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Abstract

Understanding the transport path of the solar activity proxy 10Be from source to archive
is crucial for the interpretation of its observed variability. The extent of mixing of the
strong production signal has been quantified in a previous study (Heikkilä et al., 2009).
In this study we perform sensitivity studies to investigate the influence of model res-5

olution on the level of mixing and transport path of 10Be in the atmosphere using the
ECHAM5-HAM aerosol-climate model. This study permits us to choose an acceptable
resolution, and so minimum CPU time, to produce physically accurate reconstructions.
Four model resolutions are applied: T21L19: a coarse horizontal and vertical resolu-
tion with model top at ca. 30 km, T42L31: an average horizontal and fine vertical one,10

T42L39: similar vertical resolution than L19 but including the middle atmosphere up to
ca. 80 km and T63L47: a fine resolution horizontally and vertically with middle atmo-
sphere. Comparison with observations suggests that a finer vertical resolution might be
beneficial, although the spread between observations was much larger than between
the four model runs. A full validation of the resolutions is not possible with the limited15

number of observations available. In terms of atmospheric mixing the differences be-
came more distinguishable. All resolutions agreed that the main driver of deposition
variability is the stratospheric 10Be (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 resolu-20

tion (T63L47) predicted the least dispersion towards low latitudes but the most towards
the poles, whereas the coarsest resolution (T21L19) suggested the opposite. The tro-
pospheric components of 10Be differed less between the four model runs. The largest
differences were found in the polar tropospheric components, which contribute the least
to total production (∼4 %). We conclude that the use of the T42 horizontal resolution25

seems to be sufficient in terms of atmospheric mixing of a stratospheric tracer. The
use of the middle atmospheric configuration is a trade-off between correctly describ-
ing stratospheric dynamics and having to reduce vertical resolution. The use of a high
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A. M. Smith

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
|

vertical resolution seemed more beneficial than the middle atmospheric configuration
in this study.

1 Introduction

Modelling the atmospheric transport of beryllium isotopes is a difficult task. Their main
source in the stratosphere (e.g. Lal and Peters, 1967) and long residence time in the5

atmosphere (approx. 1 yr, e.g. Pedro et al., 2011) require 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 scavenging and atmospheric transport
than short-lived tracers emitted from Earth’s surface (Brost et al., 1996; Koch et al.,
2006; Liu et al., 2001). Optimally a model version including the middle atmosphere10

would be used, describing full stratospheric dynamics. 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 for15

investigating individual processes but their contribution is hard to estimate because the
background is not known. Finally the limited spacial coverage of observations compli-
cates 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 stratospheric20

origin 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
associating the observed 10Be variations to solar activity is to understand the level of
mixing of 10Be in the atmosphere. As the solar and geomagnetic modulation of the
10Be production rate varies largely in amplitude with altitude and latitude it is crucial to25

understand which source region 10Be in natural archives represents.
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One previous study has addressed the atmospheric mixing, quantifying the frac-
tions of 10Be produced in a given part of the atmosphere and where it is deposited
(Heikkilä et al., 2009). These results are based on one model realisation only. The aim
of this study is to investigate how reproducible the results are using another model
version and a different computer environment, as well as the influence of model res-5

olution. Ideally another aerosol-climate model would be employed for a similar study
to address the model dependency as well. We apply different model resolutions, from
a very coarse to a fine one. Also the influence of including the entire stratosphere into
the model (middle-atmosphere configuration) is investigated.

2 Method10

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, chemistry and deposition
of aerosol. The beryllium isotopes (10Be and 7Be) have been implemented into the
model including their production rate following Masarik and Beer (2009), transport and15

deposition and, in the case of 7Be, its radioactive decay. Details of the implementa-
tion of all these processes are given in Heikkilä et al. (2008b). The model was forced
with observed sea-surface temperatures and sea-ice cover (AMIP2). The model exper-
iments were run for 10 yr (1993–2002). The first five years were required to let 10Be
reach equilibrium and discarded. The following five years (1998–2002) were used for20

the analysis.
The model resolution used in previous beryllium modelling studies using the

ECHAM5-HAM has been a compromise between a high-enough resolution and a rea-
sonable 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 (1925

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
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to the stratosphere. Therefore, first modelling studies of beryllium isotopes were con-
ducted 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 transport in the model (T42L39, model top at
80 km Heikkilä et al., 2009). This, however, happened at the cost of the vertical reso-5

lution at lower levels. For this study we chose four different combinations of horizon-
tal and vertical resolutions: (1) a coarse resolution (T21L19, ca. 626 km horizontally
(at 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 average horizontal and high vertical resolution typically used for 10Be studies10

(T42L31, ca. 313 km horizontally with 31 vertical levels up to ca. 30 km), (3) an aver-
age 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) and (4) a fine resolution, including the whole stratosphere (T63L47,
209 km horizontally with 47 vertical levels up to 80 km). Correspondingly, this resolu-15

tion is comparable with the L31 at lower levels. T63L47 was pushing towards the limit
of computational cost prohibiting its use for long simulations. The model coastline, as
described by the various horizontal resolutions, is shown in Fig. 1. A summary of the
resolutions used is given in Table 1. In order to study the transport path of beryllium
atoms from their source in the stratosphere until their deposition the production rates20

were divided into 30-degree latitude bands in the stratosphere and the troposphere,
following Heikkilä et al. (2009). The sum of all these atmospheric compartments gave
the total production. The model defined tropopause was used as the vertical limiter be-
tween 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,25

30–60◦ N and 60–90◦ N).
In order to validate the transport of atmospheric particles by the model the additional

tracer 210Pb was implemented into the model. 210Pb is often measured in the same
samples as 7Be and a reasonably large number of observations exist. 210Pb is a decay
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product of 222Rn which is emitted from porous soil containing uranium. 222Rn (half-life
3.8 days) rapidly decays into 210Pb which thus has its source in the lower troposphere
over continents. Because the actual emission distribution of 222Rn is complex and not
well known we adapt a simplified emission scheme of 1 atomcm−2 s−1 over continents,
reduced to 0.33 atomscm−2 s−1 under freezing conditions or on ice covered surfaces.5

This simplified emission scheme has successfully been used by numerous modelling
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 ambient
aerosol and undergoes the same transport and deposition. 7Be has its main source in
the stratosphere and a long atmospheric residence time whereas 210Pb is produced10

close to surface and removed rapidly, but both are deposited in a similar way. Hence
the comparison of both serves to probe the vertical transport predictions of the models.

3 Model validation

3.1 Surface air concentrations

First we would like to investigate whether the use of a higher model resolution actu-15

ally improves the model performance in terms of reproducing observations. Our val-
idation is based on 7Be and 210Pb due to a larger availability of data. 7Be is being
observed in various monitoring networks worldwide and offers a reasonably well dis-
tributed set of data. We use the observations of the Environmental Measurement Lab-
oratory (EML: http://www.nbl.doe.gov/htm/EML Legacy Website/index.htm) combined20

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 109 7Be and 51 210Pb observations. The tem-
poral 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 each25

other or the modelled period. The locations of the stations are shown in Fig. 2. The
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spacial coverage of the stations is relatively good but still large areas in Asia, most of
Africa, Eastern Latin America, North Atlantic and the Southern Ocean lack observa-
tions. Figure 2 illustrates the 7Be model predictions and the colour of the dots indicates
the observed concentrations. The figure also illustrates the 5-yr mean 7Be concentra-
tions in the lowest model level.5

The general agreement between model and observations is qualitatively good. The
model successfully reproduces higher concentrations at low latitudes and lower con-
centrations at high latitudes. There is an abundance of observations in Europe and
North America, the highest values (5–6 mBqm−3) being observed in the mountains.
The concentrations in the lowlands are typically 1–3 mBqm−3. The model does not10

reproduce the highest values because the mountains are not resolved even at T63 res-
olution. Otherwise 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 observations on oceanic islands,
as well as in Antarctica. The observations on the islands are often taken at high al-15

titude stations. This is a challenge for the model as the resolution is not sufficient to
even resolve the islands, let alone to represent the high altitude (see Fig. 1). There
are large variations between the concentrations observed on the Antarctic coast. The
model successfully reproduces the lower ones but underestimates the values exceed-
ing 4 mBqm−3. Generally the observations vary largely in space whereas the model20

simulates a smooth field with only small changes in the zonal direction. All resolutions
produce very similar fields. The main difference found is between the coarse and fine
vertical resolutions. The coarser ones produce higher concentrations in the tropics, es-
pecially 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 re-25

duced in the T63L47 simulations but this should be confirmed by a larger number of
observations.

In the case of 210Pb (Fig. 3) the differences between model resolutions are insignif-
icant. The general observed distribution of high concentrations over continents and
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lower ones far from the sources of 222Rn is well reproduced by the model. Solely in
North America the model fails to reproduce some of the observed high values. In the
areas where highest values are modelled (North Africa, Middle East and India) no ob-
servations are available. This highlights how it is relatively simple to model a short
lived surface tracer. A stratospheric tracer, such as 7Be, reveals differences between5

model resolutions and how they capture the vertical transport of atmospheric particles.
However, more observations are required to make full use of this test.

3.2 Deposition fluxes and precipitation rate

To evaluate the model results in reproducing observed deposition fluxes we use all
modern 7Be, 210Pb and 10Be fluxes found in the literature. The temporal coverage is10

often shorter than in the case of surface air concentrations and a much more limited
number of observations is available. We simply average over whatever period the ob-
servations cover and compare them with the modelled 5-yr mean fluxes. There are
7Be observations from 37 stations (Baskaran et al., 1993; Bleichrodt, 1978; Brown
et al., 1988; Crecelius, 1981; Hasebe et al., 1981; Heikkilä et al., 2008a; Hirose et al.,15

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; Ni-
jampurkar and Clausen, 1990; Todd et al., 1989; Turekian et al., 1977, 1983) and 10Be20

from 21 stations (Chengde et al., 1992; Graham et al., 2003; Heikkilä et al., 2008a;
Monaghan et al., 1985/1986; Somayulu et al., 1984). The modelled 5-mean mean de-
position fluxes of 7Be, 10Be and 210Pb are shown in Figs. 4, 5 and 6, together with
the location and measured flux of the observations. Despite of the limited spacial cov-
erage of the observations the figures suggest a better agreement with observations25

than the surface air concentrations. In areas with a dense coverage of stations (Europe
and North America) the observations exhibit large variability. Again, the modelled fields
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are smoother and do not resolve the effect of mountains or small islands. Deposition
fields are largely influenced by precipitation which is orographically increased at high
altitudes. Due to this and the higher beryllium content in upper levels higher 10Be and
7Be fluxes are observed in mountainous areas (e.g. Heikkilä et al., 2008a; Huh et al.,
2006). The modelled 210Pb deposition flux also seems to agree well with observations,5

successfully reproducing the high observed values over the continents in the Northern
Hemisphere and the lower ones in the Southern Hemisphere.

The precipitation rate (Fig. 7) simulated by the different model resolutions 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 comments10

to the precipitation influence on particle deposition. 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). It is consistent with the increase in 7Be and
10Be deposition. Also the 7Be flux in the subtropical Pacific is increased with the higher
vertical resolutions (T63L47 and T42L31) which can partly be seen in the precipitation15

rate as well. This is less obvious from the 10Be 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
which gives us confidence that the source strength is correct. In addition to that the
model is able to reproduce much of the spacial variability observed. Comparison with20

surface air concentrations gives an indication of the scavenging efficiency of aerosol
in the model, especially in the case of 7Be. Although observations at nearby stations
fall within a large range which the model is not able to capture the overall magni-
tude is well reproduced giving confidence that the scavenging efficiency and hence the
atmospheric (especially tropospheric) residence time of beryllium isotopes is correct.25

Generally the differences between the model resolutions are smaller than the spread of
observations from nearby areas. More observations with a denser spacial coverage are
required to evaluate the performance of the different model resolutions. Another useful
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test would be to increase the model resolution (e.g. employing regional models) to see
whether such a model reproduces the large spacial variability of the observations.

4 Budgets and residence times

Model resolution is likely to influence the horizontal and vertical dispersion of 10Be in
the atmosphere and consequently the level of smoothing the large 10Be production gra-5

dients in the stratosphere. This is best inspected by looking at atmospheric burdens (to-
tal integrated contents) of 10Be and its stratospheric and tropospheric residence times.
These are summarised in Table 2. We see that there are significant differences 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 rela-10

tively stable. 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 strato-
spheric residence time for 10Be by up to a month. The typical lag found between 10Be
deposition and cosmic ray production is in the order of 1 yr suggesting that the runs with
a higher vertical resolution are performing better. There seems to be a clear link be-15

tween 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
stratospheric and tropospheric burdens. The coarse vertical resolution decreases the
stratospheric residence time (T42L39 and T21L19), probably due to vertical diffusion.
On the other hand, both middle atmosphere resolutions (T63L47, fine and T42L39,20

coarse) have a reduced stratospheric burden suggesting that stratospheric transport
is more efficient in the middle atmosphere versions. This can be seen in Fig. 8: the
stratospheric burdens of 10Be are lower in the middle atmospheric versions (T63L47
and T42L39). The tropospheric burden is more influenced by the horizontal resolution.
The highest concentrations at all tropospheric levels are found in the coarsest version25

(T21L19) and the concentrations decrease with increasing resolution.
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In case of 7Be these differences are dampened by the radioactive 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 stratospheric transport are
smeared out by decay. 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 troposphere5

and is removed rapidly, after 5 days on average. A few of the 210Pb atoms make it to
the stratosphere where they can reside long, increasing the relative fraction of strato-
spheric burden.

Figure 9 illustrates the zonal mean burdens in the stratosphere and the the tro-
posphere for all resolutions. The resolutions T21L19, T42L39 and T63L47 are quite10

similar, whereas the T42L31 resolution predicts more 10Be in the high latitude strato-
sphere. The coarse T21L19 smooths most the latitude gradient. Larger changes can
be observed in the troposphere. The largest amplitude over latitude is produced by the
T42L39 resolution whereas the least change between latitudes is found in the T63L47
run. The 7Be surface observations (Fig. 2) seem to support a flatter gradient over lati-15

tude, yet this result should be interpreted with care due to their inhomogeneous spacial
distribution.

5 Mixing and transport path of 10Be

Comparison with observations did not reveal significant differences between resolu-
tions. However, the burdens and residence times indicated that the mixing of the 10Be20

production gradient in the stratosphere is influenced by the model resolution. Here we
make use of the divided production of 10Be in the 30-degree bands in the stratosphere
and the troposphere to study the actual transport path of 10Be atoms from the strato-
sphere to the surface. The shares of production in each atmospheric compartment
agree well in each model run despite of the differences in resolutions: Stratosphere:25

60–90◦ S (9.5–11.4 %), 30–60◦ S (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 %), Troposphere: 60–90◦ S
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(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 %). Figure 10 shows zonal mean deposition fluxes
divided into the 30-degree bands in the troposphere and the whole stratosphere sep-
arately for all resolutions. All resolutions agree that the main contribution to deposition
flux is the stratospheric 10Be, which enters the troposphere at mid-latitudes (30–50◦ N5

or S) where most of it is also deposited. There is a secondary peak in the tropics due
to the maximum precipitation rate. 10Be produced in the tropospheric polar latitudes
(60–90◦) is equally deposited between 40◦ and 90◦. Due to the minimum tropopause
height over polar regions this contribution to total deposition is the lowest. The contri-
butions of the mid-latitude and tropical tropospheric 10Be are similar. The mid-latitude10

tropospheric 10Be is mostly deposited locally but reaches over all latitudes. The trop-
ical 10Be 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 four model runs in the troposphere are small, only the
T21L19 being slightly lower at low and mid-latitudes. In the stratosphere they become15

remarkable. The T42L31 and T42L39 are similar except for the slightly lower values of
T42L39 in the tropics due to the higher stratospheric contribution there. The T21L19
spreads the signal over latitudes from 50◦ S to 50◦ N with the tropical peak nearly as
large as the midlatitude peaks. The T63L47 is showing the opposite behaviour with its
mid-latitude peaks being a factor of 3 larger than the tropical peak. The T42L31 and20

T42L39 runs are close to the T63L47 but their horizontal spread at high latitudes is
reduced. The horizontal diffusion in T21L19 is probably overestimated smearing out
the 10Be gradients in the mid- and low latitudes.

Figure 11 shows the stratospheric 10Be divided into the 30-degree bands. The tro-
pospheric fluxes are also shown for comparison. All resolutions agree that the strato-25

spheric 10Be, from all latitudes, is transported into the troposphere via the latitudes 30–
50◦ N or S. The stratospheric polar 10Be which is most strongly modulated contributes
to a remarkably small fraction of total deposition. This is due to the very small surface
area of the Earth poleward of 60◦. Comparing the deposition from 60–90◦ stratosphere
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with that from 60–90◦ troposphere we see that the stratospheric part is larger at all lati-
tudes, except polewards from 80◦ where the fractions are equally large. At midlatitudes
the stratospheric part always dominates. The tropical 10Be flux is dominated by the tro-
pospheric part. The smearing of the stratospheric 10Be signal towards low latitudes by
T21L19 is visible at all source latitudes. This suggests that the smearing takes place5

in the troposphere after the 10Be has been transported from the stratosphere in the
mid-latitudes. Figure 8 supports this by showing the increased concentrations in the
low latitude troposphere by T21L19 compared with other resolutions.

The exact “fate” of 10Be produced at a given latitude is illustrated in Fig. 12, adapted
from Fig. 8 of Heikkilä et al. (2009). The x-axis shows the origin of 10Be, i.e. at which10

tropospheric latitude (60–90, 30–60, 0–30◦ N or S) or (the entire) stratosphere it was
produced. The colours indicate the latitude where the 10Be is deposited. The y-axis
shows the percentage of 10Be produced at the latitude (given by the x-axis) which is
deposited at a given latitude band (legend). The fractions of deposition were calculated
weighted with the area of the Earth at each latitude band. The five bars show the15

model resolutions “T63L47”, “T42L39”, “T42L31” and “T21L19”. Additionally the original
results presented in Heikkilä et al. (2009) are also shown (“T42L39old”). Note that
for the previous results an older version of the ECHAM5-HAM model was used, the
production calculations were based on Masarik and Beer (1999) and not the updated
ones by Masarik and Beer (2009), the years simulated were 1986–1990 instead of the20

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 differences between the resolutions in 10Be produced at low and mid-latitudes
as well as the stratosphere. The main difference occurs at polar tropospheric 10Be.25

The coarsest resolution 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 resolution (T63L47). The mid-latitude fractions are similar but
the tropical part is consequently reduced. This shows that in the finest resolution the
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horizontal dispersion of 10Be is the most limited. The difference between the polar
tropospheric 10Be 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 less5

with the stratospheric 10Be which is the main component of the total deposition. The
highest resolution (T63L47) deposits the most of stratospheric 10Be at mid-latitudes,
more in the polar regions and less at low latitudes 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 of10

the uncertainty 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 the 10Be produced in the polar troposphere likely due to the fact that it
is the smallest fraction in absolute numbers. The finest model resolution suggests the15

least horizontal dispersion over latitudes in this study. This might be a typical feature
of the ECHAM model. Model inter-comparison of the total aerosol load showed that
horizontal 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
resolution which can be assumed to improve the model performance. Unfortunately20

these results cannot be validated with observations.

6 Summary and conclusions

This study addressed the question to what extent the atmospheric transport of the so-
lar proxy 10Be is model dependent. Understanding the level of mixing of the strong
latitude and altitude gradients in the production rate is essential in order to correctly25

interpret the observed variability in natural archives. While the models are capable of
reproducing the magnitude of the observations their number is too limited to rate model
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performance. In this study we compare model simulations run on different horizontal
and vertical resolutions, with or without middle atmosphere configurations. The resolu-
tions used were the T63L47, with a fine horizontal and fine vertical resolution, including
the middle atmosphere up to ca. 80 km, the T42L39, the commonly used resolution for
10Be studies with ECHAM5-HAM with an average horizontal and coarse vertical resolu-5

tion including the middle atmosphere, the T42L31, only 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 observed 7Be and 210Pb sur-
face air concentration and 7Be, 210Pb and 10Be deposition fluxes. All resolutions used10

produced comparable values with observations. The spacial coverage of observations
is limited and the spread between observations located near each other was much
larger than between model resolutions. The fine horizontal and vertical resolution run
(T63L47) produced the flattest meridional gradient in 7Be air concentrations. The ob-
servations point to a less strong meridional gradient but it might only be the case at the15

locations where observations exist. However, this remains to be confirmed when more
observations are available.

The production rate of 10Be was divided into 30-degree bands for these simulations
in order to assess the actual mixing and transport path of 10Be produced in different
atmospheric compartments. All model resolutions agreed that the main contributor to20

deposition is the stratospheric 10Be, which enters the troposphere at latitudes 30–50◦ N
and S. Significant differences were found in the dispersion of 10Be in the troposphere
before deposition. The coarse model resolution T21L19 produced the most horizontal
dispersion whereas the fine T63L47 showed the least. This was also reflected by the
longer tropospheric residence time by the T21L19 (24 days instead of the 18 days by25

T63L47). The residence times in the stratosphere were significantly longer by the fine
vertical resolution runs, even with the one not including the middle atmosphere. Despite
of these differences the global budgets, fractions of wet and dry deposition of total and
stratospheric to tropospheric production were similar in all runs.
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Relatively large differences were found in the percentages of 10Be, produced in
a given atmospheric compartment, deposited at a given latitude band. The fine resolu-
tion models produced a larger fraction of local tropospheric deposition at polar latitudes
than the coarse ones. However, this fraction of production is the lowest and hence does
not reflect strongly to total production. The stratospheric or tropospheric mid- or low lat-5

itude fractions differed less. 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 T42L39 and T42L31 resolu-
tions. The use of the finer vertical resolution (L31) may be more beneficial than the10

middle atmosphere configuration (L39) at the cost of vertical resolution.
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Table 1. Details of model resolutions (horizontal and vertical) used in this study.

T63L47 T42L39 T42L31 T21L19

horiz. grid distance (◦) 1.875 2.813 2.813 5.625
horiz. grid distance (km) 209 313 313 626
time step (min) 15 24 24 40
model top (km) ∼80 ∼80 ∼30 ∼30
vertical levels 47 39 31 19

18551

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18531/2012/acpd-12-18531-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18531/2012/acpd-12-18531-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 18531–18564, 2012

Influence of
resolution on

atmospheric 10Be

U. Heikkilä and
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Table 2. Global mean budgets and residence times of 10Be, 7Be and 210Pb at different model
resolutions (1998–2002 mean).

T63L47 T42L39 T42L31 T21L19

10Be

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

Wet deposition (% of total) 0.184 gd−1 (94 %) 0.183 gd−1 (93 %) 0.192 gd−1 (95 %) 0.185 gd−1 (93 %)
Dry deposition (% of total) 0.009 gd−1 (4 %) 0.009 gd−1 (5 %) 0.009 gd−1 (4 %) 0.010 gd−1 (5 %)
Sedimentation (% of total) 0.003 gd−1 (2 %) 0.004 gd−1 (2 %) 0.004 gd−1 (2 %) 0.005 gd−1 (2 %)
Burden (str) 40.8 g 39.9 g 46.8 g 44.3 g
Burden (tr) 3.6 g 4.0 g 4.1 g 4.8 g
Residence time (str) 321 d 302 d 346 d 308 d
Residence time (tr) 18 d 20 d 20 d 24 d
7Be

Production (str) 0.186 gd−1 (70 %) 0.193 gd−1 (72 %) 0.207 gd−1 (72 %) 0.219 gd−1 (74 %)
Production (tr) 0.080 gd−1 0.076 gd−1 0.082 gd−1 0.078 gd−1

Decay 0.167 gd−1 0.172 gd−1 0.189 gd−1 0.193 gd−1

Wet deposition (% of total) 0.094 gd−1 (94 %) 0.092 gd−1 (94 %) 0.095 gd−1 (94 %) 0.094 gd−1 (93 %)
Dry deposition (% of total) 0.004 gd−1 (4 %) 0.004 gd−1 (4 %) 0.004 gd−1 (4 %) 0.005 gd−1 (5 %)
Sedimentation (% of total) 0.002 gd−1 (2 %) 0.002 gd−1 (2 %) 0.002 gd−1 (2 %) 0.002 gd−1 (1 %)
Burden (str) 11.1 g 11.2 g 12.6 g 12.5 g
Burden (tr) 1.8 g 2.0 g 1.9 g 2.4 g
Residence time (str) 59 d 58 d 61 d 57 d
Residence time (tr) 18 d 20 d 19 d 23 d
210Pb

Production 34.8 gd−1 33.5 gd−1 34.1 gd−1 34.8 gd−1

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

str= stratosphere, tr= troposphere. (% of total) shows the share of total deposition.
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8 Heikkilä and Smith: Influence of resolution on atmospheric 10Be

Fig. 1. Model coastline at horizontal resolutions used in this study:
209 km at Equator (T63), 313 km (T42) and 626 km (T21).

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

T63L47 T42L39 T42L31 T21L19

horiz. grid distance (◦) 1.875 2.813 2.813 5.625
horiz. grid distance (km) 209 313 313 626
time step (min) 15 24 24 40
model top (km) ∼80 ∼80 ∼30 ∼30
vertical levels 47 39 31 19
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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).
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Heikkilä and Smith: Influence of resolution on atmospheric 10Be 9

Fig. 2. 1998-2002 mean surface air concentration of 7Be (mBq/m3STP) with different model resolutions. The dots show the location and
observed concentration of the measurement stations (references given in the text).

Fig. 3. 1998-2002 mean surface air concentration of 210Pb (mBq/m3STP) with different model resolutions. The dots show the location and
observed concentration of the measurement stations (references given in the text).

Fig. 2. 1998–2002 mean surface air concentration of 7Be (mBqm−3 STP) with different model
resolutions. The dots show the location and observed concentration of the measurement sta-
tions (references given in the text).
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Heikkilä and Smith: Influence of resolution on atmospheric 10Be 9

Fig. 2. 1998-2002 mean surface air concentration of 7Be (mBq/m3STP) with different model resolutions. The dots show the location and
observed concentration of the measurement stations (references given in the text).

Fig. 3. 1998-2002 mean surface air concentration of 210Pb (mBq/m3STP) with different model resolutions. The dots show the location and
observed concentration of the measurement stations (references given in the text).

Fig. 3. 1998–2002 mean surface air concentration of 210Pb (mBqm−3 STP) with different model
resolutions. The dots show the location and observed concentration of the measurement sta-
tions (references given in the text).
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10 Heikkilä and Smith: Influence of resolution on atmospheric 10Be

Fig. 4. 1998-2002 mean deposition flux of 7Be (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux of the measurement stations (references given in the text).

Fig. 5. 1998-2002 mean deposition flux of 210Pb (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux of the measurement stations (references given in the text).

Fig. 4. 1998–2002 mean deposition flux of 7Be (atomsm−2 s−1) with different model resolu-
tions. The dots show the location and observed deposition flux of the measurement stations
(references given in the text).
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10 Heikkilä and Smith: Influence of resolution on atmospheric 10Be

Fig. 4. 1998-2002 mean deposition flux of 7Be (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux of the measurement stations (references given in the text).

Fig. 5. 1998-2002 mean deposition flux of 210Pb (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux of the measurement stations (references given in the text).

Fig. 5. 1998–2002 mean deposition flux of 210Pb (atomsm−2 s−1) with different model resolu-
tions. The dots show the location and observed deposition flux of the measurement stations
(references given in the text).
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Heikkilä and Smith: Influence of resolution on atmospheric 10Be 11

Fig. 6. 1998-2002 mean deposition flux of 10Be (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux at 21 stations (references given in the text).

Fig. 7. 1998-2002 mean precipitation rate (mm/day) with different model resolutions.

Fig. 6. 1998–2002 mean deposition flux of 10Be (atomsm−2 s−1) with different model resolu-
tions. The dots show the location and observed deposition flux at 21 stations (references given
in the text).
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Heikkilä and Smith: Influence of resolution on atmospheric 10Be 11

Fig. 6. 1998-2002 mean deposition flux of 10Be (atoms/m2/s) with different model resolutions. The dots show the location and observed
deposition flux at 21 stations (references given in the text).

Fig. 7. 1998-2002 mean precipitation rate (mm/day) with different model resolutions.

Fig. 7. 1998–2002 mean precipitation rate (mmday−1) with different model resolutions.
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12 Heikkilä and Smith: Influence of resolution on atmospheric 10Be
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Fig. 8. Zonal mean 10Be air concentrations 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 burden (atoms/m2) with different model resolutions.

Fig. 8. Zonal mean 10Be air concentrations 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).

18560

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/18531/2012/acpd-12-18531-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/18531/2012/acpd-12-18531-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 18531–18564, 2012

Influence of
resolution on

atmospheric 10Be

U. Heikkilä and
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only until 10 hPa with the middle atmosphere versions (L39 and L47).
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Fig. 9. Zonal mean stratospheric and tropospheric burden (atomsm−2) with different model
resolutions.
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Fig. 10. Zonal mean 10Be deposition flux (at/m2/s) with different resolutions. Fluxes of 10Be produced in different atmospheric compart-
ments are shown separately (stratosphere and the 30-degree bands in the troposphere).
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Fig. 10. Zonal mean 10Be deposition flux (atm−2 s−1) with different resolutions. Fluxes of 10Be
produced in different atmospheric compartments are shown separately (stratosphere and the
30-degree bands in the troposphere).
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Fig. 11. Zonal mean 10Be deposition flux (at/m2/s) with different resolutions. Fluxes of 10Be produced in different atmospheric compart-
ments are shown separately (30-degree bands in the stratosphere and the troposphere).

Fig. 11. Zonal mean 10Be deposition flux (atm−2 s−1) with different resolutions. Fluxes of 10Be
produced in different atmospheric compartments are shown separately (30-degree bands in
the stratosphere and the troposphere).
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Fig. 12. Percentages of 10Be deposited at a given latitude (shown in the legend) which were produced at the tropospheric latitudes indicated
on the x-axis. Also shown is stratospheric (STR) production, averaged across all latitudes. The five bars at each latitude band show the model
resolutions ’T63L47’, ’T42L39’, ’T42L31’, ’T21L19’ as well as the ’T42L39old’, published in Heikkilä et al. (2009), respectively.

Fig. 12. Percentages of 10Be deposited at a given latitude (shown in the legend) which were pro-
duced at the tropospheric latitudes indicated on the x-axis. Also shown is stratospheric (STR)
production, averaged across all latitudes. The five bars at each latitude band show the model
resolutions “T63L47”, “T42L39”, “T42L31”, “T21L19” as well as the “T42L39old”, published in
Heikkilä et al. (2009), respectively.
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