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Abstract. Understanding the transport path of the solar ac-
tivity proxy 10Be from source to archive is crucial for the
interpretation of its observed variability. The extent of mix-
ing of the strong production signal has been quantified in a
previous study (Heikkilä et al., 2009). In this study we per-
form sensitivity studies to investigate the influence of model
resolution on the degree of mixing and transport path of10Be
in the atmosphere using the ECHAM5-HAM aerosol-climate
model. This study permits us to choose an acceptable reso-
lution, and so minimum CPU time, to produce reconstruc-
tions as physically accurate as possible. Five model resolu-
tions are applied: T21L19: a coarse horizontal and vertical
resolution with model top at ca. 30 km, T42L31: an aver-
age horizontal and fine vertical one, T42L39: similar verti-
cal resolution than L19 but including the middle atmosphere
up to ca. 80 km, T63L31: a fine horizontal and vertical res-
olution and T63L47: a fine resolution horizontally and ver-
tically with middle atmosphere. Comparison with observa-
tions suggests that a finer horizontal and vertical resolution
might be beneficial, producing a reduced meridional gra-
dient, although the spread between observations was much
larger than between the five model runs. In terms of atmo-
spheric mixing the differences became more distinguishable.
All resolutions agreed that the main driver of deposition vari-
ability, observed in natural archives, is the input of strato-
spheric10Be (total contribution 68 %) which is transported
into the troposphere at latitudes 30–50◦. In the troposphere
the model resolutions deviated largely in the dispersion of
the stratospheric component over latitude. The finest reso-
lution (T63L47) predicted the least dispersion towards low
latitudes but the most towards the poles, whereas the coars-
est resolution (T21L19) suggested the opposite. The tropo-
spheric components of10Be differed less between the five
model runs. The largest differences were found in the polar

tropospheric components, which contribute the least to to-
tal production (≈ 4 %). We conclude that the use of the T42
horizontal resolution seems to be sufficient in terms of atmo-
spheric mixing of a stratospheric tracer because no substan-
tial improvement was seen when the resolution was increased
from T42 to T63. The use of the middle atmospheric con-
figuration is a trade-off between correctly describing strato-
spheric dynamics and having to reduce vertical resolution.
The use of a high vertical resolution seemed more beneficial
than the middle atmospheric configuration in this study. The
differences found between the T42L31 and T63L31 resolu-
tions were so small that T42L31 is a good choice because of
its computational efficiency.

1 Introduction

Cosmogenic radionuclides, such as10Be (half-life 1.4 mil-
lion years) and7Be (half-life 53.2 days), are commonly used
proxies for past cosmic ray intensity and solar activity. They
are produced in the atmosphere by primary and secondary
particles of cosmic rays (protons and neutrons) interacting
with atmospheric nitrogen and oxygen atoms. The inten-
sity of cosmic rays in the atmosphere is modulated by solar
and geomagnetic activity and hence observed variations of
cosmogenic radionuclide concentrations in natural archives,
such as ice cores, can be used to reconstruct cosmic ray in-
tensity in the past. After production,10Be and7Be atoms at-
tach to ambient aerosol, mainly sulfate, and are transported
through the atmosphere and deposited to natural archives
with them.

Modelling the atmospheric transport of beryllium iso-
topes is a difficult task. Their main source in the strato-
sphere (e.g.Lal and Peters, 1967) and long residence time
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in the atmosphere (approx. 1 yr e.g.Pedro et al., 2011) re-
quire the use of a global model or at least one including one
hemisphere. Comparison with observations has shown that
they are much more sensitive to uncertainties in scaveng-
ing and atmospheric transport than short-lived tracers emit-
ted from Earth’s surface (Brost et al., 1996; Koch et al.,
2006; Liu et al., 2001). Optimally a model version includ-
ing the middle atmosphere would be used, describing full
stratospheric dynamics and allowing for a better representa-
tion of the Brewer-Dobson circulation and hence tracer trans-
port. These factors add to the cost of model simulations and
prohibit the use of a high resolution. Yet the observations,
mostly surface air concentrations or deposition fluxes, are
strongly influenced by small scale atmospheric processes,
such as precipitation rate or intrusions of stratospheric air
into the troposphere. Regional or particle dispersion models
can be employed for investigating individual processes but
their contribution to total transport, including large scale, and
deposition is hard to estimate because the background is not
known. Finally the limited temporal and spatial coverage of
observations complicates a full validation of model results.

Thankfully the temporal resolution of observations, such
as ice cores, is relatively coarse which averages out much
of the small scale variability. Due to the stratospheric ori-
gin of 10Be an important driver for long term variability is
large scale transport, mainly the location of stratosphere-
troposphere exchange. The important issue in correctly as-
sociating the observed10Be variations to solar activity is to
understand the level of mixing of10Be in the atmosphere. As
the solar and geomagnetic modulation of the10Be produc-
tion rate varies largely in amplitude with altitude and latitude
it is crucial to understand which source region10Be in natural
archives represents.

One previous study has addressed the atmospheric mix-
ing, quantifying the fractions of10Be produced in a given
part of the atmosphere and where it is deposited (Heikkilä
et al., 2009). These results were based on one model real-
isation only. The aim of the present study is to investigate
how reproducible the results are using another model ver-
sion and a different computer environment, as well as the in-
fluence of model resolution. Ideally another aerosol-climate
model would be employed for a similar study to address
the model dependency as well. We apply model resolutions
varying from a very coarse to a fine one. Also the influence
of including the entire stratosphere into the model (middle-
atmosphere configuration) is investigated.

The impact of model resolution on middle atmosphere dy-
namics and stratosphere-troposphere exchange, as well as
climate in general, has previously been investigated by e.g.
Gray (2003); Hack et al.(2006); Richter et al.(2008); van
Velthoven and Kelder(1996), and in the ECHAM4/5 model
specifically byAghedo et al.(2010); Land et al.(2002);
Roeckner et al.(2006). These studies used idealised pas-
sive tracers in combination with the ECHAM atmospheric
model only. They agree that, in general, increasing vertical

resolution decreases the strength of stratosphere-troposphere
exchange and increases residence time of stratospheric par-
ticles. In addition,Aghedo et al.(2010) shows that in-
creased vertical transport at a coarse resolution leads to a
decreased meridional transport of surface tracers.Roeckner
et al. (2006) performed a careful validation of sensitivity of
model climate to resolution against the ERA-40 reanalysis.
They show that the error generally reduces when resolution
is increased. However, both horizontal and vertical resolution
have to be chosen consistently. Correct representation of the
stratosphere-troposphere exchange is of essential importance
in order to quantify the distribution between the source and
the sink regions of beryllium isotopes and associate variabil-
ity observed in a natural archive to atmospheric production
variability and hence solar activity.

2 Method

The model employed for this study is the ECHAM5 general
circulation model of the atmosphere (Roeckner et al., 2003)
coupled with the aerosol module HAM (Stier et al., 2005).
The HAM module describes the emission, physics, chem-
istry and deposition of aerosol. The beryllium isotopes (10Be
and 7Be) have been implemented into the model including
their production rate followingMasarik and Beer(2009) in-
terpolated to the monthly varying solar activity parameter
8, transport and deposition and, in the case of7Be, its ra-
dioactive decay. Details of the implementation of all these
processes are given inHeikkilä et al.(2008b). The model
was forced with observed sea-surface temperatures and sea-
ice cover (AMIP2). The model experiments were run for 10
years (1993–2002). The first five years were required to let
10Be reach equilibrium and discarded. The following five
years (1998–2002) were used for the analysis.

The model resolution used in previous beryllium mod-
elling studies using the ECHAM5-HAM has been a com-
promise between a high-enough resolution and a reasonable
runtime. ECHAM is often run as a climate or an aerosol
model at a higher horizontal resolution (T63 or T106) with
a relatively limited number of vertical levels (19 or 31) (e.g.
Hagemann et al., 2006; Stier et al., 2005). This is a suitable
approach when modelling climate or short lived particles
emitted from the surface which rarely make it to the strato-
sphere. Therefore, first modelling studies of beryllium iso-
topes were conducted using 31 vertical levels and the model
top at ca. 30 km (T42L31,Heikkilä et al., 2008b). Later it
was reasoned that allowing for a better representation of
stratospheric dynamics would improve the beryllium trans-
port in the model (T42L39, model top at 80 kmHeikkilä et
al., 2009). This, however, happened at the cost of the vertical
resolution at lower levels because the total number of lev-
els increased only marginally. For this study we chose five
different combinations of horizontal and vertical resolutions:
(1) A coarse resolution (T21L19, ca. 626 km horizontally (at
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U. Heikkil ä and A. M. Smith: Influence of resolution on atmospheric10Be 10603

Table 1.Details of model resolutions (horizontal and vertical) used in this study

T63L47 T63L31 T42L31 T42L39 T21L19

horiz. grid (◦) 1.875 1.875 2.813 2.813 5.625
horiz. grid (km) 209 209 313 313 626
time step (min) 15 15 24 24 40
model top (km) ≈80 ≈30 ≈30 ≈80 ≈30
vertical levels 47 31 31 39 19Heikkilä and Smith: Influence of resolution on atmospheric 10Be 9
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Fig. 1. Model coastline at horizontal resolutions used in this study:
209 km at Equator (T63), 313 km (T42) and 626 km (T21).

Equator) with 19 vertical levels up to ca. 30 km). We wanted
to test the influence of a coarse horizontal resolution on the
horizontal diffusion of atmospheric particles. (2) An aver-
age horizontal and high vertical resolution typically used
for 10Be studies (T42L31, ca. 313 km horizontally with 31
vertical levels up to ca. 30 km), (3) An average horizontal
and coarse vertical one but including the whole stratosphere
(T42L39, 313 km horizontally with 39 levels up to ca. 80 km.
This vertical resolution is similar to L19 up to 30 km), (4)
A fine horizontal and vertical resolution (T63L31, 209 km
horizontally and 31 vertical levels up to ca. 30 km) and (5)
A fine resolution, including the whole stratosphere (T63L47,
209 km horizontally with 47 vertical levels up to 80 km). Cor-
respondingly, this resolution is comparable with the L31 at
lower levels. T63L47 was pushing towards the limit of com-
putational cost of our simulations prohibiting its use for long
experiments. The model coastline, as described by the vari-
ous horizontal resolutions, is shown in Fig.1. A summary of
the resolutions used is given in Table1.

In order to study the transport path of beryllium atoms
from their source in the stratosphere until their deposition the
production rates were divided into 30-degree latitude bands
in the stratosphere and the troposphere, followingHeikkilä et
al. (2009). The sum of all these atmospheric compartments
gave the total production. The model defined tropopause was
used as the vertical limiter between the stratosphere and the
troposphere. Hence we ended up with 6 compartments in
both the troposphere and the stratosphere (60–90◦ S, 30–
60◦ S, 0-30◦ S, 0–30◦ N, 30–60◦ N and 60–90◦ N). 10Be pro-
duced in each of these compartments was defined as a sepa-
rate tracer, allowing for a quantification of where10Be, pro-
duced in a given atmospheric region, was deposited. Air con-
centrations also show the transport from source at each model
level, not only at sink such as deposition flux. Please note
that all particles were simulated as individual atoms in the
model and the fluxes shown throughout the manuscript show
the number of atoms per meter squared and time unit, and are
directly comparable with atoms measured in natural archives.

In order to validate the transport of atmospheric particles
by the model the additional tracer210Pb was implemented
into the model.210Pb is often measured in the same samples
as 7Be and a reasonably large number of observations ex-
ist. 210Pb is a decay product of222Rn which is emitted from
porous soil containing uranium.222Rn (half-life 3.8 days)
rapidly decays into210Pb which thus has its source in the
lower troposphere over continents. Because the actual emis-
sion distribution of222Rn is complex and not well known we
adapt a simplified emission scheme of 1 atom cm−2 s−1 over
continents, reduced to 0.33 atom cm−2 s−1 under freezing
conditions or on ice covered surfaces. This simplified emis-
sion scheme has successfully been used by numerous mod-
elling studies (e.g.Feichter et al., 1991; Liu et al., 2001; Koch
et al., 2006). 210Pb has a similar geochemical behaviour to
10Be or 7Be. After production it quickly attaches to ambi-
ent aerosol and undergoes the same transport and deposition.
7Be has its main source in the stratosphere and a long atmo-
spheric residence time whereas210Pb is produced close to
surface and removed rapidly, but both are deposited in a sim-
ilar way. Hence the comparison of both serves to probe the
vertical transport predictions of the models.
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Fig. 2. 1998–2002 mean surface air concentration of 7Be (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 3. 1998–2002 mean surface air concentration of 210Pb (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 4. 1998–2002 mean deposition flux of 7Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 5. 1998–2002 mean deposition flux of 210Pb atoms (1000 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 2. 1998–2002 mean surface air concentration of7Be
(mBq m−3 STP) with different model resolutions. The dots show
the location and observed concentration of the measurement sta-
tions (references given in the text).

3 Model validation

3.1 Surface air concentrations

First we would like to investigate whether the use of a
higher model resolution actually improves the model per-
formance in terms of reproducing observations. Our valida-
tion is based on7Be and210Pb due to a larger availability
of data.7Be is being observed in various monitoring net-
works worldwide and offers a reasonably well distributed
set of data. We use the observations of the Environmen-
tal Measurement Laboratory (EML:http://www.nbl.doe.gov/
htm/EML LegacyWebsite/index.htm) combined with other
studies (Al-Azmi et al., 2001; Cannizzaro et al., 2004;
Elsässer et al., 2011; Gerasopoulos et al., 2001; Kulan et al.,
2006; Pacini et al., 2011; Papastefanou and Ioannidou, 1996).
This way we obtained 1097Be and 51210Pb observations.
The temporal coverage of the observations is not consistent.
Most data are long term means but some might only cover
a few years. The years observed rarely coincide with each
other or the modelled period. The locations of the stations are
shown in Fig.2. The spatial coverage of the stations is rela-
tively good but still large areas in Asia, most of Africa, east-
ern Latin America, North Atlantic and the Southern Ocean
lack observations. Figure2 illustrates the7Be model predic-
tions and the colour of the dots indicates the observed con-
centrations. The figure also illustrates the 5-year mean7Be
concentrations in the lowest model level.

The model successfully reproduces higher observed con-
centrations at low latitudes and lower concentrations at
high latitudes. There is an abundance of observations
in Europe and North America, the highest values (5–
6 mBq m−3 STP = standard temperature (273.15 K) and pres-
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Fig. 2. 1998–2002 mean surface air concentration of 7Be (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 3. 1998–2002 mean surface air concentration of 210Pb (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 4. 1998–2002 mean deposition flux of 7Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 5. 1998–2002 mean deposition flux of 210Pb atoms (1000 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 3. 1998–2002 mean surface air concentration of210Pb (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

sure (1013.25 hPa)) being observed in the mountains. The
concentrations in the lowlands are typically 1–3 mBq m−3.
The model does not reproduce the highest values because the
mountains are not resolved even at T63 resolution. Other-
wise the model tends to be on the lower side of the observed
variability but generally within a factor of 2 of observations.

There is some discrepancy between model and observa-
tions on oceanic islands, as well as in Antarctica. The ob-
servations on the islands are often taken at high altitude sta-
tions. This is a challenge for the model as the resolution is
not sufficient to even resolve the islands, let alone to repre-
sent the high altitude (see Fig.1). To account for this, the
value at a model level corresponding to the altitude in ques-
tion is shown later in Fig.7. There are large variations be-
tween the concentrations observed on the Antarctic coast.
The model results are consistent with the lower ones but un-
derestimates the values exceeding 4 mBq m−3. Generally the
observations vary largely in space whereas the model simu-
lates a smooth field with only small changes in the zonal di-
rection. All resolutions produce very similar fields. The main
difference found is between the coarse and fine vertical res-
olutions. The coarser ones produce higher concentrations in
the tropics, especially over Himalaya, Middle East, India and
the Indian ocean. The few observations in that area suggest
that the model has too large a meridional gradient which is
reduced in the simulations with a higher horizontal resolu-
tion (T63L47 and T63L31) but this should be confirmed by
a larger number of observations.

In the case of210Pb (Fig.3) the differences between model
resolutions are insignificant. The general observed distribu-
tion of high concentrations over continents and lower ones
far from the sources of222Rn is well reproduced by the
model. Solely in North America the model fails to reproduce
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http://www.nbl.doe.gov/htm/EML_Legacy_Website/index.htm
http://www.nbl.doe.gov/htm/EML_Legacy_Website/index.htm
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Fig. 2. 1998–2002 mean surface air concentration of 7Be (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 3. 1998–2002 mean surface air concentration of 210Pb (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 4. 1998–2002 mean deposition flux of 7Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 5. 1998–2002 mean deposition flux of 210Pb atoms (1000 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 4. 1998–2002 mean deposition flux of7Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).
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m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 3. 1998–2002 mean surface air concentration of 210Pb (mBq
m−3 STP) with different model resolutions. The dots show the lo-
cation and observed concentration of the measurement stations (ref-
erences given in the text).

Fig. 4. 1998–2002 mean deposition flux of 7Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 5. 1998–2002 mean deposition flux of 210Pb atoms (1000 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

Fig. 5.1998–2002 mean deposition flux of210Pb atoms (1000 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux of the measurement stations (refer-
ences given in the text).

some of the observed high values. In the areas where highest
values are modelled (North Africa, Middle East and India) no
observations are available. This highlights how it is relatively
simple to model a short lived surface tracer. A stratospheric
tracer, such as7Be, reveals differences between model reso-
lutions and how they capture the vertical transport of atmo-
spheric particles. However, more observations are required to
make full use of this test.

3.2 Deposition fluxes

To evaluate the model results in reproducing observed de-
position fluxes we use all modern7Be,210Pb and10Be fluxes
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Fig. 6. 1998–2002 mean deposition flux of 10Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux at 21 stations (references given in the
text).
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position flux of 7Be atoms (100 m−2s−1) and 210Pb atoms (1000
m−2s−1) with different model resolutions. Correlation coefficients
and root mean squared errors are also shown for each resolution, in
the order indicated in the legend.
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of 10Be atoms (concentration integrated over the atmospheric col-
umn m−2) with different model resolutions.

Fig. 6. 1998–2002 mean deposition flux of10Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux at 21 stations (references given in the
text).

found in the literature. The temporal coverage is often shorter
(from a few months to 8 yr) than in the case of surface air
concentrations and a much more limited number of observa-
tions is available. We simply average over whatever period
the observations cover and compare them with the modelled
5-yr mean fluxes. There are7Be observations from 37 sta-
tions (Baskaran et al., 1993; Bleichrodt, 1978; Brown et al.,
1988; Crecelius, 1981; Hasebe et al., 1981; Heikkilä et al.,
2008a; Hirose et al., 2004; Huh et al., 2006; Igarashi et al.,
1998; Knies, 1994; McNeary and Baskaran, 2003; Olsen et
al., 1985; Todd et al., 1989; Turekian et al., 1983; Uematsu
et al., 1994; Young and Silker, 1980), 210Pb from 71 stations
(Baskaran et al., 1993; Graustein and Turekian, 1986; Huh et
al., 2006; Hirose et al., 2004; McNeary and Baskaran, 2003;
Nijampurkar and Clausen, 1990; Todd et al., 1989; Turekian
et al., 1977, 1983) and 10Be from 21 stations (Chengde et
al., 1992; Graham et al., 2003; Heikkilä et al., 2008a; Mon-
aghan et al., 1986; Somayulu et al., 1984). The modelled 5-
yr mean deposition fluxes of7Be,10Be and210Pb are shown
in Figures4, 5 and 6, together with the location and mea-
sured flux of the observations. A scatter plot of these results
with correlation and root mean squared error (RMSE) is pre-
sented in Fig.7. In areas with a dense coverage of stations
(Europe and North America) the observations exhibit large
variability. Again, the modelled fields are smoother and do
not resolve the effect of mountains or small islands. Depo-
sition fields are largely influenced by precipitation which is
orographically increased at high altitudes. Due to this and the
higher beryllium content in upper levels higher10Be and7Be
fluxes are observed in mountainous areas (e.g.Heikkilä et
al., 2008a; Huh et al., 2006). The modelled210Pb deposition
flux also seems to agree well with observations, successfully
reproducing the high observed values over the continents in

www.atmos-chem-phys.net/12/10601/2012/ Atmos. Chem. Phys., 12, 10601–10612, 2012
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Fig. 6. 1998–2002 mean deposition flux of 10Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux at 21 stations (references given in the
text).
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Fig. 9. Zonal mean stratospheric and tropospheric column density
of 10Be atoms (concentration integrated over the atmospheric col-
umn m−2) with different model resolutions.

Fig. 7. Scatter plot of modelled versus observed 1998–2002 mean
7Be and210Pb surface air concentrations (mBq m−3 STP) and
deposition flux of 7Be atoms (100 m−2s−1) and 210Pb atoms
(1000 m−2s−1) with different model resolutions. Correlation co-
efficients and root mean squared errors are also shown for each res-
olution, in the order indicated in the legend.

the Northern Hemisphere and the lower ones in the Southern
Hemisphere.

The precipitation rate simulated by the different model res-
olutions also shows relatively little differences. We refer to
Hagemann et al.(2006) for a full evaluation of the model
performance in reproducing observed precipitation and limit
our comments to the precipitation influence on particle de-
position. The main difference found between resolutions is
the band of high precipitation in the tropical Pacific which is
only simulated by the highest resolution model (T63L47, not
shown). It is consistent with the increase in7Be and10Be
deposition. Also the7Be flux in the subtropical Pacific is
increased with the higher vertical resolutions (T63L47 and
T42L31) which can partly be seen in the precipitation rate as
well. This is less obvious from the10Be deposition flux. As
there are no stations in those areas we cannot assess which
one of the resolutions is performing best.

The model seems to capture the overall magnitude of the
observed deposition fluxes (see Figs.4 and7) which gives
us confidence that the source strength is correct. Compari-
son with surface air concentrations gives an indication of the
scavenging efficiency of aerosol in the model, especially in
the case of7Be. Although observations at nearby stations fall
within a large range which the model is not able to capture
the overall magnitude is well reproduced giving confidence
that the scavenging efficiency and hence the atmospheric (es-
pecially tropospheric) residence time of beryllium isotopes
is correct. Generally the differences between the model res-
olutions are smaller than the spread of observations from
nearby areas. More observations with a denser spatial cover-
age are required to evaluate the performance of the different

model resolutions. Another useful test would be to increase
the model resolution (e.g. employing regional models) to see
whether such a model reproduces the large spatial variability
of the observations.

In order to quantify these findings a scatter plot of ob-
served versus modelled values of7Be and210Pb surface air
concentrations and deposition fluxes are shown in Fig.7, to-
gether with correlation coefficients and root-mean-squared
errors (“RMSE”). Due to the limited number of10Be ob-
servations it is not shown in the scatter plot, but the results
were similar to7Be and210Pb. If the altitude of the obser-
vation was high, concentration from a corresponding model
layer was used instead of the surface value for this analy-
sis. Obviously the differences between tracers are much more
significant than differences between model resolutions. Both
7Be concentration (0.2–0.3) and deposition flux (0.3–0.4) ex-
hibit low spatial correlation between model and observation,
reflecting the difficulty in capturing the large spread in ob-
served values. The distinctive source distribution (land/sea),
the short lifetime and distance from source of210Pb is re-
flected by the much better spatial correlation (0.6–0.7) than
in the case of7Be (0.2–0.4). The correlation of210Pb concen-
trations is slightly better than that of deposition flux, but the
RMSE is slightly greater. This suggests a more accurate spa-
tial distribution of concentrations, although the actual depar-
tures from observations are slightly larger than in deposition
flux. The situation is opposite in case of7Be. Spatial corre-
lation is lower for concentrations, and RMSE larger than in
the case of deposition flux. In terms of RMSE the model per-
forms better simulating7Be than210Pb deposition, and the
RMSE for concentrations is similar. The differences between
resolutions are fairly small. There is a tendency of T42L39
to perform slightly worse than other resolutions, confirming
the importance of a high vertical resolution.

4 Budgets and residence times

Model resolution is likely to influence the horizontal and ver-
tical dispersion of10Be in the atmosphere and consequently
the level of smoothing the large10Be production gradients
in the stratosphere. This is best inspected by looking at at-
mospheric burdens (total integrated contents) of10Be and
its stratospheric and tropospheric residence times. The resi-
dence times are averages for each atmospheric compartment,
calculated by dividing the burden with the flux. These are
summarised in Table2. We see that there are significant dif-
ferences in the absolute fluxes between the resolutions but
the relative shares of production between the stratosphere
and the troposphere as well as the wet to total deposition are
relatively stable. The difference in absolute production rate
between resolutions is caused by the relatively coarse hori-
zontal and vertical resolution of the original source function
by Masarik and Beer(2009). We applied spline interpolation
to avoid stepwise changes in the source.
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Table 2. Globally integrated budgets and residence times of10Be, 7Be and210Pb at different model resolutions (1998–2002 mean).
str=stratosphere, tr=troposphere. (% of total) shows the share of total deposition.

T63L47 T63L31 T42L31 T42L39 T21L19

10Be

Production (str) 0.127 g d−1 (66 %) 0.134 g d−1 (67 %) 0.135 g d−1 (67 %) 0.132 g d−1 (68 %) 0.144 g d−1 (69 %)
Production (tr) 0.066 g d−1 0.066 g d−1 0.067 g d−1 0.062 g d−1 0.065 g d−1

Wet deposition (% of total) 0.184 g d−1 (94 %) 0.192 g d−1 (94 %) 0.192 g d−1 (95 %) 0.183 g d−1 (93 %) 0.185 g d−1 (93 %)
Dry deposition (% of total) 0.009 g d−1 (4 %) 0.009 g d−1 (5 %) 0.009 g d−1 (4 %) 0.009 g d−1 (5 %) 0.010 g d−1 (5 %)
Sedimentation (% of total) 0.003 g d−1 (2 %) 0.003 g d−1 (2 %) 0.004 g d−1 (2 %) 0.004 g d−1 (2 %) 0.005 g d−1 (2 %)
Burden (str) 40.8 g 47.3 g 46.8 g 39.9 g 44.3 g
Burden (tr) 3.6 g 3.9 g 4.1 g 4.0 g 4.8 g
Residence time (str) 321 d 364 d 346 d 302 d 308 d
Residence time (tr) 18 d 19 d 20 d 20 d 24 d

7Be

Production (str) 0.186 g d−1 (70 %) 0.204 g d−1 (72 %) 0.207 g d−1 (72 %) 0.193 g d−1 (72 %) 0.219 g d−1 (74 %)
Production (tr) 0.080 g d−1 0.081 g d−1 0.082 g d−1 0.076 g d−1 0.078 g d−1

Decay 0.167 g d−1 0.188 g d−1 0.189 g d−1 0.172 g d−1 0.193 g d−1

Wet deposition (% of total) 0.094 g d−1 (94 %) 0.094 g d−1 (94 %) 0.095 g d−1 (94 %) 0.092 g d−1 (94 %) 0.094 g d−1 (93 %)
Dry deposition (% of total) 0.004 g d−1 (4 %) 0.004 g d−1 (4 %) 0.004 g d−1 (4 %) 0.004 g d−1 (4 %) 0.005 g d−1 (5 %)
Sedimentation (% of total) 0.002 g d−1 (2 %) 0.002 g d−1 (1 %) 0.002 g d−1 (2 %) 0.002 g d−1 (2 %) 0.002 g d−1 (1 %)
Burden (str) 11.1 g 12.6 g 12.6 g 11.2 g 12.5 g
Burden (tr) 1.8 g 1.9 g 1.9 g 2.0 g 2.4 g
Residence time (str) 59 d 62 d 61 d 58 d 57 d
Residence time (tr) 18 d 19 d 19 d 20 d 23 d

210Pb

Production 34.8 g d−1 34.8 g d−1 34.1 g d−1 33.5 g d−1 34.8 g d−1

Wet deposition (% of total) 33.1 g d−1 (95 %) 33.1 g d−1 (95 %) 32.3 g d−1 (95 %) 31.8 g d−1 (95 %) 32.5 g d−1 (94 %)
Dry deposition (% of total) 1.5 g d−1 (4 %) 1.5 g d−1 (4 %) 1.5 g d−1 (4 %) 1.3 g d−1 (5 %) 1.6 g d−1 (5 %)
Sedimentation (% of total) 0.3 g d−1 (1 %) 0.3 g d−1 (1 %) 0.3 g d−1 (1 %) 0.3 g d−1 (1 %) 0.4 g d−1 (1 %)
Burden (str) 54.9 g 63.3 g 75.9 g 77.7 g 86.3 g
Burden (tr) 154.6 g 160.9 g 166.0 g 179.6 g 195.3 g
Residence time (tr) 4 d 5 d 5 d 5 d 6 d

The main difference is found to be due to vertical rather
than to horizontal resolution. T42L39 and T21L19 with
coarser vertical resolution predict a shorter stratospheric res-
idence time for10Be by up to a month. The typical lag found
between10Be deposition and cosmic ray production is in
the order of 1 yr (e.g.Pedro et al., 2011). This is somewhat
shorter than the typical age of air in polar stratosphere of
3–5 yr (e.g.Waugh and Hall, 2002) due to the high pro-
duction of10Be there, shortening the mean residence time.
The runs with a higher vertical resolution produce a resi-
dence time closer to the observed estimate of 1 yr (e.g.Pe-
dro et al., 2011). There seems to be a clear link between
the horizontal resolution and the tropospheric residence time
of 10Be (T63: 18 d, T42: 20 d, T21: 24 d). The differences
in the residence times are directly reflected in the strato-
spheric and tropospheric burdens. The coarse vertical res-
olution decreases the stratospheric residence time (T42L39
and T21L19), probably due to vertical diffusion. On the other

hand, both middle atmosphere resolutions (T63L47, fine and
T42L39, coarse) have a reduced stratospheric burden sug-
gesting that stratosphere-troposphere exchange is more effi-
cient in the middle atmosphere versions. This can be seen
in Fig. 8: the stratospheric burdens of10Be are lower in the
middle atmospheric versions (T63L47 and T42L39). The tro-
pospheric burden is more influenced by the horizontal reso-
lution. The highest concentrations at all tropospheric levels
are found in the coarsest version (T21L19) and the concen-
trations decrease with increasing resolution.

In case of7Be these differences are dampened by the ra-
dioactive decay, especially in the stratosphere. The typical
residence time of> 300 days is significantly longer than the
half-life of 7Be (53.2 days) so that any effects of model res-
olution on stratospheric transport have little effect on its life-
time. In the troposphere the influence of the decay is less
important due to the short residence of ca. 20 days.210Pb
is only produced in the troposphere and is removed rapidly,

www.atmos-chem-phys.net/12/10601/2012/ Atmos. Chem. Phys., 12, 10601–10612, 2012
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Fig. 6. 1998–2002 mean deposition flux of 10Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux at 21 stations (references given in the
text).
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Fig. 7. Scatter plot of modelled versus observed 1998–2002 mean
7Be and 210Pb surface air concentrations (mBq m−3 STP) and de-
position flux of 7Be atoms (100 m−2s−1) and 210Pb atoms (1000
m−2s−1) with different model resolutions. Correlation coefficients
and root mean squared errors are also shown for each resolution, in
the order indicated in the legend.
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Fig. 8. Zonal mean air concentrations of 10Be atoms (104 m−3)
with different resolutions. Tropopause pressure is highlighted in
black. The altitude is shown only until 10 hPa with the middle
atmosphere versions (L39 and L47).
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Fig. 9. Zonal mean stratospheric and tropospheric column density
of 10Be atoms (concentration integrated over the atmospheric col-
umn m−2) with different model resolutions.

Fig. 8. Zonal mean air concentrations of10Be atoms (104 m−3)
with different resolutions. Tropopause pressure is highlighted in
black. The altitude is shown only until 10 hPa with the middle at-
mosphere versions (L39 and L47).

after 5 days on average. A few of the210Pb atoms make it to
the stratosphere where they can reside significantly longer
than in the troposphere, increasing the relative fraction of
stratospheric burden.

Figure 9 illustrates the zonal mean column densities of
10Be atoms (m−2) in the stratosphere and the troposphere
for all resolutions. The resolutions T21L19, T42L39 and
T63L47 are quite similar, whereas the T42L31 and T63L31
resolutions predict more10Be in the high latitude strato-
sphere. The coarse T21L19 smooths most the latitude gra-
dient. Larger changes can be observed in the troposphere.
The largest amplitude variation over latitude is produced by
the T42L39 resolution whereas the least change between lat-
itudes is found in the T63L31 and T63L47 runs. The7Be
surface observations (Figs.2 and7) seem to support a flat-
ter gradient over latitude, yet this result should be interpreted
with care due to their inhomogeneous spatial distribution.

5 Mixing and transport path of 10Be

Comparison with observations did not reveal significant dif-
ferences in model performance between resolutions. How-
ever, the burdens and residence times indicated that the mix-
ing of the10Be production gradient in the stratosphere is in-
fluenced by the model resolution. Here we make use of the
divided production of10Be in the 30-degree bands in the
stratosphere and the troposphere to study the actual transport
path of10Be atoms from the stratosphere to the surface. As
10Be produced in each of the atmospheric compartments was
defined as separate tracers, they can be analysed individually.
The shares of production in each atmospheric compartment
are similar in each model run despite of the differences in
resolutions: Stratosphere: 60–90◦ S (9.5–11.4 %), 30–60◦ S
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Fig. 6. 1998–2002 mean deposition flux of 10Be atoms (100 m−2

s−1) with different model resolutions. The dots show the location
and observed deposition flux at 21 stations (references given in the
text).
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the order indicated in the legend.
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Fig. 9. Zonal mean stratospheric and tropospheric column density
of 10Be atoms (concentration integrated over the atmospheric col-
umn m−2) with different model resolutions.

Fig. 9.Zonal mean stratospheric and tropospheric column density of
10Be atoms (concentration integrated over the atmospheric column
m−2) with different model resolutions.
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Fig. 10.Zonal mean deposition flux of10Be atoms (m−2s−1) with
different resolutions. Fluxes of10Be produced in different atmo-
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the 30-degree latitude bands in the troposphere).

(17.3–19.3 %), 0–30◦ S (5.2–6.0 %), 0–30◦ N (5.1–5.8 %),
30–60◦ N (16.4–19.0 %) and 60–90◦ S (10.2–11.7 %), Tro-
posphere: 60–90◦ S (1.7–1.9 %), 30–60◦ S (5.6–6.5 %), 0–
30◦ S (7.4–8.6 %), 0–30◦ N (7.4–8.6 %), 30–60◦ N (5.7–
6.6 %) and 60–90◦ S (1.6–2.0%). Figure10 shows zonal
mean deposition fluxes divided into the 30-degree bands in
the troposphere and the whole stratosphere separately for
all resolutions. All resolutions agree that the main contribu-
tion to deposition flux is the stratospheric10Be, which en-
ters the troposphere at mid-latitudes (30–50◦ N or S) where
most of it is also deposited. This can be seen by compar-
ing air concentrations and deposition flux of10Be from all
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stratospheric compartments which all peak at mid-latitudes
near the tropopause region. There is a secondary peak in
the NH tropics due to the maximum precipitation rate there.
10Be produced in the tropospheric polar latitudes (60-90◦)
is equally deposited between 40◦ and 90◦. Due to the mini-
mum tropopause height over polar regions and the smallest
surface area the contribution of10Be produced in polar tropo-
sphere to total deposition is the lowest. The contributions of
the mid-latitude and tropical tropospheric10Be are similar.
The mid-latitude tropospheric10Be is mostly deposited lo-
cally but reaches over the full hemisphere. The tropical10Be
is spread over latitudes from 0 to 50◦. Only a small part of it
(ca. 5 %) is transported to the opposite hemisphere.

The differences between the five model runs in the tro-
posphere are small, only the fluxes from the T21L19 be-
ing slightly lower at low and mid-latitudes. In the strato-
sphere the differences become remarkable. The results from
the T42L31 and T42L39 are similar except for the slightly
lower values from the T42L39 in the tropics due to the higher
stratospheric contribution there. In the T21L19 run the signal
is spread over latitudes from 50◦ S to 50◦ N with the tropical
peak nearly as large as the midlatitude peaks. The T63L47
and T63L31 runs produce the opposite behaviour with the
mid-latitude peaks being a factor of 3 larger than the tropi-
cal peaks. The results from the T42L31 and T42L39 runs are
close to those of the T63L47/T63L31 runs but their horizon-
tal spread at high latitudes is reduced. The horizontal diffu-
sion in the results from the T21L19 is probably overestimated
smearing out the10Be gradients in the mid- and low latitudes.
This is in agreement with previous findings byAghedo et al.
(2010) who found weaker meridional transport at coarse res-
olutions, allowing for more diffusion towards low latitudes.

Figure 11 shows the stratospheric10Be divided into the
30-degree bands. The tropospheric fluxes are also shown for
comparison. All resolutions agree that the stratospheric10Be,
from all latitudes, is transported into the troposphere via the
latitudes 30–50◦ N or S. The stratospheric polar10Be which
is most strongly modulated by solar activity contributes to
a smaller fraction of total deposition than the stratospheric
mid-latitude production. This is due to the very small surface
area of the Earth poleward of 60◦. Comparing the deposi-
tion from 60–90◦ stratosphere with that from 60–90◦ tropo-
sphere we see that the stratospheric part is larger at all lat-
itudes, except polewards from 80◦ where the fractions are
equally large. At midlatitudes the stratospheric part always
dominates. The tropical10Be flux is dominated by the tro-
pospheric part. The smearing of the stratospheric10Be sig-
nal towards low latitudes by T21L19 is visible at all source
latitudes. The comparison with air concentrations of strato-
spheric10Be near the tropopause, which also peak at mid-
latitudes, suggests that the smearing takes place in the tropo-
sphere after the10Be has been transported from the strato-
sphere. Figure8 supports this by showing the increased
concentrations in the low latitude troposphere by T21L19
compared with other resolutions. Similar behaviour by the
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Fig. 12.Percentages of10Be deposited at a given latitude (’Depo-
sition region’ shown in the legend) which were produced at the tro-
pospheric latitudes indicated on the x-axis (’Production region’).
Also shown is stratospheric (STR) production, averaged across all
latitudes. The five bars at each latitude band show the model reso-
lutions “T63L47”, “T42L39”, “T42L31”, “T21L19” as well as the
“T42L39old”, published inHeikkilä et al.(2009), respectively.

ECHAM5 model has been reported byAghedo et al.(2010)
who found that meridional transport was decreased at coarse
resolution, leading to increased concentrations of surface
tracers in the tropics.

The exact “fate” of10Be produced at a given latitude is
illustrated in Fig.12, adapted from Fig. 8 ofHeikkilä et al.
(2009). The x-axis shows the origin of10Be, i.e. at which
tropospheric latitude (60–90, 30–60, 0–30◦ N or S) or (the
entire) stratosphere it was produced. The colours indicate
the latitude where the10Be is deposited. The y-axis shows
the percentage of10Be produced at the latitude (given by
the x-axis) which is deposited at a given latitude band (leg-
end). The fractions of deposition were calculated weighted
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with the area of the Earth within each latitude band. The
five bars show the model resolutions “T63L31”, “T63L47”,
“T42L39”, “T42L31” and “T21L19”. Additionally the origi-
nal results presented inHeikkilä et al.(2009) are also shown
(“T42L39old”). Note that for the previous results an older
version of the ECHAM5-HAM model was used, the produc-
tion calculations were based onMasarik and Beer(1999) and
not the updated ones byMasarik and Beer(2009), the years
simulated were 1986-1990 instead of the 1998–2002 and the
simulations were performed on a NEC SX-6 cluster whereas
a SUN cluster was used for the current simulations. None of
these differences is expected to be large but their combination
might cause changes in results. There are rather small differ-
ences between the resolutions in10Be produced at low and
mid-latitudes as well as the stratosphere. The main differ-
ence occurs at polar tropospheric10Be. The coarsest resolu-
tion investigated in this study, T21L19, is actually closest to
the previous results. Notably the fraction of locally deposited
10Be is increased, being the largest with the finest resolu-
tion (T63L47). The mid-latitude fractions are similar but the
tropical part is consequently reduced. This shows that in the
finest resolution the horizontal dispersion of10Be is the most
limited. The difference between the polar tropospheric10Be
in the “old” and the “new” T42L39 is approximately 10 %
(north) and 5 % (south). It has to be kept in mind that the
polar tropospheric production only contributes some 4 % to
total production. A similar pattern, although less pronounced
can be seen at mid- and low latitudes as well. The “old” and
“new” results vary less with the stratospheric10Be which is
the main component of the total deposition. The highest res-
olution (T63L47) deposits the most of stratospheric10Be at
mid-latitudes, more in the polar regions and less at low lati-
tudes than other resolutions.

These results suggest that there is remarkable variability
between model resolutions but also between the realisations
of model experiments. It helps us to get a grip of the uncer-
tainty and to what extent the results can be interpreted. All
models agree that the stratospheric fraction is the dominant
one in deposition flux and that its main transport path into
the troposphere is via the latitudes 30◦ to 50◦. The largest
variability was found in the10Be produced in the polar tropo-
sphere likely due to the fact that it is the smallest fraction in
absolute numbers. The finest model resolution suggests the
least horizontal dispersion over latitudes in this study. This
seems to be a typical feature of the ECHAM model. Model
inter-comparison of the total aerosol load showed that hor-
izontal dispersion by ECHAM indeed belongs to the lower
end of the range (Textor et al., 2006). This behaviour by the
ECHAM is even strengthened by the use of a higher reso-
lution which can be assumed to improve the model perfor-
mance. Unfortunately these results cannot be validated with
observations.

6 Summary and conclusions

This study addressed the question to what extent the atmo-
spheric transport of the solar proxy10Be is model resolution
dependent. Understanding the level of mixing of10Be char-
acterised by the strong latitude and altitude gradients in its
production rate is essential in order to correctly interpret the
observed variability in natural archives. While the different
model resolutions are capable of reproducing the magnitude
of the observations the number of observations is too limited
to explicitly rate model performance. In this study we com-
pare model simulations run on different horizontal and ver-
tical resolutions, with or without middle atmosphere config-
urations. The resolutions used were the T63L47, with a fine
horizontal and fine vertical resolution, including the middle
atmosphere up to ca. 80 km, the T63L31, a fine horizontal
and vertical resolution, only including the lower stratosphere
up to ca. 30 km, the T42L39, the commonly used resolution
for 10Be studies with ECHAM5-HAM with an average hor-
izontal and coarse vertical resolution including the middle
atmosphere, the T42L31, including the lower stratosphere
up to ca. 30 km but with a fine vertical resolution, and the
T21L19, a coarse horizontal and vertical resolution up to ca.
30 km. The years analysed were 1998–2002.

The model runs were first validated against a set of ob-
served7Be and 210Pb surface air concentration and7Be,
210Pb and10Be deposition fluxes. All resolutions used pro-
duced comparable values with observations. The spatial cov-
erage of observations is limited and the spread between ob-
servations located near each other was much larger than be-
tween model resolutions. The fine horizontal and vertical res-
olution run (T63L47) produced the flattest meridional gra-
dient in 7Be air concentrations. The observations point to a
weaker meridional gradient but it might only be the case at
the locations where observations exist. However, this remains
to be confirmed when more observations are available.

The production rate of10Be was divided into 30-degree
latitude bands for these simulations in order to assess the ac-
tual mixing and transport path of10Be produced in differ-
ent atmospheric compartments. All model resolutions agreed
that the main contributor to deposition is the stratospheric
10Be input, which enters the troposphere at latitudes 30–
50◦ N and S. Significant differences were found in the disper-
sion of10Be in the troposphere before deposition. The coarse
model resolution T21L19 produced the most horizontal dis-
persion whereas the fine T63L47 showed the least. The tro-
pospheric residence time by the T21L19 was also longer (24
days instead of the 18 days by T63L47). The residence times
in the stratosphere were significantly longer by the fine verti-
cal resolution runs, even with the one not including the mid-
dle atmosphere. Despite of these differences the global bud-
gets, fractions of wet and dry deposition of total and strato-
spheric to tropospheric production were similar in all runs.

Relatively large differences were found between model
configurations in the percentages of the origin (produced in
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the 30-degree latitude compartments of the stratosphere or
the troposphere) of10Be deposition flux. This is due to dif-
ferent degree of atmospheric mixing simulated by the five
model resolutions. The fine resolution models produced a
larger fraction of local tropospheric deposition at polar lat-
itudes than the coarse ones. However, the10Be production
in the polar troposphere contributes the least (ca. 4%) to total
production and therefore does not significantly affect produc-
tion variability. The contributions of10Be production from
stratospheric or tropospheric mid- or low latitude compart-
ments to deposition differed less across different model con-
figurations. Here the differences arose from the horizontal
resolution. When looking at the distributions of surface air
concentrations or deposition fluxes the main differences were
caused by the vertical resolution. In terms of atmospheric
mixing of 10Be there seemed to be little difference between
the T63L47 and T63L31, or the T42L39 and T42L31 reso-
lutions. The use of the finer vertical resolution may be more
beneficial than the middle atmosphere configuration at the
cost of vertical resolution, as no significant improvement of
surface air concentrations, stratospheric residence time, hor-
izontal or vertical mixing was found when the middle atmo-
sphere version was used.
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Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu,
X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S.,
Seland, Ø., Stier, P., Takemura, T.m and Tie, X., Analysis and
quantification of the diversities of aerosol life cycles within Ae-
roCom, Atmos. Chem. Phys., 6, 1777–1813,doi:10.5194/acp-6-
1777-2006, 2006.

Todd, J., Wong, G., Olsen, C. and Larsen, I., Atmospheric depo-
sitional characteristics of beryllium 7 and lead 210 along the
southerneast Virginia coast, J. Geophys. Res., 94, 11106–11116,
(1989)

Turekian, K. K., Nozaki, Y and Benninger, L. K., Geochemistry of
atmospheric radon and radon products, Ann. Rev. Earth Planet.
Sci., 5, 227–255, 1977.

Turekian, K., Benninger, L., and Dion, E.,7Be and210Pb total de-
position fluxes at New Haven, Connecticut and Bermuda, J. Geo-
phys. Res., 88, 5411–5415, 1983.

Uematsu, M., Duce, R., and Prospero, J.: Atmosphere beryllium-7
concentrations over the Pacific Ocean, Geophys. Res. Lett., 21,
561–564, 1994.

van Velthoven, P. F. J. and Kelder, H.: Estimates of stratosphere-
troposphere exchange: Sensitivity to model formulation and hor-
izontal resolution, J. Geophys. Res., 101, 1429–1434, 1996.

Waugh, D. W. and Hall, T. M.: Age of stratospheric air:
Theory, observations and models, Rev. Geophys., 40, 1010,
doi:10.1029/2000RG000101, 2002.

Young, J. and Silker, W.: Aerosol deposition velocities on the Pa-
cific and Atlantic Oceans calculated from7Be measurements,
Earth Planet. Sci. Lett., 50, 92–104, 1980.

Atmos. Chem. Phys., 12, 10601–10612, 2012 www.atmos-chem-phys.net/12/10601/2012/

http://dx.doi.org/10.1029/2006JD007180
http://dx.doi.org/10.1029/2004JD005550
http://dx.doi.org/10.1029/2008JD010557
http://dx.doi.org/10.1029/2002JD003021
http://dx.doi.org/10.5194/cp-7-707-2011
http://dx.doi.org/10.1029/2007JD009269
http://www.mpimet.mpg.de
http://www.mpimet.mpg.de
http://dx.doi.org/10.1175/JCLI3824.1
http://dx.doi.org/10.5194/acp-5-1125-2005
http://dx.doi.org/10.5194/acp-6-1777-2006
http://dx.doi.org/10.5194/acp-6-1777-2006
http://dx.doi.org/10.1029/2000RG000101

