unlike the former. A uniform Northern Hemisphere surface layer 137Cs
injection simulation, which had a mean lifetime of 5.3 days (global burden e-folding time
of 15.3 days) can be considered a closer surrogate to global mean aerosol lifetime.

A site-by-site comparison of our simulated to the measurement (Kristiansen et al.,
2012) surface layer 137Cs/133Xe ratio e-folding times showed over-estimations as large20

as a factor of two at tropical and high-latitude sites, and a tendency for the simulated
results to be 10–30 % lower than the measurement e-folding times at the mid-latitude
sites. This suggests the possible need for improvements in the model transport and
scavenging parameterizations, possible issues with comparison with sites at a sub-
grid scale level, and possible deficiencies in representing 137Cs removal (i.e. that it has25

the same removal efficiencies as sulfate). Further investigation is warranted.
We examined zonal mean profiles of 137Cs lifetimes with respect to wet removal

considering the final four months of our six month simulations in order to eliminate
the influence of the initial, quick boundary layer removal. These profiles were indepen-
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dent of the initial altitude of the radionuclide injection, although layer burden and wet
deposition rates are strongly dependent of the injection altitude. There was a strong al-
titude and latitude dependence of these lifetimes. Lifetimes were generally 5 days and
shorter in the boundary layer below 2 km. In the tropics and mid-latitudes these shorter
lifetimes extended up to 6 km (due scavenging to convective towers and mid-latitude5

storms). Lifetimes generally decrease strongly with altitude in the free troposphere (by
a few orders of magnitude). These lifetimes were 50 days or more in the high latitudes
and in the subtropics where there is less efficient wet removal. Aerosol lifetimes in the
GEOS-Chem model show a similar behavior.

Parameterizations for aerosol removal processes (dry and wet deposition) contribute10

strongly to differences in three-dimension aerosol concentrations predicted by global
models (Textor et al., 2006). Simulations of aerosol-bound radionuclide concentrations
after an emissions pulse, such as for the Fukushima Dai-Ichi nuclear power plant acci-
dent, provide an instructive opportunity to characterize the diversity in transport and re-
moval between global models and will be the subject of a future model intercomparison15

study proposed by Kristiansen et al. (2012). Future model-measurement intercompar-
isons should examine the sensitivity of 137Cs removal to assumptions about the type of
aerosol to which it attaches.

There is an ongoing need for the development of datasets to provide constraints on
aerosol removal processes (measurements of aerosol concentrations and deposition).20

However, as a result of the tight connections between removal and mixing, the careful
interpretation of measurement-based constraints is essential.
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Table 1. Summary of the simulations conducted for this study.

Simulation name Description

CTL Emissions of Stohl et al. (2012) implemented in GEOS-Chem
radionuclide simulation for March 2011 to September 2011

USFC Total emissions of Stohl et al. (2012) uniformly spread
throughout Northern Hemisphere (0–90◦ N, 180◦ W–180◦ E) in an
instantaneous pulse injection in model surface layer on 11 March 2011.

U5K Same as USFC but instantaneous injection into 5 km layer
U7K Same as USFC but instantaneous injection into 7 km layer
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Table 2. Global and annual mean aerosol lifetimes, burdens, and deposition rates in the GEOS-
Chem model. Round brackets indicate relative contribution to total deposition. Dust bin radii
range given in square brackets. Also shown are the global, 6 month mean 137Cs lifetime, burden,
and deposition rates for the four simulations of this study described in Table 1.

Aerosol Species Lifetime Burden Wet deposition Dry deposition
[days] [Tg] [Tgyr−1] [Tgyr−1]

Black carbon 6.1 0.12 5.65 (82 %) 1.23 (18 %)
Organic carbon 5.9 0.63 33.0 (85 %) 5.75 (15 %)
Sulfate-nitrate-ammonium 2.6 1.1 152 (97 %) 4.2 (3 %)
Dust (total) 5.8 19.7 731 (61 %) 476 (39 %)
Dust [0.1–1.0 µm] 9.3 3.9 143 (92 %) 12.8 (8 %)
Dust [1.0–1.8 µm] 8.2 7.1 262 (82 %) 58.9 (28 %)
Dust [1.8–3.0 µm] 6.1 6.7 242 (60 %) 162 (40 %)
Dust [3.0–6.0 µm] 2.1 2.1 119 (32 %) 252 (68 %)
Sea salt (total) 0.4 4.0 2250 (65 %) 1190 (35 %)
Sea salt (accumulation) 1.2 0.18 54.5 (96 %) 2.0 (4 %)
Sea salt (coarse) 0.4 3.8 2200 (65 %) 1190 (35 %)
Total (aerosols) 1.9 25.6 3170 (65 %) 1680 (35 %)

Radionuclide [days] [PBq] [GBqs−1] [GBqs−1]
137Cs CTL 1.8 0.372 2.07 (85 %) 0.37 (15 %)
137Cs USFC 3.9 0.825 1.96 (81 %) 0.44 (19 %)
137Cs U5K 14.7 3.11 2.17 (89 %) 0.27 (11 %)
137Cs U7K 21.1 4.45 2.17 (89 %) 0.26 (11 %)
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Table 3. Surface layer activity concentration ratio (137Cs/133Xe) e-folding times [days] from
measurements (Kristiansen et al., 2012) (square brackets indicate 95 % confidence interval)
and for the four simulations of this study described in Table 1. ∗ Wake Island e-folding time fit
over days 40 to 80 after onset of emissions, remaining sites fit over days 20 to 80.

Site name Latitude Longitude Altitude [m] Measurements CTL USFC U5K U7K

Wake Island∗ 19.3 166.6 5 8.8 [6.6, 13.9] 17.9 15.8 16.8 18.4
Oahu 21.5 −158.0 250 9.6 [7.7, 12.9] 19.7 15.8 16.6 17.6
Ashland 37.2 −99.8 600 18.1 [13.6, 27.2] 16.5 16.6 17.1 18.3
Charlottesville 38.0 −78.4 250 15.7 [12.2, 22.0] 14.5 14.5 14.9 16.4
Ussuriysk 44.2 132.0 50 14.1 [8.4, 47.6] 12.4 12.7 13.0 14.3
St John’s 47.6 −52.7 130 14.3 [11.0, 20.8] 10.1 9.8 9.9 10.9
Shauinsland 47.9 7.9 270 16.2 [12.6, 22.6] 15.9 15.2 16.1 17.7
Ulan-Bator 47.9 106.3 1340 8.8 [7.4, 10.8] 15.7 15.2 15.9 17.8
Stockholm 59.2 17.6 50 15.3 [11.0, 25.1] 13.9 13.4 13.7 15.1
Yellowknife 62.5 −114.5 200 13.1 [11.7, 14.9] 22.6 17.3 18.3 21.9
Spitsbergen 78.2 15.4 500 15.1 [12.3, 19.4] 18.8 15.9 17.4 20.1

All sites 13.9 [12.8, 15.2] 16.7 15.0 15.4 16.8
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Fig. 1. Geographic distribution of 137Cs burden on 21 March 2011 and 31 March 2011 for the
control simulation (CTL) of the GEOS-Chem model using the emissions of Stohl et al. (2012).
The accident site is indicated by a white dot and Comprehensive Nuclear Test-Ban Treaty
Organization (CTBTO) measurements sites are indicated by black dots.
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Fig. 2. Global 137Cs burden for the four GEOS-Chem simulations of this study described in
Table 1. The global 6 month mean lifetime and the e-folding time (days) fit over days 20 to 80
are color-coded to match the four simulations as indicated by the legend.
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Fig. 3. Instantaneous lifetime of the global 137Cs burden calculated with Eq. (4), for the four
GEOS-Chem simulations of this study described in Table 1.
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Fig. 4. Surface layer 137Cs/133Xe activity concentration ratio for the GEOS-Chem simulations
CTL (black) and U7K (blue) as described in Table 1. The e-folding times and station latitude
and longitude are shown in Table 3.
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Fig. 5. Zonal, 4 month mean 137Cs layer burdens (top panel), zonal, 4 month mean 137Cs wet
removal rates (middle panel), and zonal, 4 month mean 137Cs lifetimes with respect to wet
deposition (bottom panel). All zonal means are taken over the final four months of the simulation
USFC.

32420

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/32391/2013/acpd-13-32391-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/32391/2013/acpd-13-32391-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 32391–32421, 2013

Interpreting aerosol
lifetimes

B. Croft et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

0 20 40 60 80

2

4

6

8

10

A
lti

tu
de

 [k
m

 A
G

L]

Latitude

Black Carbon Lifetime [days]

 

 

1

5

10

50

100

0 20 40 60 80

2

4

6

8

10

A
lti

tu
de

 [k
m

 A
G

L]

Black Carbon Burden [kg]

 

 

500

1000

1500

0 20 40 60 80

2

4

6

8

10
A

lti
tu

de
 [k

m
 A

G
L]

Black Carbon Removal Rate [kg yr−1]

 

 

0

5

10

x 10
4

Fig. 6. Zonal, annual mean black carbon layer burdens (top panel), zonal, annual mean black
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spect to wet deposition (bottom panel) for the standard GEOS-Chem aerosol simulation
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