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Beryllium-10 and beryllium-7 in precipitation in Diibendorf (440 m)

and at Jungfraujoch (3580 m), Switzerland (1998-2005)
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[1] Beryllium-10 and beryllium-7 have been measured in monthly precipitation samples
at a high (Jungfraujoch, 46.32°N 7.59°E, 3580 m) and a low (Diibendorf, 47.25°N 8.27°E,
440 m) altitude station in Switzerland from 1998 till today. The average deposition fluxes
of "Be are 380 + 30 atoms m > s~ ' in Diibendorf and 320 + 20 atoms m > s~ ' at
Jungfraujoch, and the fluxes of '°Be are 810 + 70 atoms m * s~ ' in Diibendorf and 810 +
60 atoms m > s~ ' at Jungfraujoch. The '°Be/'Be ratio measured at Jungfraujoch (2.4 +
0.1) is higher than in Diibendorf (2.1 + 0.1), which is probably caused by a greater share of
stratospheric air at Jungfraujoch in which the "Be content is reduced because of
radioactive decay. The ratios correspond to a mean atmospheric residence time of ~110—
120 d. The deposition fluxes show a seasonal change with a summer maximum and a
winter minimum. The '’Be/’Be ratio exhibits a maximum in the first half of the year at
Jungfraujoch in accordance with seasonal stratosphere-troposphere exchange (STE)
variations. In Diibendorf the maximum occurs 1 month later. An analysis with a two-box
model shows that the calculated variability due to seasonally varying STE explains only

one third of the observed variability in the '°Be/’Be ratio. The rest of the variability is
caused by local effects, such as the precipitation rate and the larger than average STE
variability at the midlatitudes. According to the model calculations, the global mean
'9Be/"Be ratio only varies between 1.1 and 1.5 with a seasonally varying STE. The larger
measured values in the midlatitudes point to a latitudinal dependence of the '°Be/"Be ratio.

Citation: Heikkild, U, J. Beer, and V. Alfimov (2008), Beryllium-10 and beryllium-7 in precipitation in Diibendorf (440 m) and at
Jungfraujoch (3580 m), Switzerland (1998-2005), J. Geophys. Res., 113, D11104, doi:10.1029/2007JD009160.

1. Introduction

[2] Beryllium-10 and beryllium-7 have been repeatedly
measured in precipitation samples since 1998 at two differ-
ent stations in Switzerland, Diibendorf (47.25°N, 8.27°E,
elevation 440 m above sea level (asl)) and Jungfraujoch
(46.32°N, 7.59°E, elevation 3580 m asl). The Diibendorf
station is located in the planetary boundary layer, whereas
most of the time the Jungfraujoch station is in the free
troposphere. In this work the results from the beginning of
the measurement program (year 1998) till the delayed
present (year 2005) are presented (~8 years) with a monthly
resolution.

[3] Beryllium-10 (half-life ~1.5 x 10° years, sece
Nishiizumi et al. [2007] for reassessment of the half-life)
and 'Be (half-life 53.2 d) are natural radionuclides which
are produced in the atmosphere through the interaction of
cosmic rays with the atmospheric N and O atoms. The
dependence of the production rate on the altitude and
latitude is similar for both radionuclides, but on a global
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average the 19Be/"Be ratio is 0.5 (see Figure 1) [Masarik
and Beer, 1999]. Because of the very different half-lives
of the two radionuclides, comparison of the two provides
an interesting tool for the study of the atmospheric
transport processes, especially stratosphere-troposphere
exchange (STE).

[4] The maximum production rate of ‘Be and '°Be occurs
in the lower stratosphere at an altitude of ~200 hPa (10—
13 km). The production gradient is also strong at this altitude.
Therefore, small changes in the tropopause height or in STE
may cause variations in the deposition fluxes measured at
Jungfraujoch. The Diibendorf station is assumed to show
these changes less directly because of the further distance
from the stratosphere.

[5] When modeling the atmospheric transport of these
radionuclides with general circulation models (GCMs)
[Brost et al., 1991; Field et al., 2006; Koch et al., 1996;
Land and Feichter, 2003; Liu et al., 2001], it has turned out
that the STE as well as the wet scavenging are uncertain
factors in the GCMs and need to be more adequately
understood. There is a need for deposition flux observations
to improve the wet scavenging routines of the models. A
number of "Be deposition observations exist [e.g., Baskaran
etal., 1993; Bleichrodt, 1978; Brown et al., 1988; Crecelius,
1981; Dibb, 1989; Graham et al., 2003; Hasebe et al., 1981;
Huh et al., 2006; Ishikawa et al., 1995; Olsen et al., 1985;
Papastefanou et al., 1995; Todd et al., 1989; Turekian et al.,
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Figure 1. The 19Be/"Be production ratio as a function of latitude and altitude calculated by Masarik and
Beer [1999]. The production ratio is calculated for the present geomagnetic field strength and the long-
term mean solar activity of ® = 550 MeV. The different lines indicate different atmospheric depths
from 30 g cm ™ (top line, highest altitude) to 1020 g cm ™ (bottom line, Earth’s surface) with steps of
30 g cm™ 2. The thicker line shows the production ratio at 210 g cm™2, which is approximately the height
of the tropopause. The global average ratio of '°Be/’Be production is 0.5 when weighted with the surface
area of the Earth, which significantly lowers the contribution of production at 60—90°.

1983; Uematsu et al., 1994; Young and Silker, 1980], but
many of them cover only a period of less than 5 years, and
they are not evenly distributed over the globe. The year-to-
year variation of deposition is large due to production
changes as well as changes in the local precipitation rate.
To smooth out the precipitation fluctuations, observational
periods of a few years are preferable. The '°Be deposition
fluxes have rarely been observed, especially in combination
with "Be. Brown et al. [1988] measured '°Be and "Be
deposition fluxes in Hawaii, Illinois, and New Jersey
(1986—1994) and estimated a mean ratio of '°Be/’Be of the
deposition fluxes of 1.25. Also Monaghan et al. [1985/1986],
Baskaran et al. [1993], and Knies [1994] have measured '°Be
and 'Be deposition fluxes at three stations in the United
States. The ratios measured were 1.7 at College Station,
Texas, 1.8 in Indiana, and 2.2 in New Haven, Connecticut.
Graham et al. [2003] measured '°Be and "Be at three stations
in New Zealand from 1996 to 1998. They found mean
9Be/"Be ratios from 1.4 to 1.5 on the northern island and
2.0 on the southern island. They also found a seasonal

variation in the ratio measured, with higher values in the
winter, reflecting STE.

[6] Moreover, comparing two stations situated close to
each other but at different elevations provides information
about the STE. That is useful to evaluate the vertical
transport processes in models. The ratio of '°Be/'Be has
been used for this purpose in model studies by Koch and
Rind [1998] and Rehfeld and Heimann [1995].

2. Methods

[7] The precipitation samples were collected on the roof
of the Swiss Federal Institute of Aquatic Science and
Technology (EAWAG) building in Diibendorf. A cylindric
funnel was used with a diameter of 16 cm from 1998 till
December 1999, of 20.5 cm till March 2000 and of 24 cm
since April 2000.

[8] The precipitation samples from Jungfraujoch were
kindly delivered to us by the staff of the observatory. The
collector used at Jungfraujoch is cylindric with a diameter

Table 1. Sampling Periods and the Measured Mean Concentrations in the Rainwater and the Deposition Fluxes at Both Stations®

Sampling Period, years

Average Concentrations

Diibendorf Jungfraujoch Diibendorf Jungfraujoch
"Be concentration, 10* atoms g~ Mar 1998 to Jun 2005 Jan 1998 to Jul 2005 12+0.1 0.8+ 0.1
'%Be concentration, 10* atoms g~ Jan 1998 to Nov 2004 Jan 1998 to Dec 2004 28+0.2 2.1£0.1
"Be flux, atoms m 2 s~ Mar 1998 to Jun 2005 Jan 1998 to Jul 2005 380 + 30 320 + 20
'9Be flux, atoms m 2 s~ Jan 1998 to Nov 2004 Jan 1998 to Dec 2004 810 + 70 810 + 60
Precipitation, mm d ' Jan 1998 to Jul 2005 Jan 1998 to Jul 2005 2.6 0.2 35+£02
'"Be/"Be Jan 1998 to Nov 2004 Jan 1998 to Dec 2004 2.1+£0.1 24 +0.1

“The given uncertainties are 1o standard errors of the mean.
PCalculated without the extreme values of March 2001 and April 2002.
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Figure 2. The measured 'Be (top) concentrations in precipitation with the measurement 20 standard
deviations and (bottom) deposition fluxes in Diibendorf (red squares) and at Jungfraujoch (blue circles).

of 23.5 cm. Since precipitation at Jungfraujoch consists
mainly of snow it is collected daily and accumulated in an
indoor container until the end of the month. 0.3 mg of *Be
carrier was added in the samples. All of the "Be samples are
measured at EAWAG using a Ge-gamma spectrometer,
which has been calibrated. The '°Be samples are prepared
at EAWAG and measured at the Accelerator Mass Spec-
trometer (AMS) facility of ETH/PSI. The results were
normalized to an in-house standard with a nominal value
of ""Be/’Be = 95.5 x 107'2. It is a secondary standard
normalized to the material BEST433 to determine the '°Be
half-life of 1.51 x 10° years [Hofimann et al., 1987].

[9] The monthly sampling period is not exactly the same
in Diibendorf and at Jungfraujoch, with deviations of up to
+5 d. The amount of precipitation was between 0.5 and
10 kg month™". Errors due to evaporation are not taken into
account. However, the amount of precipitation measured
agrees generally well with precipitation data in Ziirich
measured by the Swiss Federal Office of Meteorology and
Climatology (MeteoSwiss). The ’Be concentrations mea-

sured are decay corrected to the last day of the respective
month.

[10] The collectors used are open during the whole
sampling period. In this way, both wet and dry deposition
is collected. This can lead to slightly enhanced '°Be con-
centrations, caused by recycled dust from the Earth’s
surface [Baumgartner et al., 1997, Brown et al., 1988;
Monaghan et al., 1985/1986]. "Be can be assumed to be
decayed in the dust because of its short half-life and,
therefore, it does not contribute to the "Be concentrations
measured. The contribution of recycled '°Be in dust is
highly variable depending on the location of the measure-
ment site and the amount of precipitation during the
measurement period. During dry months the contribution
of recycled '°Be is larger. The samples from Diibendorf and
Jungfraujoch were filtered using a coarse filter (>50 micron)
to remove the largest impurities. This filtering, however,
was not efficient enough to remove the dust. This issue is
further discussed in section 3.2.
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Figure 3. Same as Figure 2 but for '°Be. The error bars of the concentrations indicate the measurement

1o standard deviations.

[11] A summary of the data used for the analysis is
presented in Table 1. The whole data set is available from
ftp.eawag.ch/pub/eawag/Beryllium_DD JJ.

3. Results
3.1. Concentrations and Fluxes

[12] The concentrations measured in rainwater and depo-
sition fluxes of 'Be (Figure 2) and '’Be (Figure 3) in
Diibendorf and at Jungfraujoch are shown with the lo
("°Be) and 20 ('Be) standard deviations. The deposition
fluxes were calculated from the concentrations using the
amount of rain measured. The radionuclide concentrations
measured are generally higher in Diibendorf than at Jung-
fraujoch. A possible reason for this is the higher precipita-
tion rate at Jungfraujoch (3.5 £ 0.2 vs. 2.6 + 0.2 mm d ),
which leads to a dilution of the radionuclide concentrations
in rainwater. At Jungfraujoch a variable amount of the
precipitation was lost because of nonvertical snowfall

caused by strong winds. There are some extremely high
values in the rainwater concentrations measured. The fact
that the corresponding fluxes do not stand out indicates that
these extreme values are due to low precipitation.

[131 The average 'Be fluxes measured are 380 + 30 atoms
m '* s7! in Diibendorf and 320 + 20 atoms m > s ' at
Jungfraujoch. For '°Be they are 810 = 70 atoms m > s~ ' in
Diibendorf and 810 + 60 atoms m > s~ at Jungfraujoch.
These values (from ~47°N) compare quite well with mean
fluxes found on the northern island of New Zealand
(~38°S): ~480 atoms m 2 s ' ('Be) and ~860 atoms
m "2 57! ("°Be) and also with the somewhat lower meas-
urements on the southern island of New Zealand (~44°S):
~290 atoms m > s~ ("Be) and ~600 atoms m s~ (‘°Be)
[Graham et al., 2003].

3.2. The "Be/’Be Ratio

[14] The '"Be/’Be ratio is shown in Figure 4. The
horizontal lines show the global mean stratospheric (5)
and tropospheric ratios (1.5) determined by a two-box
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Figure 4. Measured '°Be/’Be ratio in Diibendorf (red) and at Jungfraujoch (blue). The horizontal
dashed lines indicate the average '°Be/’Be ratios in the stratosphere (solid line) and the troposphere
(dashed line). The lowest values (~1) are still above the average production ratio of 0.5.

model (see section 3.5). Even at the low-altitude station,
Diibendorf, the '’Be/’Be ratios are generally higher than the
tropospheric average ratio. The reason for this is that the
mean ratio is a global average, whereas the two measure-
ment stations of this study are located in the midlatitudes,
where a higher fraction of stratospheric air is expected
because of stronger STE [Holton et al., 1995]. The mea-
sured '’Be/’Be ratios are similar or a bit higher at Jung-
fraujoch than in Diibendorf. The variability at Jungfraujoch
is greater. There are some extreme values even higher than
the global mean stratospheric '°Be/"Be ratio of 5, which all
occur at Jungfraujoch during the winter and spring months.
Double checking of the data gave no indication of analytical
problems. Extremely high '°Be/"Be values could be caused
by very old air or dry months, during which the '’Be
contamination from dust is higher. However, during March
2001, January 2002, and April 2002, the precipitation
measured was not especially low. These extreme values
are caused by a combination of rather high '°Be and of
lower than normal "Be. Low 'Be fluxes (<200 atoms m ~
s~ "), which are observed during winter (see fluxes in
Figure 2), point to old air. In the following analysis the
effect of these extreme values on the results is evaluated.
[15] The mean values for '’Be and "Be are also shown in
Table 1. The '°Be concentrations and fluxes are approxi-
mately 2.1 times higher than those of "Be in Diibendorf and
2.4 times higher at Jungfraujoch. The higher ratio measured
at Jungfraujoch is probably caused by a greater fraction of
stratospheric air at the station. It can be assumed that the
'Be/"Be ratio reflects the atmospheric ratio when they are
averaged over the whole measurement time (8 years). A
9Be/'Be ratio of 2.1-2.4 gives a mean residence time of
approximately 110—120 d for the radionuclides as an
average for the whole atmosphere. Graham et al. [2003]

calculated an average residence time of 80 to 100 d
assuming an average production ratio of 0.53 according to
Masarik and Beer [1999].

[16] The '°Be/’Be ratio of 2.1 in Diibendorf agrees well
with other observations (1.3—2.2) [Baskaran et al., 1993;
Brown et al., 1988; Graham et al., 2003; Knies, 1994;
Monaghan et al., 1985/1986]. The '’Be/’Be ratio at Jung-
fraujoch of 2.4 cannot be compared directly with these
ratios because Jungfraujoch is the only high-altitude station.
Instead, we compared the ratio with ratios measured in air
filters at Jungfraujoch and at Zugspitze (2962 m asl),
Germany, from March 2000 till February 2001 [Zanis et
al., 2003]. At Jungfraujoch, the variability of the ratio
measured in the air filters is similar to the one measured
in precipitation during the respective months. The ratio
varies from 1.0 (0.9) to 3.7 (3.2), with an average of 2.1
(2.3) measured in air filters (precipitation). The ratio mea-
sured in surface air is at a maximum from March to June,
lasting slightly longer than the maximum measured in
precipitation (March, April, and May). At Zugspitze the
ratio varies less with an average of 1.8 and exhibits a
maximum in March—A(;pril and a second one in June—July.

[17] The measured '°Be/'Be ratio of 2.1-2.4 is slightly
increased because of recycled '°Be from dust. However, it is
impossible to quantify this contribution without measuring
the dust separately. Monaghan et al. [1985/1986] deter-
mined the amount of dust in their '°Be measurements in
precipitation at seven sites in the United States. The average
amount of recycled '’Be varied from 8% to 35% between
the sites. Brown et al. [1988] also investigated this issue
concluding that it is extremely difficult to quantify the
amount of recycled '’Be from the data. Graham et al.
[2003] performed dust capture experiments and found a
contribution of recycled '’Be of 10%, 11%, and 8% at the

50f 10
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Figure 5. (a) The seasonality of the '°Be (two upper curves) and 'Be (two bottom curves)
concentrations measured in precipitation. (b) Deposition fluxes in Diibendorf (dashed line) and at
Jungfraujoch (solid line). (c) The measured precipitation. (d) The '°Be/'Be ratio in Diibendorf (dashed
line) and at Jungfraujoch (solid line). The thinner solid line shows the 19Be/"Be ratio without the extreme

ratios of March 2001 and April 2002.

three New Zealand sites. The '°Be/’Be ratios varied from
1.6 to 2.1, with the correction from 1.4 to 2. Baumgartner et
al. [1997] estimated the contribution of recycled '°Be in the
GRIP ice core during the Holocene at less than 5%.
However, the central Greenland area, which is covered by
glaciers, is far away from any dust sources. The '°Be/’Be
ratio which we measured would be 1.7—1.9 in Diibendorf
and 1.9-2.1 at Jungfraujoch, assuming a dust contribution
of 10—20%. Since it is not possible to correct our '°Be/’Be
ratio, we will continue working with the ratios of 2.1
(Diibendorf) and 2.4 (Jungfraujoch), bearing in mind that
this represents an upper limit.

3.3. Correlation With Cosmic Rays

[18] The production rate of "Be and '°Be is modulated by
the solar activity as well as the intensity of the geomagnetic
field. Both of these variations are captured by the neutron
monitors measuring the cosmic rays entering the atmo-
sphere. To establish whether a correlation between the
fluxes measured and cosmic rays exists, we used cosmic

ray intensity data measured at the Sodankyld Geophysical
Observatory, Finland. These data are available at http://
cosmicrays.oulu.fi.

[19] The data are smoothed with a 13-month low-pass
Fourier filter to remove the seasonality. The correlation
between the neutron monitor data and the 'Be or '’Be
fluxes or concentrations is positive, with correlation coef-
ficients ranging from 0.27 to 0.48. The reason for the rather
weak correlation is that the radionuclides were measured at
only two single stations, and the local effects are much
stronger than the production changes. After the production
the radionuclide concentrations are influenced by the STE,
tropospheric transport and the local precipitation rate at the
station. Moreover, the measurement time (8 years) is short
compared to an average solar (Schwabe) C}7/c1e of 11 years.
A stronger correlation (0.72) between '‘Be surface air
concentration and sunspots was found in Palermo, southern
Italy, during the period from 1982 to 2002 [Cannizzaro et
al., 2004]. The fact that the correlation between solar
activity and "Be surface air concentrations is higher than
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Figure 6. The two-box model used to simulate the
exchange processes in the atmosphere. Beryllium-10 and -
7 are produced in the stratosphere and in the troposphere.
As the averaged '’Be/’Be production ratio does not
significantly vary between stratosphere (~0.45) and tropo-
sphere (~0.5-0.6) (see Figure 1 or Lal and Peters [1967]
and Nagai et al. [2000]), it is set to 0.5 in both boxes. The
ratio between stratospheric and tropospheric production
varies between 1:1 [Masarik and Beer, 1999; Nagai et al.,
2000] and 2:1 [Lal and Peters, 1967]. Therefore, both
contributions of 1 (stratospheric) to 1 (tropospheric) and 1.5
(stratospheric) to 1 (tropospheric), which is an average of
both estimates, are used. The residence time of the
radionuclides in the stratosphere is 1—2 years. To test the
sensitivity, both 1 and 2 years are used. The tropospheric
residence time used is 21 d without considering the decay of
"Be. Bleichrodt [1978] estimated a residence time of 22—
35 d for 'Be using atmospheric concentrations and
deposition fluxes measured between 30° and 75°. Model
studies calculate tropospheric residence times of approxi-
mately 21 d, when only deposition is considered [Koch et
al., 1996; Liu et al., 2001]. Beryllium-7 decays in both
boxes with a half-life of 53.2 d.

the correlation between solar activity and 'Be deposition
fluxes again indicates that the local precipitation rate at the
measurement site causes strong variability on the radionu-
clide deposition fluxes.

3.4. Seasonality of the Deposition Fluxes

[20] Seasonal cycles of the concentrations in rainwater,
deposition fluxes and wet precipitation are shown in
Figure 5. The error bars are the standard errors of the mean
and show that the year-to-year variations are large. The
precipitation varies strongly at both stations, but has a
seasonality with a maximum in the summer months. The
amount of precipitation is about 1.5 times higher at Jung-
fraujoch than in Diibendorf, whereas the concentrations
measured in rainwater are approximately 1.5 times higher
in Diibendorf than at Jungfraujoch, leading to equal fluxes.

[21] The concentrations peak during the months from
June to August. The deposition fluxes of both radionuclides
are of the same order of magnitude and have a very similar
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seasonal variation. They peak during June and July, when
also the precipitation is high.

[22] Figure 5 also illustrates the seasonal '°Be/"Be ratio in
Diibendorf and at Jungfraujoch. The seasonal cycle of
9Be/’Be varies between 1.5 and 3-3.5 at Jungfraujoch
and 1.5 and 3 in Diibendorf. The difference between
Jungfraujoch and Diibendorf is not large, but on the average
the ratio at Jungfraujoch is higher during the whole year.
The very high ratios in March and April at Jungfraujoch are
caused by single extreme values (March 2001 and April
2002). Ignoring these values leads to much lower ratios in
March and April (thin solid line in Figure 5d). Still, the
asymmetry of the seasonality remains, showing a maximum
in the first half of the year and a minimum in the second half
of the year. This is in agreement with Holfon et al. [1995] as
the intrusions of stratospheric air into the troposphere are
strongest in the late winter and spring in the northern
hemisphere. The '°Be/’Be ratio in Diibendorf has a maxi-
mum between April and June. Considering the high year-to-
year variability it is difficult to determine if the '’Be/’Be
ratio in Diibendorf shows STE variability. At Jungfraujoch
the maximum in spring can probably be connected to
stratospheric air.

[23] The seasonal variability of the '°Be/’Be ratio mea-
sured in this study seems to be higher (~50%) (Figures 4
and 5d) than the variability observed by Graham et al.
[2003]. This could be related to the fact that stratospheric
intrusions are stronger in the northern hemisphere [Holton
et al., 1995].

3.5. Comparison of '"Be/’Be With Two-Box Model

[24] The '"Be and "Be deposition fluxes are known to
have a strong latitudinal and also a longitudinal dependence
[e.g., Field et al., 2006, Heikkild et al., 2008]. The fluxes
can be up to a factor of 4 larger at the midlatitudes than in
polar regions, because of the large precipitation rate at the
midlatitudes and the maximum in the stratospheric intru-
sions in the subtropics. Comparing the observed ratios with
a global average ratio obtained using a simple two-box
atmospheric exchange model gives us a measure of this
latitudinal dependence. Figure 6 illustrates the model and
the parameters used. Because of the simple character of this
box model and the few required parameters we can assume
that because of mass conservation, the results are accurate
as a global mean. Moreover, this box model also allows us
to theoretically investigate how the ratio changes as a
function of the 11-year solar cycle or the STE, which has
a seasonal variability.

[25] The simulated ratio of the '’Be/"Be deposition fluxes
varies between 1.1 and 1.4 when varying the stratospheric
residence time between 1 and 2 years and the ratio of
stratospheric to tropospheric production between 1 and 1.5.
The 'Be/’Be ratio of 2.1—2.4 measured at midlatitudes is
higher than the global average pointing to a strong latitudi-
nal dependence due to strong STE at midlatitudes. This is
confirmed by other observed ratios from the subtropics and
midlatitudes, which are also higher than those simulated by
the two-box model, but slightly lower than ours (1.7—-2.2 by
Monaghan et al. [1985/1986], Baskaran et al. [1993], and
Knies [1994], 1.3 by Brown et al. [1988], and 1.4-2.0 by
Graham et al. [2003]). It also has to be kept in mind that our
ratio is not dust corrected.
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Figure 7. The results of the two-box model when a
sinusoidal input function is used (above, in units of
production). The "Be input varies by 15%, but the '°Be/’Be
deposition flux varies by only 4—5% (bottom). The '°Be
deposition flux lags about 1 year behind the production; the
"Be deposition flux lags only 0.5 year because of decay. As
a result of this phase difference, the '°Be/’Be ratio reaches
its maximum about 4 years later than production.

[26] To simulate the 11-year Schwabe cycle, a sinusoidal
production signal was used. The production varies 30—40%
between minimum and maximum during a typical solar
cycle [Masarik and Beer, 1999]. Therefore, the variation
from the average of the sinusoidal production was set to
15% (see Figure 7). Only "Be input is shown because the
production of both radionuclides depends on the solar
activity in the same way. The 'Be deposition flux varies
as much as the production signal within a solar cycle (15%),
whereas for '’Be the variation is slightly less (13%). "Be
reacts more directly to production changes because a large
part of it decays and the burden is reduced. The '’Be/'Be
ratio of the deposition fluxes varies only 4—5% within a
solar cycle. Figure 7 also shows the phases of '°Be and "Be
input and deposition flux variability. Because of the strato-
spheric residence time of 1 year, the '°Be deposition flux
reaches a maximum 1 year later than the production. "Be
deposition flux lags only 0.5 year behind the production
because a large part of its stratospheric content decays
within the residence time. Therefore, the phases of '’Be
and "Be differ by about 0.5 year. For this reason the
'9Be/’Be ratio is almost in antiphase with the production,
lagging about half a solar cycle (approximately 4 years)
behind the production.

[27] To estimate the seasonal '’Be/’Be variability, the
STE (downward fluxes from the stratosphere) was varied
sinusoidally so that it has a maximum during the spring
(March— April-May) and a minimum in autumn and a 50%
deviation from the average [Appenzeller et al., 1996].
Figure 8a shows the downward fluxes from the stratosphere
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to the troposphere for '’Be and "Be. The ’Be mass flux
varies slightly less (45%) than '9Be mass flux because a part
of "Be has decayed. The '°Be/"Be ratio varies only b?f 5%.
The de_})osition fluxes shown in Figure 8b vary 27% (' °Be),
10% ("Be) and 17% ('°Be/’Be ratio). The '’Be/’Be ratio
varies between 1.5 (STE maximum in spring) and 1.1 (STE
minimum in autumn) on average. The ratios measured from
our study as well as from the earlier studies (1.3-2.2) tend
to be higher than these values, which seems to point to a
latitudinal dependence of the '’Be/’Be ratio. STE is stron-
gest at the midlatitudes, bringing down air with high
Be/'Be ratios. The global average ratio is probably low-
ered by low ratios in the tropics, where STE is weak and
high precipitation scavenges the particles effectively from
the atmosphere. There is a need for more observations, both
deposition flux and air filter ratios to understand their global
distribution.

[28] We learn from the two-box model that although the
solar activity affects the Broduction of '"Be and "Be in the
same way, the decay of 'Be causes a phase lag of almost
half a solar cycle in the measured deposition flux '°Be/"Be
ratio. However, this variability is strongly damped (only 4—
5%) and can hardly be observed. This is in accordance with
the measured ratio, as no trend can be observed in Figure 4.
The seasonally varying STE is visible in the '’Be/’Be ratio,
causing a maximum in the spring, which can also be
observed in the measured ratios. F if?rure 5d shows that the
measured seasonal variability of the '°Be/'Be ratio from the
average is about 50% at both stations. This measured
variability, including the 11-year and the STE variability,
is much higher than the modeled variability (17%) obtained
with the two-box model. This means that production or STE
changes explain only approximately one third of the depo-
sition flux variability. Factors such as the local precipitation
rate and atmospheric transport are the reason for the larger
observed variability. Furthermore, the STE variability in the
midlatitudes is probably larger than the global average
variability determined by the two-box model.

4. Summary and Conclusions

[20] Beryllium-7 and beryllium-10 have been measured
monthly in precipitation at low- and high-altitude stations in
Switzerland, Diibendorf (440 m) and Jungfraujoch (3580 m)
from 1998 till 2005. The deposition fluxes of the two
radionuclides and their ratio at the two stations were
analyzed with respect to stratosphere-troposphere exchange
(STE).

[30] The average deposition fluxes measured are 380 + 30
atoms m~ 2 s~ in Diibendorf and 320 + 20 atoms m % s~
at Jungfraujoch ("Be) and 810 + 70 atoms m 2 s~ ' in
Diibendorf and 810 + 60 atoms m 2 s~ at Jungfraujoch
("°Be). The absolute precipitation is approximately 1.5
times higher at Jungfraujoch (3.5 = 0.2 mm d') than in
Diibendorf (2.1 + 0.2 mm d ).

[31] The '°Be/’Be ratio measured is approximately 2.1 +
0.1 in Diibendorf and 2.4 + 0.1 at Jungfraujoch, which are
comparable with other studies from the midlatitudes. As the
'9Be/"Be ratio at the time of production is only marginally
latitude dependent and varies between 0.4 and 0.9 from
1000 hPa to 30 hPa, the higher ratios measured provide
information about STE and atmospheric residence times of
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Figure 8. The results of the two-box model for an STE
varying sinusoidally by 50% from the average. (a) The
downward fluxes from the stratosphere for '°Be (variation
50%), 'Be (45%), and their ratio (5%). (b) The variation of
the deposition fluxes (mBe flux 27%, ‘Be flux 10%, and
their ratio 17%).

the radionuclides. The higher '°Be/’Be ratio measured at
Jungfraujoch also probably reflects the higher share of
stratospheric air. The ratios include the recycled '°Be from
dust, which can contribute up to 10-20% of the concen-
tration. The ratio of 2.1-2.4 corresponds to an average
atmospheric residence time of ~110—120 d.

[32] The deposition fluxes exhibit a seasonality, reaching
a maximum during the summer months similar to the
precipitation rate. The amplitude of the seasonal cycle is
in the order of 3—4. The seasonal cycles of '’Be and "Be are
very similar at both stations. The seasonal variation of the
19Be/"Be ratio of the deposition fluxes reaches a maximum
during the first half of the year, especially at Jungfraujoch.
In Diibendorf the maximum occurs about a month later. The
spring maximum at Jungfraujoch provides evidence for
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STE, which has similar seasonal variability. Still, the year-
to-year variations of the deposition fluxes are large.

[33] A simulation with a two-box atmospheric exchange
model shows that the production variability durinig a solar
cycle does not cause observable changes in the '’Be/'Be
ratio. Indeed, no trend is evident in the measured ratios.
Further, the model suggests that the seasonally varying STE
causes a larger variability in the 'Be deposition flux than in
the "Be deposition flux, because changes in the "Be flux are
damped by radioactive decay. This is also in accordance
with the measured fluxes. The simulated '’Be/'Be ratio
reveals an attenuation of the applied STE variation by one
third. Moreover, the simulated seasonal variability is one
third of the observed seasonal variability. This means that
two thirds of the observed variability are caused by local
effects, such as the local precipitation rate and tropospheric
transport. This, and the fact that the '’Be/’Be ratio is
damped suggest that even if the year-to-year variations in
the seasonal '°Be/’Be ratios measured are large, the max-
imum in the spring could be significant and reflect STE.

[34] According to the two-box model, the global average
'9Be/’Be ratio varies only little (1.1 to 1.5) with varying
production or STE. The measured ratios of ~2.1 (Diiben-
dorf) and ~2.4 (Jungfraujoch) as well as other measure-
ments from the midlatitudes indicate that the ratios have a
significant latitudinal dependence. The influence of stronger
STE in the midlatitudes is visible in the measured ratios.
These findings highlight the interest of using the '’Be/'Be
ratio for studying atmospheric processes. More observations
from different latitudes and altitudes would improve our
understanding of the STE and help improve the global
circulation models.

[35] Acknowledgments. We are grateful to E. Grieder for measuring
Be and S. Bollhalder Liick for preparing the '°Be samples for AMS. This
work is funded by the Swiss National Science Foundation.
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