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Abstract

The 7Be activity concentrations measured from 1996 to 1998 at four high-altitude stations, JungfraujochFSwitzer-
land, ZugspitzeFGermany, SonnblickFAustria and Mt. CimoneFItaly, were analyzed in combination with a set of,

meteorological and atmospheric parameters such as the tropopause height, relative and specific humidity and also in
conjunction with 3D back-trajectories in order to investigate the climatological features of 7Be. A frequency
distribution analysis on 7Be activity concentrations revealed the existence of two concentration classes around 1.5 and

6mBqm�3 and a transition class between the two modes of the distribution at 3–4mBqm�3. Cross-correlation analysis
performed between 7Be and a number of meteorological and atmospheric parameters at the first three stations showed a
strong negative correlation with relative humidity (�0.56, �0.51, �0.41) indicating the importance of wet scavenging as
a controlling mechanism. Also, the positive correlation with the height of 3-days back-trajectories and tropopause
height (+0.49/+0.43, +0.59/+0.36, +0.44/+0.38) shows that downward transport from the upper or middle to lower
troposphere within anticyclonic conditions plays also an important role. Trajectory statistics showed that low 7Be
concentrations typically originate from lower-altitude subtropical ocean areas, while high concentrations arrive from

the north and high altitudes, as is characteristic for stratospheric intrusions. Although the 7Be activity concentrations
are highly episodic, the monthly means indicate an annual cycle with a late-summer maximum at all stations. The
correlation coefficients calculated for monthly means of the 7Be and atmospheric data suggest that the main predictor

controlling the seasonality of the 7Be concentrations is tropopause height (+0.76, +0.56, +0.60), reflecting more
vertical transport from upper tropospheric levels into the lower troposphere during the warm season than during the
cold season. r 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The bombardment of atmospheric constituents by

cosmic rays (CR) leads to the production of a host of
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isotopes, within a range of half-lives from some minutes
up to millions of years. One of them is 7Be, a cosmogenic

gamma emitting (477.6 keV) radionuclide with radio-
active decay half-life of 53.3 days. It is formed through
spallation reactions leading to the fragmentation of light

atmospheric nuclei, primarily 12C, 14N and 16O (Lal and
Peters, 1967; Masarik and Beer, 1999).
Lal and Peters (1967) have shown that production

rates are decreasing with atmospheric depth. This fact,

in combination with the increase of the atmospheric
density and therefore the availability of target nuclei for
spallation reactions, leads to the existence of a maximum

in the production rate at about 20 km. The relatively
high production rates of 7Be in the upper troposphere,
combined with transport from the lower stratosphere to

the upper troposphere, normally maintain a steep
vertical concentration gradient between the upper and
the lower troposphere (Feely et al., 1989). The source

functions of radioactive isotopes depending mainly on
latitude and altitude have been determined in detail by
Benioff (1956), Lal et al. (1958), Lal and Peters (1962),
O’Brien (1979) and others, concluding that only 33% of

the 7Be production takes place in the troposphere and
particularly in the upper troposphere, while the rest is
produced in the stratosphere.

Soon after 7Be atoms are formed, they become
attached to ambient aerosol particles in the accumula-
tion mode (0.4–2 mm) (Papastefanou and Ioannidou,

1995). Since the process of attachment is irreversible the
fate of the 7Be atoms is henceforth determined by the
mechanisms governing the removal and transport of
the aerosols. The tropospheric residence time of these

aerosols can vary from a few days to a few weeks,
depending on meteorological conditions. The mean
residence time in the troposphere is of the order of

about 10 days (Jaenicke, 1988) to 30 days (Gavini et al.,
1974; Koch et al., 1996).
The average 7Be concentration in the lower strato-

sphere between 111 and 601N observed by Dutkiewicz
and Husain (1985) was 165mBqm�3, while in the upper
troposphere the concentrations were generally

o40mBqm�3. On average, the tropospheric production
rate and the concentration of 7Be are 810 atomsm�2 s�1

and 12.5mBqm�3, respectively (UNSCEAR, 2000).
On the other hand, concentrations at surface levels

fluctuate normally around 3.5mBqm�3 (Reiter et al.,
1983; Dutkiewicz and Husain, 1985; Brost et al., 1991;
G.aggeler, 1995). Thus, air coming from the upper

troposphere and especially the stratosphere can be
identified by its enhanced 7Be levels.

7Be concentrations follow certain time variations, the

most common of which are the 11-years cycle of solar
activity and the annual cycle (Koch and Mann, 1996).
The vast majority of the studies conclude that 7Be

surface concentrations at northern mid-latitudes show a
maximum in late summer (Reiter et al., 1983; Feely et al.,

1989). According to Feely et al. (1989) there are four
factors controlling the 7Be seasonal variation: (a) wet

scavenging, (b) stratosphere-to-troposphere exchange,
(c) downward transfer in the troposphere, and (d)
transport between lower and higher latitudes.

Since most of the 7Be resides in the stratosphere, it has
been used in many studies as a tracer of stratosphere-to-
troposphere exchange (STE) (Danielsen, 1968; Husain
et al., 1977; Elbern et al., 1997; Scheel et al., 1999; Zanis

et al., 1999; Stohl et al., 2000). Cross-tropopause flux
estimation is still a topic of great scientific interest due to
the aircraft emissions at the tropopause level and also

because there are large discrepancies between different
studies regarding the relative importance of STE and
photochemistry for tropospheric ozone (Roelofs and

Lelieveld, 1997).
The current study presents an analysis of three years

of 7Be data from four alpine stations: JungfraujochFS-

witzerland, ZugspitzeFGermany, SonnblickFAustria,
and Mt. CimoneFItaly. The aim is to depict the main
climatological characteristics of 7Be and reveal the
mechanisms that they are subject to. For this purpose

a set of supplementary meteorological and atmospheric
data was used.

2. Data and methods

Over the past years 7Be measurements have been
conducted at four elevated alpine stations, Jungfraujoch
(JFJ), Switzerland (071590E/461320N, 3580masl), Zug-

spitze (ZUG), Germany (101590E/471250N, 2962masl),
Sonnblick (SBK), Austria (121580E/471030N, 3106masl)
and Mt. Cimone (MTC), Italy (101420E/441120N,
2165masl). The former three of them are located along

the mountain chain of the Alps while the fourth one is
situated in the Northern Apennines as shown in Fig. 1.
On a routine basis, all four stations use the same type

of air-samplers equipped with flowmeters for flux
stabilization during sampling and volume integration
at the end of each sampling. Air flowrates vary from 32

to 68m3 h�1. The air-filters used are made of either glass
fiber or cellulose nitrate. After sampling they are folded
and pressed into a plastic container. Finally, high-

resolution gamma spectrometry is applied for the
acquisition of the spectrum, using coaxial or well-type
detectors. At all stations the total uncertainty due to
both sampling procedures and counting statistics is of

the order of 10% and the calculated activities are
routinely corrected to standard temperature–pressure
(STP) conditions. The quality of the 7Be data and the

comparability between the stations discussed in this
paper has been proved by adequate testing during an
intercomparison exercise (Tositti et al., 2001).

At JFJ, the 7Be measurements are carried out
regularly with a time resolution of 48 h since 4 April
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1996. The 7Be data used in this study cover the period
from 4 April 1996 to 1 August 1999. 7Be measurements
are also performed regularly at both ZUG and SBK

with 24 h time resolution and the data sets used in this
study cover the periods 5 January 1996–31 December
1998 and 20 June 1996–30 July 1999, respectively.

Finally, 7Be measurements at MTC are available at
irregular intervals from the period from 21 March 1996
to 31 December 1999.

For further analysis of the 7Be concentrations a
supplementary data set of meteorological and other
atmospheric parameters has been used, in order to

identify the influence that each parameter has on the 7Be
levels at alpine sites and to reveal the main controlling
processes in a climatological aspect. The data sets for the
three stations (JFJ, ZUG, SBK) cover the period from 1

January 1996 to 31 December 1998. MTC was not
included in this analysis because 7Be sampling was not
regular during these three years. The meteorological

parameters included in the analysis were relative and
specific humidity, while surface ozone concentrations
were also compared with 7Be.

Apart from the meteorological parameters collected at
the individual stations, a tropopause height timeseries
was available for Payerne (61570E/471480S), covering the
period from 1 January 1996 to 31 December 1998.

Tropopause height was available at both 00 and 12 h

UTC and daily means were extracted for use in the
analysis. Finally, three-dimensional 10-day back trajec-
tories ending at the position and altitudes above sea level

of the mountain stations using the FLEXTRA trajectory
model (Stohl et al., 1995; Stohl and Seibert, 1998), were
calculated. FLEXTRA is driven with global analysis

fields every 6 h and with 3-h forecast fields every other
3 h from the European Centre for Medium-Range
Weather Forecasts (ECMWF, 1995) with a resolution

of 11 longitude� 11 latitude. The model uses bicubic
horizontal, quadratic vertical and linear time interpola-
tion. The heights of an air mass (referred to as back-

trajectory heights) 1, 2 and 3 days before its arrival at a
station were used in the analysis.
To adjust with the different time resolution of 7Be

measurements at JFJ, the related data sets were used to

calculate bi-daily averages. Timeseries with a seasonal
variation were deseasonalized and part of the analysis
was repeated using the deseasonalized timeseries.

3. Results and discussion

3.1. Frequency distribution of 7Be concentrations

The four 7Be timeseries are presented graphically in
Fig. 2. Basic statistics on 7Be concentrations at the four

Fig. 1. Alpine region topography (m asl) and location of the measurement stations.
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alpine stations are shown in Table 1. Zanis et al. (1999),
performing a frequency distribution analysis on a 9

months 7Be record at JFJ, suggested the possibility of
interpreting the distribution as bi-modal, with each
mode corresponding to a distinct class of meteorological
conditions. In this study a frequency distribution

analysis was carried out for each of the 7Be records.

The class intervals were set to 1mBqm�3 and all
observations in a class interval were attributed to the

interval mid-point. The resulting diagrams are presented
in Fig. 3 where class frequencies are displayed by the
black dots. It is seen that 7Be concentrations belong into
two distinct classes, covering the lower and the higher

values, respectively, and thus a sum of two Gaussian

Fig. 2. 7Be timeseries at four alpine locations during the 1996–1998 period. The thick solid line represents a 30 days moving average fit.
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functions was fitted on the resulting class frequencies.

The mean and the standard deviation of both distribu-
tions were calculated. The fitted function explains
98% of the distributions variances with the exception

of MTC for which a bi-modal distribution could not be
statistically supported due to the lack of a sufficiently
large amount of data. The results of the fitting procedure

for each station are presented in Table 2.
The 7Be frequency distributions are bi-modal. The

first mode is related to the lower values and has a mean
of about 1.5mBqm�3. For JFJ the mean of this mode is

somewhat higher and fewer values fall into this mode

because of the 48 h time resolution which smoothes

away low values. The second mode represents the higher
values, has a mean around 6mBqm�3 and appears
flatter than the first one. For ZUG the mean of the

second class is lower due the generally lower concentra-
tion levels at this station. A possible explanation for the
observed deviation of the ZUG 7Be concentrations from

the other stations is based on the special meteorological
conditions that occur frequently at ZUG, namely
increased cloud formation under northwesterly to
northerly large-scale air flow, leading to increased rain

out/wash out of aerosols. The data clearly show that

Table 1

Basic statistics of 7Be concentrations

7Be (mBqm�3)

Station ID No. of obs. Median 1st quartile 3rd quartile Max Min

JFJ 568 7.0 4.2 10.1 25.2 0.4

ZUG 1053 4.6 2.4 7.0 21.3 0.1

SBK 944 5.3 2.2 8.8 27.3 0.2

MTC 264 5.7 3.7 7.8 23.6 0.3

Fig. 3. Frequency distributions of 7Be concentrations for each site (dots). The dashed lines represent the normal distributions

calculated through the fitting process, the thick solid line depicts the composite bi-modal distribution, whereas the dotted ones

correspond to the standard error of the composite distribution.
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peak 7Be concentrations caused by large-scale descend-
ing air are very similar to those measured at the other
stations. The bimodality in the frequency distributions

possible reflects the existence of different controlling
mechanisms governing the two classes.
From the synthesis of the two Gaussian functions it

can be concluded that there is a transition class between
the two modes of the distributions at 3–4mBqm�3. In
order to show that different mechanisms are associated

with the two modes, a supplementary analysis was
performed, connecting 7Be concentration classes with a
variety of meteorological and other atmospheric para-
meters.

For each 7Be record the meteorological and atmo-
spheric data were successively sorted to two classes
according to a hypothetical separation value of 7Be. The

separation values of 7Be ranged from 1 to 14mBqm�3

and for each case two distinct classes of meteorological
and atmospheric data were formed, connected with 7Be

concentrations below and above the separation value,
correspondingly. The statistical difference between the
means of the two classes was checked using Student’s t-
test. The analysis was performed on both the original

and the seasonally decomposed records, with the

exception of relative humidity for which a distinct
seasonal cycle does not exist.
The results of the above analysis are presented in

Fig. 4. For tropopause height (Fig. 4a), it is clearly
evident that for all stations there is an outstanding
pattern depicting a transition class of 7Be at 3–

4mBqm�3, for which the significance of the difference
between the two means maximizes in absolute terms.
The negative sign of the t-test values reflects the fact that

the first tropopause height class has a smaller mean than
the second class, which implies a positive correlation
between 7Be and tropopause height. The difference
between the means of the two tropopause height classes

separated at the maximum t-test value lies in the range
of 800–1000m.
The picture is different for relative humidity (Fig. 4b).

The obtained curves appear to be broader and the
maximum t-test values are spread around the mean of
each 7Be second class. This is mainly due to the fact that

more than 50% of the relative humidity values are
higher than 80% and thus lack the necessary variability
in order to distinguish between the two 7Be classes. For
the absolutely maximum t-test values the difference

between the means of the two relative humidity classes is

Table 2

Main characteristics (number of observations, mean value and standard deviation) of the two ‘‘normal’’ distributions that explain the
7Be concentrations frequency distributiona

1st class 2nd class

Station ID No. of obs Mean Std No. of obs Mean Std

JFJ 29710 2.570.2 0.570.1 574725 7.070.2 4.570.2

ZUG 167742 1.670.1 1.070.1 928763 5.170.2 3.270.2

SBK 3317132 1.270.2 1.570.4 6987127 6.970.8 3.970.7

MTC F F F 284715 5.370.2 2.970.2

aEach value calculated by the fitting procedure is accompanied by its standard error.

Fig. 4. t-Test values for the significance of the difference between the means of meteorological and other atmospheric parameters,

when sorted according to a separation value of 7Be. All points indicate the t-test values and the lines constitute a polynomial function

fitted on them. The presented data for JFJ (dotsFsolid line), ZUG (trianglesFdashed dotted line), SBK (crossesFdotted line) are (a)

tropopause height, (b) relative humidity, and (c) specific humidity.
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about 20%, in average. Finally, from specific humidity

(Fig. 4c), the existence of a second maximum within the
range 9–11mBqm�3 can be speculated, with the
exception of SBK for which it is shown in section 3.3
(Table 3) that 7Be is not strongly correlated with specific

humidity. The difference between the means of the two
specific humidity classes lies in the range of 0.3–
0.8 g kg�1.

From this result a second 7Be transition class could be
possibly supported, which might imply the existence of a
third distribution explaining the 7Be values above

10mBqm�3. This is in accordance with Reiter et al.
(1983) who showed that the total ogive of the 7Be
frequency distribution was composed of three partial
sections: (a) a linear normal distribution around

0.9mBqm�3 of the tropospheric values without strato-
spheric influx, (b) a linear normal distribution ranging
from 2.6 to 7.4mBqm�3 of the values influenced by

stratospheric intrusions, and (c) the range of values
>7.4mBqm�3 of the direct stratospheric intrusions
near the station, without a long advection path. Apart

from that, there have been many studies in which
different thresholds of 7Be activity were used for
identifying air masses of stratospheric origin. Reiter

et al. (1984) used a 30% increase in 7Be values against
the monthly mean as a criterion and Elbern et al. (1997)
applied a definition of 2s increase against the running
monthly mean, while others have selected a constant

threshold of about 8mBqm�3 (Scheel et al., 1999;
Sladkovic and Munzert, 1990; Stohl et al., 2000).
Further discussion concerning the interpretation of the

two 7Be transition classes is given in Section 3.3.

3.2. Correlation of 7Be concentrations between the

stations

The correlation of the 7Be concentrations between the

alpine stations was investigated and discussed in this
section. MTC was not included in this analysis because

of the sparseness of the data. For the correlation with

JFJ two-day averages were calculated for ZUG and
SBK. All correlation coefficients calculated are signifi-
cant at the 99% significance level.
The correlation coefficients of 7Be concentration

between JFJ-ZUG and JFJ-SBK are +0.53 and
+0.42, correspondingly. This correlation is influenced
by both the 48 h resolution of the 7Be concentrations at

JFJ and the two-day averaging of the values at ZUG
and SBK. The cross-correlation analysis between ZUG
and SBK showed a maximum correlation coefficient of

+0.70 for lag 1 day, with 7Be at ZUG coming first. This
delay of 1 day at SBK is a result that could be expected
taking into account the mostly westerly flow of the
synoptic patterns in the middle latitudes and the fact

that SBK is located 21 to the east from ZUG.

3.3. Correlation of 7Be concentrations with atmospheric

and meteorological parameters

The 7Be timeseries were analyzed in combination with

a number of atmospheric and meteorological para-
meters, in order to clarify the role of each parameter for
the 7Be concentration levels. Under this scope, the cross-

correlation coefficients between 7Be and various para-
meters were calculated. The analysis was performed for
both raw and deseasonalized data (where applicable) of

relative humidity, specific humidity, surface ozone,
tropopause height and back-trajectories height.
Table 3 shows the correlation coefficients correspond-

ing to zero lag at which the maximum correlation, in

terms of absolute values, was found. In the case of back-
trajectories height the given correlation coefficient
corresponds to the height of the air mass 3 days

backwards along the trajectory, since it was better
correlated with 7Be in comparison with heights 1 and 2
days backwards. Each of the values was tested for its

significance level using two-tail significant points and
analysis of variance (ANOVA).

Table 3

Cross-correlation coefficients between 7Be and relative humidity (RH) specific humidity (SH), surface ozone (O3), tropopause height

(TRH) and back-trajectories height (BTRJH)a

JFJ ZUG SBK

Raw Residuals Raw Residuals Raw Residuals

TRH (+) 0.43 (+) 0.37 (+) 0.36 (+) 0.35 (+) 0.38 (+) 0.35

BTRJH (+) 0.49 F (+) 0.59 F (+) 0.44 F
RH (�) 0.56 F (�) 0.51 F (�) 0.45 F
SH (�) 0.03* (�) 0.27 (�) 0.02* (�) 0.25 (+) 0.07* (�) 0.03*
O3 (+) 0.35 (+) 0.40 (+) 0.42 (+) 0.51 (+) 0.34 (+) 0.44

aThe column labeled as ‘‘Raw’’ corresponds to the correlation coefficients between raw data while the column labeled as ‘‘Residuals’’

corresponds to the correlation coefficients between the seasonal decomposed data. (+) and (�) indicate positive and negative

correlation, respectively, whereas the values denoted by the asterisk are not significant at the 95% confidence level.
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Tropopause height at Payerne is positively correlated
with 7Be concentrations at the three stations and

therefore increased 7Be values are associated with high
tropopause level, which is in turn associated with upper
ridges (Vaughan and Price, 1991). Hence, the positive

correlation between tropopause height and 7Be activity
concentrations reflects both downward transport from
the upper troposphere during anticyclonic conditions
and less wet scavenging during these conditions.

Although STE events are usually associated with
upper-level troughs or cut-off lows, the stratospheric
air typically descends stations within upper-level ridges

(and surface anticyclones) following the troughs. Zanis
et al. (1999) showed using composite maps of the
geopotential height at 500mbar that 7Be concentrations

>8mBqm�3 at JFJ were associated with an upper ridge
over Switzerland. The strong correlation in combination
with Fig. 4a, indicates that the day-to-day variability of

the upper-troposphere synoptic situations is important
for the transition between the two modes of the 7Be
distribution. The even stronger positive correlation of
7Be with the 3-day back-trajectories height (+0.49,

+0.59, and +0.54 for JFJ, ZUG, and SBK, respec-
tively) reconfirms that high 7Be concentrations at the
three alpine sites are related to transport of air masses

originating from middle/upper troposphere levels to the
lower tropospheric. It should be noted that there is no
clear indication from the back-trajectories height for the

direct influence of stratospheric air on the high 7Be
concentrations at the three alpine sites. The use of more
than 3 days back-trajectories increases the uncertainty of
the air mass origin. Hence, the indirect influence from

the stratosphere/troposphere exchange to lower tropo-
spheric levels, depending on the upper-troposphere
synoptic patterns and the time-scale of vertical mixing

versus dilution, cannot be validated with certainty and
thus should not be underestimated.
An important fraction of the 7Be variance is explained

by relative humidity, emphasizing the role of wet
scavenging. During high relative humidity conditions,
condensation becomes more intense, resulting in in-

creased wet scavenging rate of aerosols and thus of 7Be
atoms attached to these aerosols. On the other hand,
relative humidity has been used as a tracer to isolate
events of stratosphere-to-troposphere exchange (STE),

since stratospheric and tropospheric air masses are
distinguished by very different water vapor concentra-
tions (Bithell et al., 2000; Bonasoni et al., 2000). Thus,

the anti-correlation between 7Be and relative humidity
can be alternatively explained as events of downward
transport of dry upper tropospheric or stratospheric air,

but in this case one would expect specific humidity to be
also a good predictor of 7Be concentrations, which is not
the case as shown in Table 3. The calculated correlation

coefficients for deseasonalized data, although statisti-
cally significant for JFJ and ZUG, do not explain such a

great fraction of the 7Be variance as relative humidity
does, which leads to the conclusion that wet scavenging

rather than downward transport is responsible for the
statistically significant anti-correlation between the 7Be
and the relative humidity. On the other hand, specific

humidity has pointed out in Section 3.1 the possible
existence of a second transition class of 7Be at about
10mBqm�3 and as a result the possible existence of a
third distribution, explaining 7Be concentrations with a

direct effect from STE processes. One reason for this
antiphasis may be the relatively low number of 7Be
values influenced by direct intrusion events within the

three years data records. This fact, on the one hand,
holds back the explicit emergence of a third distribution
in Fig. 3 and obliterates part of the correlation, but, on

the other hand, is able to introduce a transition class and
perhaps preview the 7Be distribution pattern for more
prolonged timeseries.

The mechanism that the correlation of relative
humidity with 7Be expresses, was also investigated
throughout the year by calculating correlation coeffi-
cients for each month. In general, the correlation

coefficient between relative humidity and 7Be remains
statistically invariable during the year, while the
correlation coefficient between specific humidity and
7Be shows seasonality with high correlation (negative
correlation, �0.50 in average) during cold months
(October to February). Thus, in the warm period wet

scavenging dominates over transport for the determina-
tion of the better correlation between relative humidity
and 7Be than between specific humidity and 7Be, while in
the cold period transport becomes also important.

However, taking into consideration, on the one hand,
that the correlation of relative humidity with 7Be is
always higher than the correlation between specific

humidity and 7Be throughout the year and, on the other
hand, that no practical discrimination between wet
scavenging and transport is feasible, it can be concluded

that wet scavenging remains a very important control-
ling mechanism throughout the year.
Surface ozone and deseasonalized surface ozone both

show a significant and rather consistent positive
correlation coefficient with 7Be concentrations for all
stations (Table 3), indicating a significant covariance.
Ozone taking its maximum values in the stratosphere

can be used to identify air parcels of stratospheric origin.
Especially, the existence of well-defined ‘‘bulges’’ of
ozone-rich air below the tropopause level, as revealed

from ozonesondes, has been widely connected with
intrusion events (Austin and Follows, 1991; Kentarchos
et al., 1998). However, surface ozone is difficult to

interpret because the larger part of its variance can be
attributed to photochemical processes associated with
transport from pollution sources. Besides, there is great

difficulty when interpreting high surface ozone concen-
trations, since there are different processes that may
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coexist or conflict: (a) ozone-rich air parcels arriving
from lower-stratosphere/upper-troposphere as a conse-

quence of an intrusion event, (b) enhanced in situ
photochemical production under anticyclonic conditions
(Schuepbach et al., 1999). The fact that the anticyclonic

conditions favor at the same time downward mixing
of higher 7Be, intense photochemical ozone production
and thermal convection of ozone precursors from the
atmospheric boundary layer poses great difficulties to

attribute their correlation to a common upper tropo-
sphere/lower stratosphere source.

3.4. Source regions of 7Be and implications to horizontal
transport

To study the source regions of 7Be, we combined the
7Be data with back trajectories. Back-trajectories were
calculated every 3 h, so eight back-trajectories were

available for each 7Be measurement. We used the
method of Seibert et al. (1994) to attribute a measured
value to all eight corresponding back-trajectories. Thus,
the measured concentration is smeared out along the

path the air has taken before arriving at the measure-
ment location. After this is done for all trajectories, a so-
called ‘‘concentration field’’ is obtained by averaging all

values that occur within a grid box. We used a grid of
11� 11resolution and four vertical layers from the
ground to 1500, 1500–3000, 3000–4500 and above

4500m. This concentration field is subsequently
smoothed and shows from where high or low concen-
trations are advected to the measurement sites. As the

method needs many input data, we combined all
measurement data from MTC, SBK and ZUG. Data
from JFJ were not used, because of their coarser time
resolution. The period used was 1995–1998, but

note that SBK and MTC data were not available for
1995.
Fig. 5 shows that typically very low 7Be concentra-

tions are advected from low levels, especially from ocean
areas. The concentrations increase for the higher
concentration field layers. For trajectories descending

from above 4500m, there is also a path of rather high
7Be concentrations (about 8mBqm�3) seen that
stretches from the northwest to the measurement sites.
As stratospheric intrusions often reach the measurement

sites via this pathway (see, e.g., Stohl et al., 2000), this
likely reflects the influence of stratospheric intrusions on
the 7Be concentrations at the mountain stations.

3.5. Case studies

The climatology of 7Be at the alpine sites implies
the influence of different controlling mechanisms for
the determination of the 7Be levels. In order to see the

applicability of these processes in reality three case
studies are presented. All three cases are during October

1996 and Fig. 6 shows the 7Be, relative humidity, specific
humidity and surface O3 daily values at Zugspitze

during this month. The tropopause height over Payerne
is also shown.
Case I (2 October 1996)Flow 7Be concentration:

Fig. 6 shows a decrease of 7Be concentration on 2
October down to about 0.2mBqm�3. At the same time
RH increases from about 60% on 1 October to almost
100% on 2 October indicating saturation and presum-

ably cloud formation. However, the SH slightly
decreases from about 4 g kg�1 on 1 October to about
3.3 g kg�1 on 2 October thus indicating less moist air on

2 October than on 1 October. The investigation of the
synoptic situation at 500 hPa and of the tropopause
fields (not shown here) indicated the existence of an

upper trough over western Europe on 1 October, which
moved eastwards over central Europe on 2 October thus
affecting the alpine sites. Already on the 3 October a cut-

off detached from the upper trough system and moved
southwards over Italy while at the same time an upper
ridge extending from the Azores high towards northeast
started affecting western and Central Europe. The 4-

days back-trajectories on 1 October indicate horizontal
transport at the same level from the Atlantic Ocean
while on 2 October there is a shift in transport with air

masses advected to Zugspitze from about 900 hPa
already one day before (presumably boundary layer
air) with the source region located over Italy and west

Mediterranean.
Although transport of boundary layer air with low

7Be concentration cannot be excluded as a partial
explanation of the very low 7Be observed at Zugspitze,

it is anticipated that wet scavenging is the most plausible
explanation. This is suggested because the SH measure-
ments indicate less moist air on 2 October than on 1

October while the RH measurements indicate saturation
on 2 October.
Case II (4 October 1996)Fhigh 7Be concentration:

Fig. 6 shows clearly an abrupt increase of 7Be up to
16mBqm�3 from 3 October to 4 October. At the same
time, both SH and RH values decreased down to

1 g kg�1 and 20%, respectively, while the daily ozone
concentration also increased up to 60 ppbv indicating
transport of dry air masses rich in ozone. The synoptic
situation at 500 hPa on 3 and 4 October (not shown

here) is characterized by a high-pressure system extend-
ing northeastwards from the Azores high towards
western and Central Europe. The tropopause was

relatively high over the alpine region. Radiosonde
measurements over Payerne reveal an increase of the
tropopause height of about 4 km from 2 to 4 October.

The 4-days back-trajectories on 3 October (12 and 18
UTC) at Zugspitze indicate downward transport from
about 350 hPa over Greenland and North Atlantic 2

days ago, while the tropopause fields at this area on 1
October show tropopause heights dropping down to
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about 320 hPa. The 4-days back-trajectories on 4
October (00, 06, 12, and 18 UTC) show downward
transport from about 500 hPa one to two days ago with

the source area located at North Atlantic and Scandi-
navia. Similarly to Zugspitze, the other alpine stations
showed also high 7Be concentrations on 4 October.
Back-trajectories at Sonnblick on 4 October (00 UTC)

indicated downward transport from about 340–350 hPa

2 days ago over North Atlantic and Scandinavia while
the tropopause fields dropped down to 320 hPa over this
area on 2 October. From this analysis it can be assumed

that the abrupt increase of 7Be at Zugspitze and the
other alpine stations on 4 October was related to
downward transport from the lower stratosphere/upper
troposphere of air rich in 7Be during a STE event over

North Atlantic/Scandinavia. This was perhaps one of

Fig. 5. Three-dimensional concentration fields of 7Be obtained with trajectory statistics for below 1500m (upper left), 1500–3000m

(upper right), 3000–4500m (lower left), and above 4500m (lower right). Grid cells for which information from fewer than 20

measurements was available, were left blank. The locations of SBK, MTC and ZUG are marked with asterisks.
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the clearest cases of a stratospheric intrusion: see Stohl

et al. (2000) for a description.
Case III (22–24 October 1996)Fhigh 7Be concentra-

tion: The 7Be concentration at Zugspitze increases up to

9mBqm�3 on 22 October, then reaches 13mBqm�3 on
23 October and remains at high concentration levels
(12mBqm�3) on 24 October (Fig. 6). Ozone also shows

a slight increase during these days while both RH and
SH values decrease down to about 20% and 1 g kg�1,
respectively. The tropopause over Payerne shows a
gradual increase during these days. The synoptic

patterns at 500 hPa indicate the gradual development
of an upper ridge over central Europe. The same result is
supported by the tropopause fields. The 4-days back

trajectories on 23 and 24 October (00 UTC) reveal
downward transport from a level of about 500 hPa 2
days ago, with the source region located at North

Atlantic (north to England) and Scandinavia. However,
the 4-days back-trajectories on 22 October (at 00 UTC)
point towards a distant upper tropospheric source

(lower stratospheric source cannot be excluded) over
the North Atlantic ocean, close to the Canadian coast. It
is hence anticipated that downward transport from
middle to upper troposphere within the persistent

anticyclonic system over central Europe from 22 to 24
October is a plausible explanation for the increase of
7Be concentration at Zugspitze during these days,

although an indirect influence from STE cannot be
discarded.
It should be also pointed out that the relatively high

7Be concentration at Zugspitze on 13 and 28 October
(Fig. 6) associated with relatively high tropopause
heights, was also found to be related with downward
transport from the middle to upper troposphere in the

presence of upper ridges.

3.6. Seasonal variation of the 7Be concentrations

Because of the episodic nature of 7Be events, it is
rather difficult to see a clear seasonal variation of the 7Be
concentrations presented in Fig. 2, although the max-

imum values seem to be more frequent during the
summer. However, the mean monthly 7Be values reveal
a seasonality at all four stations (Fig. 7).
At all sites a distinct annual cycle exists with a late

summer maximum in July–August. An interesting point
is the secondary maximum observed in January–
February especially at SBK and MTC. It is mainly due

to the increased 7Be levels during February 1998 at all
sites (for MTC there are no measurements during
February 1996 and 1997), which can be attributed to

the relatively higher tropopause during this month and
also coincides with the secondary maximum in absolute
frequency of stratospheric air intrusions found by Stohl

et al. (2000) at ZUG and SBK. The minimum
concentrations are generally met in winter, but the
monthly means also reveal a minimum in April (ZUG,
SBK, MTC), which is not in accordance with the

expected spring maximum in STE suggested by Daniel-
sen and Mohnen (1977) and also Appenzeller et al.
(1996). However, for the interpretation of the April

minimum one should bear in mind that April 1998 was
not a typical April, having an average tropopause height
about 600m lower than the previous years. Finally, one

can notice that the lowest monthly concentration levels
are found at ZUG, also inducing a minimum to the
amplitude of the variation due to the seasonal cycle.
In order to derive information concerning the main

mechanisms controlling the late-summer peak in the 7Be
concentrations (see Fig. 7), supplementary correlation
coefficients were calculated between the monthly means

of 7Be and the meteorological and atmospheric para-
meters. The results indicate that the best and most
consistent predictor of the seasonality of the 7Be

concentrations for all stations is tropopause height,
which is also object to a summer maximum seasonality,
with calculated correlation coefficients of +0.76, +0.56,

and +0.60 for JFJ, ZUG, and SBK, respectively (all
coefficients significant at the 95% confidence level).
Many other stations on both hemispheres show highest
7Be activity concentrations during the warm season and

lowest concentrations during the cold season, which can
be attributed to more efficient vertical mixing in the
warm season due to enhanced solar heating and thus

downward transport to the lower troposphere of 7Be
produced in the upper troposphere or the stratosphere
(Feely et al., 1989).

4. Summary and conclusions

Three years of 7Be data measured at four high-altitude
stations at the Alps and Northern Apennines were used

Fig. 6. Cases presentation during October 1996: (a) 7Be

concentration (solid line) and tropopause height (dashed line),

(b) surface ozone concentration (thick solid line), relative

humidity (thin solid line) and specific humidity (dashed line).
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together with a set of meteorological and atmospheric
parameters such as the tropopause height, relative and
specific humidity and also in conjunction with 3D back
trajectories, in order to investigate the climatology of
7Be and study the mechanisms that govern 7Be
concentration levels.
A frequency distribution analysis, performed on each

7Be record, revealed the existence of two concentration
classes, one comprising the lower values with a mean
about 1.5mBqm�3 and another one comprising the

higher values with a mean around 6mBqm�3. Further
analysis on meteorological data such as tropopause
height, relative and specific humidity, supported a

transition class between the two modes of the distribu-
tion at 3–4mBqm�3 and postulated a second transition
class of about 9–11mBqm�3, above which 7Be concen-
trations are expected to be strongly affected by STE

processes. Comparison of the 7Be concentrations be-
tween the stations gave significant correlations (+0.53
for JFJ versus ZUG, +0.42 for JFJ versus SBK and

+0.7 for ZUG versus SBK), because they are all
affected by the same larger-scale synoptic patterns.
Cross-correlation analysis was performed between 7Be

and meteorological and atmospheric parameters, using
both original and deseasonalized data. The strongest
correlation was found with relative humidity (negative
correlation) depicting the importance of wet scavenging

as a controlling mechanism for the day-to-day varia-

bility and with back-trajectories and tropopause height
(positive correlation) showing that the upper level
synoptic situation and downward transport are impor-
tant controlling factors. Especially, the 3-days back-

trajectories indicate a middle/upper tropospheric source
of the highest 7Be at all alpine stations while the positive
correlation of the tropopause height with 7Be implies

downward transport within anticyclonic conditions. It
should be noted that there is no clear indication from the
back-trajectories height for the direct influence of

stratospheric air on the high 7Be concentrations at the
three alpine sites but the indirect influence should not be
underestimated as it is also implied from the source

pathway of the high 7Be concentrations. The positive
correlation with surface ozone was difficult to decom-
pose and interpret due to its complicated behavior
concerning photochemical factors. For example, the fact

that anticyclonic conditions favor at the same time
downward mixing of higher 7Be, intense photochemical
ozone production and thermal convection of ozone

precursors from the atmospheric boundary layer, poses
great difficulties to attribute their correlation to a
common upper troposphere/lower stratosphere source.

Trajectory statistics showed that low 7Be concentra-
tions typically originate from lower-altitude subtropical
ocean areas, while high concentrations arrive from the
north and high altitudes, as is characteristic for strato-

spheric intrusions. All the 7Be controlling mechanisms

Fig. 7. Seasonal variation of the 7Be concentrations derived from a three years data record. The error bars correspond to the 95%

confidence level.
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implied from the climatological study were also briefly
investigated in three representative case studies during

October 1996, which revealed the applicability of these
mechanisms in reality.
Finally, 7Be concentrations were found to have a

distinct annual cycle with a late-summer maximum, but
this is apparent only in the monthly averages because
7Be concentrations are highly episodic. Correlation
coefficients were also calculated on monthly means of

the data, indicating that the main predictor of the
seasonality of the 7Be concentrations is tropopause
height, which reflects the stronger mixing of upper

tropospheric with lower tropospheric air in summer.
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