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Abstract

This paper presents studies of stratospheric intrusions in the Alps and northern Apennines, their seasonal variations,
and their e!ect on ozone concentrations. The results are based on experimental data and on simulations with a
Lagrangian tracer model. The model, employing analyzed meteorological data, advects a passive stratospheric ozone
tracer through the calculation of a large number of three-dimensional trajectories. In two case studies, the model is
evaluated using a comprehensive set of observation data, consisting of water vapor satellite images, total column ozone
measurements, ozone soundings, and measurements of ozone, beryllium 7 and meteorological parameters at three high
Alpine sites and at the highest peak in the northern Apennines. During the two episodes considered, stratospheric air was
detectable in the whole Alpine area with peak ozone mixing ratios in the 70}90 ppb range and even penetrated into some
valleys. During one episode, stratospheric air also reached the northern Apennines, which highlights the large extension
of the a!ected region. At the end of this episode, as shown by the model, the air was a mixture of tropospheric air with air
originating from three di!erent stratospheric intrusions. For three high Alpine sites, the frequency of stratospheric
intrusions and its seasonal variation is derived using ozone, beryllium 7 and humidity measurements. The periods
covered by this climatology are 1991 to 1997 for Zugspitze, and 1996 to 1998 for Jungfraujoch and Sonnblick. Another
short climatology was established from a three-year (1995}1997) model simulation. Good agreement between the two
approaches is found for Zugspitze and Sonnblick: the simulated ozone tracer mixing ratios are signi"cantly higher on
`intrusion daysa, identi"ed from the observations, than on `non-intrusion daysa. For Jungfraujoch, the agreement is less
good, which could partly be due to the coarser time resolution of the beryllium 7 measurements at this site. The absolute
frequency of stratospheric air intrusions as identi"ed from the observations depends critically on the speci"cation of
threshold values for ozone, beryllium 7 and humidity, while the relative shape of the annual cycle is rather insensitive to
threshold variations. At Zugspitze and Sonnblick, it shows a maximum in October, a secondary maximum in January
and February, and a deep summer minimum. For Jungfraujoch, where the frequency of intrusions is higher than at
Zugspitze and Sonnblick throughout most of the year, no clear seasonal variation is found. Simulated ozone tracer
mixing ratios in the Alps are found to peak in late-winter/early-spring, when ozone concentrations are at a maximum in
the stratosphere, but are almost at the same level in autumn, due to somewhat higher frequency of stratospheric
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intrusions in that season. Similar to the observations, there is a deep minimum in summer, when the model showed
practically no intrusions with a tropospheric age of less than four days. ( 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Tropospheric ozone (O
3
) is photochemically produced

in situ, but it is also transported down from the strato-
sphere. The relative importance of these two sources for
its budget, both globally (e.g., Roelofs and Lelieveld,
1997) and regionally (e.g., Mauzerall et al., 1996), is still
poorly understood. Viewed from a global perspective and
on long time scales, there is an organized upwelling from
the troposphere to the stratosphere in the tropics (Plumb,
1996; Mote et al., 1996), isentropic transport to the ex-
tratropics in the stratosphere (Waugh, 1996), and
a downward mass #ux from the stratosphere to the
troposphere in middle and higher latitudes (Holton et al.,
1995). According to the downward control principle
(Haynes et al., 1991), mass transfer from higher levels of
the stratosphere to the troposphere at midlatitudes is
largely controlled non-locally by dynamical processes
responsible for the global-scale mean circulation in the
middle atmosphere. It can be used to estimate the overall
#ux of air across a control surface in the stratosphere
which, in combination with variations in tropopause
height, explains the often observed spring-time maximum
of stratospheric tracer concentrations in the troposphere
(Appenzeller et al., 1996b).

The downward control principle is less suitable for
determining the exchange between the lower stratosphere
and the troposphere (Chen, 1995), since this is highly
episodic, can occur in both directions and is caused by
several di!erent mechanisms. Stratosphere to tropo-
sphere exchange in tropopause folds (Danielsen, 1968;
Vaughan, 1988; Ebel et al., 1991; Lamarque and Hess,
1994; Vaughan et al., 1994; Beekmann et al., 1997), cut-o!
lows (Vaughan, 1988; Ebel et al., 1991; Ancellet et al.,
1994), in mesoscale convective complexes (Poulida et al.,
1996) and thunderstorms (Tremblay and Servranckx,
1993), and due to breaking gravity waves (Lamarque
et al., 1996) have received attention. Exchanges in
tropopause folds and in cut-o! lows are most important.

Intruding stratospheric air may contribute signi"-
cantly to the tropospheric background O

3
concentra-

tions (Fabian and Pruchniewicz, 1977) because of the
long chemical lifetime (order of one to two months) of
O

3
in the free troposphere (Fishman et al., 1979; Liu et

al., 1987). During pre-industrial times, when surface
O

3
concentrations were much lower than today (Volz

and Kley, 1988), stratospheric intrusions were their ma-
jor source, but their exact contribution to the present
tropospheric O

3
budget is debated. Uncertainties arise

from the di!erences between existing estimates of the
amount of O

3
transferred across the tropopause, and

also from uncertainties in the further fate, both physical
and chemical, of stratospheric O

3
in the troposphere.

Attempts to quantify the stratosphere}troposphere ex-
change (STE) of O

3
were based on observations as well

as on model calculations. One widespread method to
diagnose the air #ux across the tropopause is the applica-
tion of Wei's formula (Wei, 1987; Lamarque and Hess,
1994), although Wirth (1995) and Wirth and Egger (1999)
found this to be rather inaccurate. Often, exchange rates
obtained for a few cases have been upscaled with the
detected frequency of tropopause folds. In this way,
Beekmann et al. (1997) recently estimated the
northern hemispheric O

3
#ux across the tropopause due

to tropopause folds alone to be 5.7 (4.4}7.0)]
1010 mol cm~2 s~1, a "gure in agreement with older
model studies (Levy et al., 1985; Ebel et al., 1991), where-
as Murphy and Fahey (1994), using a di!erent method,
arrived at only 3.5 (1.5}6.8)]1010 mol O

3
cm~2 s~1 for

the total STE.
Once brought into the troposphere, the stratospheric

air is quasi-adiabatically stirred by the large-scale cyc-
lonic and anticyclonic disturbances (Mahlmann, 1997)
and often develops elongated, slender streamers that
break up into trains of vortices (Appenzeller and Davies,
1992). Because of this, the characteristic signature of
stratospheric air (high O

3
content, low humidity, etc.)

gets lost over the period of a few days. If fragmentation
and mixing with the surrounding tropospheric air is
not already completed on the way down through the
free troposphere, these delicate structures are rapidly
destroyed when getting entrained into the planetary
boundary layer. This makes it very di$cult to observe
stratospheric intrusions in the lower troposphere and
especially at the surface. Only the most vigorous events
produce spikes in measured stratospheric tracer concen-
trations that are distinct enough to draw the attention of
the analyst to a possible stratospheric in#uence. Further-
more, there is hardly a tracer of stratospheric air which
allows a quantitative analysis of stratospheric intrusions.
Probably because of these di$culties, some observa-
tional studies come to the conclusion that on average
there is no large contribution of stratospheric O

3
at the

surface (e.g., Dibb et al., 1994; Derwent et al., 1998). In
other observational studies, however, a much larger im-
pact of stratospheric O

3
at the surface was found (e.g.,

Parrish et al., 1998) and numerous individual strato-
spheric intrusion events associated with elevated surface
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O
3

concentrations are documented in the literature (e.g.,
Wakamatsu et al., 1989; Lisac et al., 1993; Tremblay and
Servranckx, 1993; Davies and Schuepbach, 1994). The
discrepancy between the above studies may be explained
by the fact that in the measurement data only intrusions
descending directly from the stratosphere can be detec-
ted. More indirectly intruding stratospheric air, which
travels horizontally or even ascends over some period,
has time to mix strongly with surrounding tropospheric
air, thereby loosing its stratospheric characteristics.

Also modeling studies come to di!erent results con-
cerning the relative contribution of stratospheric intru-
sions to the tropospheric O

3
budget. Roelofs and

Lelieveld (1997) performed calculations with a coupled
chemistry-general circulation model and found that ap-
proximately 40% of the O

3
in the troposphere is of

stratospheric origin. In a study using backward trajecto-
ries to two locations in the Canadian arctic, Bachmeier et
al. (1994) estimated that 80% of the "ve-day backward
trajectories terminating in the upper troposphere, and
40% of the trajectories terminating in the middle tropo-
sphere experienced `stratospheric inputa. Austin and
Follows (1991) and Follows and Austin (1992), on the
other hand, concluded that stratospheric O

3
contributes

only 25% at 300 hPa and less than 5% at the surface.
At least for mountain summits a frequent stratospheric

in#uence is generally agreed upon (Reiter et al., 1983;
Reiter, 1991). This is mostly due simply to their altitude
(e.g. Tsutsumi et al., 1998), but partly also to the fre-
quency of lee cyclogenesis, caused by the mountain
ranges themselves (Buzzi et al., 1984). This encouraged
us to include the study of these phenomena into the
VOTALP (Vertical Ozone Transports in the Alps)
project, which studied photochemical and transport pro-
cesses relevant to the ozone level in the Alps and North-
ern Apennines. During VOTALP, Eisele et al. (1999)
compared descending ozone-rich structures in lidar data
and found that most of them reached a level of 3000 m.
Scheel et al. (1999) used di!erent criteria to detect stratos-
pheric intrusions from measurement data at the Zug-
spitze. They found a strong stratospheric in#uence
during 5}6% of the time, and a weaker, but still clear
in#uence during more than 10% of the time. However,
they noted that `the overall statistics are critically depen-
dent on the applied criteria for the threshold levelsa.
Elbern et al. (1997) found that in a ten-year period direct
deep intrusions of stratospheric air could be identi"ed
from records of beryllium 7 (7Be), O

3
and humidity at the

Zugspitze peak (2962 m asl) during 5% of the time. At the
neighboring, but lower, Wank summit (1776 m asl) less
than half of these events were found, while at the valley
#oor in Garmisch-Partenkirchen (740 m) none of them
produced resolvable signatures. Reiter (1991), by ana-
lyzing measurement data obtained aboard the Zugspitze
cable car, also concluded that stratospheric intrusions do
not penetrate to heights lower than 1600 m asl. In all of

the above studies, because of the mixing with tropos-
pheric air, it was not known what fraction of the
O

3
present during stratospheric intrusions actually came

from the stratosphere. Furthermore, strongly diluted
stratospheric air escaped detection in these studies. Thus,
the relative contribution of stratospheric O

3
to the

O
3

level at mountain peaks is still unknown.
In this paper, we examine how strongly stratospheric

intrusions in#uence O
3

concentrations at alpine peaks
by using both measurement data and model calculations.
For a map of the investigation area and the site locations
see Fig. 1. The structure of the paper is as follows: First,
we introduce the model used to simulate stratospheric
intrusions (Section 2). Then, we brie#y describe the avail-
able observations (Section 3). Using these data, the model
is evaluated in two case studies (Section 4). Next, we
present two short climatologies of stratospheric intru-
sions: one derived from the measurements (Section 5), the
other based on a three-year model simulation (Section 6).
Finally, in Section 7, the results are discussed.

2. The tracer transport model

For our investigations we used a special version of
the stochastic Lagrangian particle model FLEXPART
(based on version 3.0). FLEXPART evolved from the
trajectory model FLEXTRA (Stohl et al., 1995; Baumann
and Stohl, 1997; Stohl and Seibert, 1998) and is normally
used to calculate the dispersion from point sources
(Stohl, 1998a). It was extensively evaluated by Stohl et al.
(1998) with large-scale tracer experiment data. FLEX-
PART represents transport and dispersion by calculating
the three-dimensional trajectories of a multitude of par-
ticles. This Lagrangian (as opposed to the Eulerian) con-
cept has several attractive features. For this study, the
two most important advantages over Eulerian models
are: "rst, the transport is more accurately described be-
cause there are no numerical inaccuracies due to the
advection scheme (which is especially important in re-
gions with large spatial concentration gradients, as near
tropopause folds); second, individual particles move in-
dependently from each other and can thus carry addi-
tional information. We mark them with the time they
cross the tropopause, since this gives information on the
time the tracer has travelled in the troposphere (fur-
theron referred to as its age). If multiple intrusions con-
tribute to the tracer concentrations at the same time and
location, the age also allows to separate their relative
contributions. Note that the approach adopted here is
di!erent from contour advection, another Lagrangian
technique (e.g., Norton, 1994; Waugh and Plumb, 1994).
With contour advection, the aim is to achieve very high
resolution to study "ne-scale structures. However, con-
tour advection is two-dimensional (isentropic), and mix-
ing is not explicitly simulated.
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Fig. 1. Topography of the Alpine region (m asl) and locations of the measurement sites.

FLEXPART is based on data of the T213 L31 numer-
ical weather prediction model of the European Centre for
Medium-Range Weather Forecasts (ECMWF, 1995). We
used data from the lowest 29 model levels with a horizon-
tal resolution of 13 and a time resolution of 3 h (analyses
at 0, 6, 12, 18 UTC; 3 h forecasts at 3, 9, 15, 21 UTC). The
model domain stretched from 503W to 503E and from
253N to 803N. This is su$ciently large for simulating the
intrusions discussed in the case studies, but it is an
important constraint for the three-year simulation, since
intrusions occurring outside this domain are missing in
the resulting climatology. To obtain a rough indication
of the validity of our simulations in this respect, we
calculated backward trajectories during our investiga-
tion period arriving every 3 h at the four high mountain
sites. Depending on the station, 71}86% (55}74%) of the
trajectories originating in the stratosphere extended at
least 4 (5) days backward in time before encountering the
domain boundary. Therefore, our climatology will
strongly underestimate the in#uence of older strato-
spheric intrusions. However, it adequately covers direct
intrusions which are most likely to produce clear signa-
tures in the measurements.

The input data used for our model calculations need
some critical discussion. First, the Alpine topography is
not well resolved by the ECMWF model and dynamic
e!ects induced by the Alps, such as foehn #ow, gravity
waves, or lee cyclogenesis, are not fully captured. Small-
scale processes, such as slope winds, are almost com-

pletely missing in the simulations, which most strongly
a!ects the model results for the lowest levels in the Alpine
region. Second, although many authors have shown the
suitability of ECMWF data } even at lower resolution
than used here } to study stratospheric intrusions (e.g.,
Chen, 1995; Appenzeller et al., 1996a; van Velthoven and
Kelder, 1996), small-scale structures of the intrusions are
poorly resolved. Third, the ECMWF data used are a se-
quence of initialized analyses. Although each meteoro-
logical "eld is the best possible estimate of the true
conditions at its validation time, they are not dynam-
ically consistent with each other. Stohl and Seibert (1998)
showed that these inconsistencies impair the accuracy of
trajectory calculations.

The adequate representation of the large-scale mo-
tions, including the vertical wind component, is crucial.
One might expect that errors in the interpolation of the
wind velocity are larger in tropopause folds than outside
and trajectory calculations hence less accurate, but ac-
cording to Scheele et al. (1996) this is not the case. Stohl
and Seibert (1998) demonstrated that the accuracy of the
vertical wind in the ECMWF data is very high and that
three-dimensional trajectories calculated from these data
are clearly more accurate than isentropic trajectories.
For a discussion on trajectory errors see Stohl (1998b).

For particles in the planetary boundary layer, FLEX-
PART solves Langevin equations for the three wind
velocity components (Thomson, 1987), assuming that the
particle positions and velocities evolve as a Markov
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process. Gaussian turbulence is assumed under all me-
teorological conditions, and the turbulent statistics are
obtained using the scheme of Hanna (1982) with some
modi"cations for convective conditions. A density cor-
rection (Stohl and Thomson, 1999) is applied to account
for the decrease of density with height.

Uncertainties arise from the fact that not all vertical
transport processes are adequately treated in the model.
Deep convection overshooting the local tropopause may
transfer stratospheric O

3
from higher levels to the sur-

face. Its neglect in the model causes an unknown under-
estimation of the stratospheric O

3
transferred to the

lower troposphere in the model, although currently there
is no evidence for a large contribution of this process on
a seasonal basis. Turbulence in the free troposphere is
assumed to be proportional to the horizontal and vertical
wind shear. This parameterization is not adequate for
regions with strong turbulence as, for instance, near jet
streaks. The uncertainty and its direction caused by the
lack of a more realistic turbulence parameterization is
unknown.

We use FLEXPART to simulate the transport of two
tracers that are both initialized only in the stratosphere.
The "rst tracer simply represents stratospheric air; the
second one represents O

3
. For this purpose, the whole

model domain up to 15 km above the ground is divided
into boxes, and each particle initially represents a volume
of 30 km]30 km]134 m. Whether a particle is strato-
spheric or not is determined using the dynamical de"ni-
tion of the tropopause based on a threshold value for
the potential vorticity (PV). Threshold values reported
in the literature range from 1.0 potential vorticity
units (pvu, 1 pvu"1]10~6 m2 K kg~1 s~1) (Danielsen,
1968) to 3.5 pvu (Hoerling et al., 1991). Partly, this
value depends on the vertical resolution of the meteoro-
logical data, and partly it depends on the synoptic situ-
ation and the geographical location (Hoinka, 1997). We
used the rather low value of 1.6 pvu, since the vertical
resolution of the ECMWF model level data is higher
than that of the mandatory pressure-level data used in
many other studies (for instance, Hoerling et al., 1991).
Furthermore, Bethan et al. (1996) found that the `ozone
tropopausea is on average almost 1000 m lower than the
`thermal tropopausea. Since our main focus is on O

3
, our

choice of the tropopause de"nition seems appropriate.
A sensitivity study of a three-month period showed that
increasing the PV threshold to 2.5 pvu decreased the
average O

3
tracer mixing ratios at the mountain peaks

by 20}30%.
The mass of each stratospheric air tracer particle

(tropospheric ones are dropped from the calculation) is
obtained by multiplying the local air density with the
volume a particle represents at the beginning. This pro-
cedure leads to a spatially uniform initial distribution of
stratospheric particles, but particles at greater heights
(where the density is lower) carry less mass than particles

at lower heights. If air moves downwards, it is com-
pressed and the volume a particle represents shrinks in
the absence of dilution. Tracer mixing ratios are evalu-
ated on a three-dimensional grid with a horizontal re-
solution of 13]13, and a vertical resolution of 500 m
below 4000 m asl and 1000 m above. 3-h mean values are
calculated from samples taken every 15 min.

Particle trajectories are terminated at the out#owing
boundary. At the in#owing boundary, the mass #ux of air
into the model domain is calculated. At each model time
step (300 s), in#owing mass is accumulated, and when it
exceeds a threshold value, consistent with the initializa-
tion procedure, a new particle is created. Typically, one
to two million particles are tracked.

O
3

is represented by a passive ozone-like tracer in the
model that does not undergo chemical reactions. The
average photochemical lifetime of O

3
in the background

free troposphere is of the order of one to two months
(Fishman et al., 1979; Liu et al., 1987). Therefore, photo-
lysis and chemical destruction, which are not included in
the model, may diminish the stratospheric O

3
concentra-

tions in the troposphere by a few percent up to some 20%
on the time scales considered in this paper. Dry depo-
sition of the O

3
tracer is determined using a resistance

parameterization (Wesely, 1989).
The O

3
tracer is initialized in the stratosphere (above

1.6 pvu) using the relation O
3

(ppb)"S (ppb pvu~1)]
PV (pvu) (Danielsen, 1968; Beekmann et al., 1994). To
determine S, we used data from 526 ozone soundings
during the period 1995 to 1997 at Hohenpei{enberg
(11.03E, 47.83N), Payerne (6.93E, 46.83N) and San Pietro
Capo"ume (11.63E, 44.63N) at heights below 15 km (i.e.,
below the top of the model domain), but above the
tropopause, interpolated PV from the model grid to the
positions of the ozone sondes, and applied regression
analysis. Correlation coe$cients were mostly between
0.75 and 0.85.

A strong seasonal variation of S with a maximum in
early spring and a minimum in fall was found at all
stations. There was relatively small scatter in S between
the three stations for a given month, which suggests that
the average S used for model initialization is valid within
20%. Deviations of individual data points from this rela-
tionship, however, were often quite large, and may in
some cases lead to signi"cant, though not systematic,
model errors. The monthly average S values from Jan-
uary through December were 58, 63, 69, 65, 64, 60, 51, 42,
39, 35, 39 and 51 ppb pvu~1, which are comparable to
those reported elsewhere (e.g., Ancellet et al., 1994; Beek-
mann et al., 1994).

3. Measurement data

To validate the model calculations, we exploit a
comprehensive dataset collected within VOTALP,
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comprising measurements of O
3
, relative humidity (RH)

and 7Be at three high-Alpine peak stations (Jungfraujoch
(3580 m asl), Sonnblick (3106 m) and Zugspitze (2962 m))
and at Mt. Cimone (2165 m), the highest peak in the
Northern Apennines, O

3
and meteorological data from

a number of lower sites, total column O
3

measurements,
O

3
soundings, and water vapor (WV) satellite images.

WV satellite images are ideal for depicting the spatial
extension of tongues of dry air penetrating from the
stratosphere into the troposphere. These streamers can
be identi"ed in radiance measurements of the Meteosat
satellite in the 6-lm WV channel (Appenzeller and
Davies, 1992; Appenzeller et al., 1996a; Wirth et al., 1997)
and show up as dark regions in the WV images which
constitute a weighted average of the water vapor content
in the middle and upper troposphere. If the upper tropo-
sphere is very dry, the maximum sensitivity of the instru-
ment is centered at approximately 450 hPa; in a relatively
moist upper troposphere, it is shifted to somewhat
higher levels. Other factors, such as the temperature
pro"le and the viewing angle, also in#uence the level of
maximum sensitivity (Fischer et al., 1982). To compare
our model results with the satellite images, we computed
a weighted average of the stratospheric-air-tracer mass
between 4000 m and 11 000 m asl. The weighting func-
tion with a maximum weight between 6000 and 8000 m
asl resembles a typical sensitivity pro"le of the Meteosat
instrument.

Dark regions in the WV radiance images are not in all
cases due to stratospheric intrusions. Sometimes, they
merely show dry portions of upper tropospheric air.
Therefore not all features which are seen in the images
have a counterpart in the tracer simulations, but cal-
culated high stratospheric tracer concentrations in the
troposphere should always appear as dark areas.

The most important measurements, which are later
used also for studying the seasonal variation of strato-
spheric intrusions independently from the model cal-
culations, were carried out at the high mountain sites
(see Fig. 1). Stratospheric air has certain character-
istics, which can be used for its detection in the tropo-
sphere. Since O

3
concentrations are much higher in

the stratosphere than in the troposphere, intrusions
of stratospheric air are initially rich in O

3
, but mixing

and dilution with tropospheric air destroys this feature
over the time. Humidity drops to low levels during intru-
sions, but it is debatable which humidity measure is most
appropriate for identifying stratospheric intrusions. In
principle, speci"c humidity would be best, since it is
conserved in an air mass. However, stratospheric air
masses usually mix with tropospheric ones in the process
of descending to the lower troposphere. Since speci"c
humidity in tropospheric air is highly variable, with low
values in winter and at high altitudes and high values
in summer and close to the surface, any "xed threshold
for speci"c humidity would arti"cially lead to the identi-

"cation of more intrusions in winter and at the higher
stations. For this reason, the observational climatology is
based on RH, which is less variable in the troposphere.
However, low RH may also be encountered in air that
has descended from the upper troposphere undergoing
adiabatic warming. RH may thus be used to identify
stratospherically in#uenced air, but it is not a strato-
spheric air tracer.

7Be is a cosmogenic radionuclide with a radioactive
decay half-life of 53 days that is formed in the strato-
sphere and upper troposphere and attaches to aero-
sols. Although high concentrations indicate downward
transport (Koch and Mann, 1996), 7Be is not a speci"c
stratospheric tracer, because one third is produced in the
troposphere and because it is subject to wet scavenging
by precipitation. Less than 40% of the tropospheric 7Be
(Koch et al., 1996) and only 25% of that at the surface
(Dutkiewicz and Husain, 1985) originates from the
stratosphere. Some authors (e.g., Baskaran, 1995) pro-
pose that surface 7Be concentrations re#ect the variation
in tropospheric transport and removal processes rather
than variations in STE. In addition, we have 7Be data
only with a time resolution of 24 and 48 h, whereas
stratospheric intrusion episodes are sometimes much
shorter. An analysis of 7Be data from Jungfraujoch was
recently presented by Zanis et al. (1999).

There are a few more indicators for stratospheric intru-
sions, for instance low carbon monoxide (CO) or radon
222 concentrations (both of which have their main source
at the ground), but none of them was available at all
stations involved in this study. Therefore, for the obser-
vational climatology presented later we do not use these
data. The 7Be samples were taken over 24 h at all sites
except Jungfraujoch where only 48-h samples were avail-
able. For O

3
and RH, 1-h averages were used. See Table 1

for the time periods with available data.

4. Case studies

4.1. Episode of 4 October 1996

As a "rst illustration of the model results, Fig. 2 shows
the O

3
tracer mixing ratios in the Sonnblick grid cell for

a 50-day period starting on 7 September 1996 taken from
the three-year model run, along with the measured con-
centrations of O

3
and 7Be. The model simulates several

episodes with strong stratospheric in#uence. The two
most intense episodes with directly descending strato-
spheric air (days 27 and 48) correspond well with distinct
peaks in 7Be and O

3
. Also the episode on day 10, caused

by horizontal advection of aged stratospheric air, is in
good agreement with the measurements. Two extremely
short incidents of the stratospheric O

3
tracer (days 42

and 43) go along with spikes in the measured O
3

concen-
trations.
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Fig. 2. Mixing ratios of the stratospheric ozone tracer during 7 September 1996 to 27 October 1996 in the Sonnblick grid cell. The color
code gives the relative contributions of air of di!erent tropospheric age classes (with age de"ned as the time since a particle crossed the
tropopause). Also shown are the measured ozone mixing ratios (in ppb/2) (upper line) and the 7Be concentrations (lower line) at
Sonnblick.

The episode with high modeled tracer mixing ratio
on day 19 is accompanied by an O

3
peak, but not by a

7Be peak at the stations. Back trajectory analyses and
inspection of weather maps revealed that the air mass
experienced precipitation before arriving at Sonnblick.
Obviously, 7Be-carrying aerosols were washed out. Dur-
ing an episode of high 7Be concentrations (day 23), the
model results suggest no stratospheric in#uence and also
the rather smooth variation in measured O

3
is not typi-

cal for a stratospheric intrusion. Back trajectory analyses
showed that in this case the air came from the free
troposphere over the Atlantic ocean and was not a!ected
by precipitation during the last few days prior to arrival.
This probably su$ced to produce the high 7Be concen-
trations. In the following, we study the strongest episode
on day 27, i.e., on 4 October, in more detail.

4.1.1. Observations and synoptic situation
On 3 and 4 October 1996, high daily 7Be concentra-

tions were observed at Sonnblick, Zugspitze and Jung-
fraujoch (Fig. 3b). O

3
mixing ratios showed sharp spikes

of about 72 ppb at all three sites (Fig. 3b), with the
maximum at the westernmost station (Jungfraujoch) oc-
curring more than half a day before the maximum at
Sonnblick. At the same time, RH dropped to very low
values (Fig. 3a). These data suggest that an intrusion of
stratospheric air, progressing from the west to the east,
passed the three stations.

The weather pattern during this episode was charac-
terized by an upper-level cold trough, located to the
north of France on 1 October (Berliner Wetterkarte) and
propagating eastwards during the following days. On
2 October, a low was cut o!, as shown in a plot of PV on
the 310 K isentropic surface (Fig. 4a). The cut-o! low was
prominent also in the surface weather charts and became
almost stationary over the Gulf of Genoa } a preferred
region for cyclogenesis } on 3 to 5 October (Fig. 4b). Rain
showers associated with thunderstorms were observed in
southern Italy and Tunisia, which were facilitated by the
reduction of static stability beneath the descending PV-
rich stratospheric air (Thorpe, 1997). Heavy rainfall was
also observed in parts of the Alps.
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Fig. 3. RH (a), and O
3

and 7Be concentrations (b) at Jungfraujoch, Zugspitze and Sonnblick during 1}5 October 1996. The daily
average levels in (b) refer to 7Be.

To depict the spatio-temporal behavior of the intrusion
of stratospheric air into the troposphere, we employed
the coherent-ensemble-of-trajectories (CET) method of
Wernli and Davies (1997). We calculated three-dimen-
sional forward trajectories initialized on 30 September at
18 UTC in the whole model domain every 13]23 at
heights of 7000, 8000, 9000 and 10000 m asl. From all
trajectories we selected a subset that started with
PV'1.6 pvu and descended by more than 5000 m during
the following 120 h, i.e., those representing an intrusion
of stratospheric air into the lower troposphere. A broad
zone of descending air originating between southern
Greenland and eastern Scandinavia was found (Fig. 5).

To test how well FLEXPART simulates the transport
processes during this episode, we reinitialized it on 28
September at 0 UTC to avoid confusion with older tracer
structures. In the following, we discuss the model results

not strictly in chronological order, but in three stages,
using di!erent methods to check the validity of our
simulations: For the upper troposphere, we compare the
tracer patterns with WV images and with total column
O

3
measurements. For the middle to lower troposphere,

we check our results with measurement data from the
mountain peak observatories. Finally, we study O

3
and

RH measurements at various sites.

4.1.2. Upper troposphere
On 1 October 12 UTC, several dry regions were identi-
"able in the WV image (Fig. 6a). Of these, the one
stretching from north of Ireland to the west of Spain
reached the Alps two days later. The dry region is match-
ed well by an intrusion of stratospheric air found in the
model results (Fig. 6b). Even several secondary minima in
the WV content within the intrusion correspond to local
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Fig. 4. Isentropic PV on the 310 K surface on 2 October 1996 0 UTC (a) and 3 October 0 UTC (b) taken from ECMWF analyses. The
contour lines shown are 1.6, 2, 2.5, 3, 4, 5 and 6 pvu.

maxima of the stratospheric tracer (one north-west of
Ireland, another over southeastern England, and one
over France), but the driest region to the west of Spain is
almost missing in the model results. Probably this air
originated at heights just below the tropopause.

Two days later, on 3 October 12 UTC, the dry intru-
sion had just passed the Alps (Fig. 6c). The elongated
structure stretched from southern Scandinavia to Al-
geria, which is re#ected in the model results (Fig. 6d). The
driest regions over Algeria and over Poland are parti-
cularly well predicted. The modeled intrusion is some-
what broader than the observed one, but this is due to the
3-h averaging. On 3 October, the intrusion of strato-
spheric air also appeared as a "nger of high total
O

3
column in plots of TOVS satellite measurements (not

shown) prepared by the National Center for Environ-
mental Prediction (NCEP), as in the study of Davies and
Schuepbach (1994).

24 h later, the dry intrusion showed a very complicated
bended structure, which stretched from Siberia to the
Black Sea and to the Alps and rolled up in the cut-o! low
south of Italy (Fig. 6e). The signature in the WV satellite
image was very strong, indicating that the dry air had
descended deep into the troposphere. In spite of the
complicated structure of the dry intrusion, the model
results agree very well with the satellite image (Fig. 6f),
indicating that the upper tropospheric development was
accurately captured by the model.

4.1.3. Alpine peak level
To illustrate the tracer transport in the lower to middle

troposphere, we present plots of the average O
3

tracer

mixing ratio between 2000 and 4000 m asl (Fig. 7), an
altitude range where measurements from the mountain
peaks were available (Fig. 3). Two structures, connected
with the dry intrusion at higher levels, appeared in the
lower troposphere on 2 October 0 UTC (Fig. 7a). They
merged and formed a broad zone of high stratospheric
O

3
content over whole western Europe one day later

(Fig. 7b). This zone moved eastward and was centered
over the Alps on 4 October 0 UTC (Fig. 7c), with the
highest mixing ratios (up to 100 ppb) located over
the eastern Alps. On 5 October 0 UTC, the intrusion
(Fig. 7d) was still present over the eastern Alps, but
shortly later it moved on. On 5 October 0 UTC,
O

3
tracer also appeared at the surface, with the region of

maximum impact being located over northern Africa
(Fig. 7e).

Fig. 2 shows the time series of the stratospheric
O

3
tracer mixing ratio in the Sonnblick grid cell taken

from the three-year model run. There was a pronounced
peak of 60 ppb in the morning hours on 4 October,
exactly when the measured O

3
mixing ratios reached

their maximum value (72 ppb). The air consisted of
stratospheric air, 1}3 days old, with a maximum mixing
ratio of 50% (not shown). An admixture of 50% back-
ground tropospheric air containing around 30 ppb of
O

3
would explain the discrepancy between the O

3
tracer

and the observed O
3

mixing ratio.
Modeled O

3
tracer mixing ratios at Zugspitze behaved

similarly as those at Sonnblick, but the maximum value
was lower (45 ppb). Maximum measured O

3
mixing ra-

tios were the same as at Sonnblick, but the duration of
the O

3
peak was shorter, consistent with the lower 7Be
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Fig. 5. Illustration of the coherent ensemble of trajectories that demarcates the pathway of the stratospheric air into the troposphere
during the "rst days of October 1996. The trajectories were initialized on 30 September 18 UTC. Only those that started in the
stratosphere and descended by more than 5000 m are shown. The upper plot shows the horizontal projection of the trajectories with the
shading indicating the height (in m). The lower plot shows the corresponding time-height pro"le of the trajectories.

c

Fig. 6. Comparison between the WV images and the results of the stratospheric tracer calculations. Dark areas in the WV images
represent dry areas, colors show the land}sea distribution. The tracer columns are a weighted average of the tracer mass between 4000 m
and 11000 m asl and are given in arbitrary units. Shown are the WV images on 1 October 12 UTC (a), the 3-h average tracer columns on
1 October 12}15 UTC (b), the WV image on 3 October 12 UTC (c), the 3-h average tracer columns on 3 October 12}15 UTC (d), the WV
image on 4 October 12 UTC (e) and the 3-h average tracer columns on 4 October 12-15 UTC (f ). Note that the map projections are not
identical.

concentrations. At Jungfraujoch, tracer mixing ratios
started to increase one day earlier and peaked at 35 ppb
on 3 October 12 UTC. This timing is in good agreement
with the measurements.

Fig. 8 shows a time-height plot of the O
3

tracer mixing
ratio at the location of Hohenpei{enberg (Fig. 8), which
is at the northern edge of the area where the intrusion
reached the surface (compare Fig. 7e). An O

3
sonde,

launched at Hohenpei{enberg on 4 October at 5 UTC

revealed a dry ozone-rich (67 ppb) layer between 1500
and 3000 m asl sandwiched between much moister air
masses with lower O

3
concentrations. This compares

very well with the model results that showed O
3

tracer
mixing ratios of 5 to 50 ppb between 1500 and 2500 m.

4.1.4. Low altitudes
Measurements of humidity and O

3
from other stations

within the Alps show that the stratospheric intrusion was
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Fig. 7. Average O
3

tracer mixing ratio between 2000 and 4000 m on 2 October 0}3 UTC (a), 3 October 0-3 UTC (b), 4 October 0}3 UTC
(c), 5 October 0}3 UTC (d), and the average tracer mixing ratio between the surface and 2000 m on 5 October 0}3 UTC (e).
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Fig. 8. Time}height diagram of the modeled ozone tracer mixing ratios at Hohenpeibenberg. The black area indicates the height of the
model topography, the vertical black line marks the time of the ozone sounding at Hohenpei{enberg.

indeed detectable below 3000 m. At the Wank mountain
site (1776 m), neighboring the Zugspitze, there was clear
evidence that the intrusion reached that level. RH drop-
ped to 25%, while O

3
rose by 15 to 60 ppb some hours

after the peak at the Zugspitze. At Davos (1640 m) RH
dropped to 15%, while O

3
rose by 15 ppb to 50 ppb. At

lower sites the signal of the intrusion got less clear, since
it was overlaid by pronounced diurnal variations. How-
ever, practically all of the Alpine sites considered showed
low humidity and moderately high O

3
concentrations.

At Gaisberg Zistelalm (1010 m) and St. Koloman
(1006 m), for instance, drops in RH were associated with
O

3
peaks.

4.2. Episode from 27 May to 6 June 1996

4.2.1. Synoptic situation
On 27 May 1996, a trough in the 500 hPa chart was

located to the north-west of Scandinavia (Berliner Wet-
terkarte), where stratospheric PV values were found on
the 310 K isentropic surface (Fig. 9a). On 28 May, the
trough extended southwards to Italy, and a tongue of

high PV was generated (Fig. 9b). One day later, a low was
cut o! over the eastern Mediterranean, which intensi"ed
during 30 May and then slowly propagated eastwards.
Applying again the method of Wernli and Davies (1997)
by selecting all trajectories that started in the strato-
sphere on 27 May at 0 UTC and descended by more than
5000 m, we obtained a CET that demarcates a narrow
pathway of stratospheric air crossing the eastern Alps
(Fig. 10).

At the surface, an anticyclone developed over Central
Europe on 29 May, persisting until 1 June, when a
disturbance passed. But even during the passage of this
disturbance, surface winds in southern Europe were
weak, and the high pressure area was re-established soon
after. This is important because stratospheric air, pre-
viously conveyed to the lower troposphere, persisted in
the area for more than a week and was mixed with
stratospheric air brought down in a cut-o! low several
days later.

A second intrusion event started on 2 June (Fig. 9c).
On 3 June, a prominent trough in the 500 hPa chart
stretched from Scotland to Algeria. At its southernmost
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Fig. 9. Isentropic PV on the 310 K surface on 27 May 1996 12 UTC (a), 28 May 1996 12 UTC (b), 2 June 1996 12 UTC (c) and 3 June
1996 12 UTC (d) taken from ECMWF analyses. The contour lines show 1.6, 2, 2.5, 3, 4, 5 and 6 pvu.

tip, a vortex, clearly visible in the infrared satellite image
and in the PV chart (Fig. 9d), developed over the Gulf of
Genoa. It was cut o! on 4 June and slowly advanced
southeastwards on 5 and 6 June.

4.2.2. Upper troposphere
Again, we check the FLEXPART (initialized on 25

May at 0 UTC) results in the upper troposphere with WV
images. On 29 May 0 UTC, a slender streamer of dry air
stretched from southern Scandinavia to southern Italy

(Fig. 11a), where it rolled up in the cut-o! low that just
began to develop. The counterpart of this streamer in
the tracer plots was a narrow band of stratospheric air
(Fig. 11b), with the 0.4 units contour corresponding well
with the position of the streamer. Secondary tracer maxi-
ma, like the one over the Baltic Sea, appeared as darker
regions in the WV images.

36 h later, the streamer had broken up, indicating that
the air had been drawn down irreversibly from the strato-
sphere. The cut-o! low located in the eastern Mediterra-
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Fig. 10. Illustration of the coherent ensemble of trajectories that demarcates the pathway of the air in the tropopause folding on 29 May.
The trajectories were initialized on 27 May 0 UTC and only those are plotted that started in the stratosphere and descended by more
than 5000 m. The upper plot shows the horizontal projection of the trajectories with the shading indicating the height (in m). The lower
plot shows the corresponding time-height pro"le of the trajectories.

nean Sea was noticeable as a vortex of dry air in the WV
images (Fig. 11c) and its position agreed well with
the tracer plot (Fig. 11d). Four days later, on 3 June
18 UTC, the decaying cut-o! low was still visible at
the southeastern edge of the WV image (Fig. 11e). A
second streamer of dry air had formed that stretched
from Scandinavia to the east coast of Spain, where
it rolled up. The position of the streamer and of the
cut-o! low were again well matched by the structures
in the tracer plots (Fig. 11f ) although the delicate struc-
tures of the cut-o! low were not resolved by the model.
During the following two days, the cut-o! low moved
eastward, and air of stratospheric origin moved down to
lower levels in the surface high centered over Central
Europe.

An inspection of TOVS total column O
3

measure-
ments provided further evidence for the intrusion: On 28
May, a tongue of up to 380 Dobson units (DU) stretched
southwards to Italy, compared to the 300}330 DU ob-
served before. On 29 May, this tongue detached from the
main body of high O

3
content. Total O

3
measurements

at Sonnblick (Weihs et al., 1999) showed an increase from
319 DU to 385 DU between 26 May to 28 May and
a sharp decline to 314 DU on 29 May. At that time, most
of the intruded O

3
had obviously passed Sonnblick and

the tropopause height over Sonnblick had increased,
consistent with the behavior of the modeled tracer con-
centrations in the upper troposphere (Fig. 11b). The
second stratospheric intrusion on 3 June was also accom-
panied by a tongue of high column O

3
.
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b

Fig. 11. Comparison between the WV images and the results of the stratospheric tracer calculations. The tracer columns are a weighted
average of the tracer mass between 4000 m and 11000 m asl and are given in arbitrary units. Shown are the the WV images on 29 May
0 UTC (a), the 3-h average tracer columns on 29 May 0}3 UTC (b), the WV image on 30 May 12 UTC (c), the 3-h average tracer columns
on 30 May 12}15 UTC (d), the WV image on 3 June 18 UTC (e) and the 3-h average tracer columns on 3 June 18}21 UTC (f ). Note that
the map projections are not identical.

4.2.3. Alpine peak level
Again, we consider the average tracer mixing ratios

between 2000 and 4000 m asl (Fig. 12). A "rst blob of
stratospheric air with up to 20 ppb O

3
tracer arrived on

27 May at 12 UTC in the Alpine region (Fig. 12a).
A trace-back of this isolated blob revealed that it ex-
truded from the stratosphere on 25 May south of Green-
land; then it was advected almost horizontally in the
troposphere. According to the model results, only
the westernmost parts of the Alps were a!ected by this
blob; and no increase in O

3
or 7Be was recorded at the

measurement sites.
One day later, on 28 May at 12 UTC, the main intru-

sion discussed here appeared as a "lament of high O
3

tracer mixing ratio stretching from west of Scandinavia
to the Alps (Fig. 12b). Note the similar shape compared
to the CET seen in Fig. 10, although the CET re#ects
a time}space relation, whereas Fig. 12b is an in-
stantaneous snapshot. At that time, the blob of aged
stratospheric air was still isolated from the `fresha
stratospheric air, but the two structures merged 12 h
later. There was a clear spike in the O

3
mixing ratio at

Jungfraujoch in the evening of the 28th, coinciding with
high 7Be concentrations (Fig. 13) and low concentrations
of radon 222 (not shown). These data, in contrast to the
model results, evidence that the stratospheric air reached
Jungfraujoch. The stratospheric O

3
tracer "elds show

that the modeled intrusion was erroneously located 200
to 300 km to the east, which must be due to a spatial shift
in the ECMWF analyses.

At 12 UTC on 29 May (Fig. 12c), O
3

tracer mixing
ratios reached their highest values (up to more than
100 ppb). According to the model results, the Zugspitze
peak was just missed by the intrusion, while the measure-
ments at this site showed elevated O

3
and 7Be concentra-

tions and a dip in the humidity, in agreement with
O

3
lidar measurements in nearby Garmisch-Partenkir-

chen (Eisele et al., 1999). O
3

sounding at Hohenpei{en-
berg, 50 km north of Zugspitze, on 29 May at 6 UTC (not
shown) revealed a dry layer (RH less than 10%) between
1700 and 3100 m with maximum O

3
mixing ratios of

75 ppb. In the model results, a corresponding layer at
the same height was found approximately 200 km further
to the east, again suggesting a horizontal displacement of
the modeled intrusion.

Consistent with the eastward propagation of the
stratospheric air as indicated by the model results, a
jump in the O

3
mixing ratio at Sonnblick occurred

several hours after that at Zugspitze (Fig. 13). The max-
imum O

3
mixing ratios at the three Alpine peaks were at

about the same level, suggesting that they all received air
of similar origin. After the passage of the intrusion, all
three sites showed a sudden decrease of O

3
and an

increase in humidity. Trajectory calculations revealed
that they received air from the mid-Atlantic boundary
layer during a few hours.

Finally the subsiding stratospheric air got almost sta-
tionary south of the Alps. In the northern Apennines,
simulated O

3
tracer mixing ratios were elevated for the

next days (Fig. 12d}f ). Fig. 14 shows the simulated
stratospheric O

3
tracer mixing ratios in the Mt. Cimone

grid cell. After two maxima in the tracer mixing ratio
caused by the blob of aged stratospheric air on 27 and 28
May, air from the main intrusion arrived late on 29 May.
Initially, a signi"cant fraction of this stratospheric air
was less than one day old. Modeled O

3
tracer mixing

ratios are too low at Mt. Cimone to explain the high
measured O

3
concentrations. Note, however, that in the

model results the intrusion was horizontally displaced
as mentioned before. O

3
tracer mixing ratios 200 km to

the east of Mt. Cimone were two times higher than at
the location of Mt. Cimone.

Nevertheless, the model results are in relatively good
agreement with the measurements. Very high 7Be con-
centrations measured both on 30 and 31 May con"rm
the stratospheric nature of this event. Both CO concen-
trations and RH were low on 30 May, the time of the "rst
tracer maximum. RH dropped to almost zero during the
morning hours of 31 May. On 31 May, O

3
mixing ratios

of up to 90 ppb were measured, but several peaks in the
CO concentrations indicate that polluted boundary-
layer air was also present, which possibly led to signi"-
cant photochemical O

3
production. This is in agreement

with observations at Zugspitze that likewise showed a
positive relationship between variations of O

3
and CO.

A detailed interpretation of the measurements obtained
at Mt. Cimone during this episode is presented by Bon-
asoni et al. (1999).

On 31 May, 12 UTC (Fig. 12d), the signatures of three
stratospheric intrusions were present over Europe. The
structures over southern Europe, the Mediterranean Sea
and northern Africa belonged to the intrusion and cut-o!
low previously discussed and formed a reservoir layer
south of the Alps at a height of 2000 to 3000 m asl. This
air mass was swept back towards the Alps during the
following days, yielding a very complicated tracer pattern
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Fig. 12. Average O
3

tracer mixing ratios between 2000 m and 4000 m on 27 May 12}15 UTC (a), 28 May 12}15 UTC (b), 29 May 12}15
UTC (c), 31 May 12}15 UTC (d), 3 June 0}3 UTC (e) and 4 June 0}3 UTC (f ).
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Fig. 13. O
3

and 7Be concentrations at Jungfraujoch, Zugspitze and Sonnblick during 27 May to 5 June 1996. The daily average levels
refer to 7Be.

on 3 June, 0 UTC (Fig. 12e). Stratospheric air brought
down in the previously discussed cut-o! low over western
Europe started to mix with the aged stratospheric air
already present south of the Alps (Fig. 12f ). On 5 June
air brought down from the stratosphere in three sub-
sequent intrusion events, occurring within a period of ten
days in di!erent regions, was present at Mt. Cimone at
the same time (Fig. 14). Meteorological conditions were
also conducive to photochemical O

3
formation.

4.2.4. Low altitudes
Radio soundings at several places in the Alpine area

showed a layer of dry air at low levels on 29 May; in
Munich, for instance, at 880 hPa. Several monitoring
sites in the Alps showed an increase in O

3
together with

a drop in RH. At the Wank mountain (1776 m), the
maximum O

3
concentrations during 29 May were close

to those at Zugspitze, and there was a moderate drop in
humidity. This was observed shortly after the corre-
sponding event at Zugspitze and is an indication for the
subsidence of this air mass. High-resolution O

3
lidar and

in situ measurements in nearby Garmisch-Partenkirchen
showed a descending ozone-rich (60}80 ppb) layer that
reached the lowest lidar level at 200 m above the valley
#oor and also the ground station (see Eisele et al., 1999).

In Davos (1640 m) O
3

mixing ratios rose from 35 ppb
at 2 UTC to 51 ppb at 7 UTC, while RH dropped from 80
to 20%. During daytime, O

3
mixing ratios stayed fairly

constant at 52 ppb, and RH decreased to 13%. At Ritten
(1770 m) there was a drop in RH to 9% in the morning

hours on 29 May, associated with an increase in O
3

to
62 ppb.

Consistent with the eastward motion of the strato-
spheric air, stations farther to the east showed the drop in
RH some hours later. At Gaisberg Zistelalm (1010 m), O

3
increased from 37 to 66 ppb, while RH decreased from 77
to 35%. At Haunsberg (740 m), O

3
increased from 40 to

70 ppb during 29 May, while RH dropped from 65% to
18%. At the slope (1547 m) of the Rax mountain, one of
the easternmost peaks of the Alps, O

3
reached a max-

imum of 62 ppb on 30 May at 6 UTC, 1.5 days after the
"rst peak was observed at Jungfraujoch.

5. Seasonal variation of stratospheric intrusions based on
measurement data

5.1. Screening algorithm

Continuous measurements of O
3
, RH and 7Be were

carried out at Jungfraujoch, Sonnblick, Zugspitze and
Mt. Cimone for several years (Table 1). These data are
used to identify days of signi"cant in#uence of strato-
spheric intrusions. Since only few 7Be data were available
for Mt. Cimone, the results for this site are not presented.
For Sonnblick and Jungfraujoch the database is also
rather small so that results for these stations should be
interpreted with caution.

In our screening algorithm a day is considered to be
an `intrusion daya if (i) the 7Be concentration is higher
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Fig. 14. Mixing ratios of the stratospheric ozone tracer during 27 May 1996 to 5 June 1996 in the Mt. Cimone grid cell. The shading
indicates the relative contributions of air of di!erent tropospheric age classes. Also shown are the measured ozone mixing ratios at Mt.
Cimone (in ppb/4). The time-axis starts on 27 May at 0 UTC.

Table 1
Periods of measurements used in this study and data availability (%) during these periods. The last line gives the periods and the
simultaneous availability (%) of 7Be, O

3
and RH data as required for the observational climatology

Mt. Cimone Zugspitze Sonnblick Jungfraujoch

Period Availability Period Availability Period Availability Period Availability

7Be 3/96}1/98 5 1/91}9/97 88 6/96}7/98 84 4/96}7/98 92
O

3
3/96}10/97 98 1/91}9/97 93 1/95}7/98 89 1/95}3/98 98

RH 3/96}10/97 97 1/91}12/97 100 1/95}8/98 59 1/95}4/98 99

All data * * 1/91}9/97 84 6/96}7/98 85 4/96}3/98 89

than 8 mBq m~3, (ii) the daily minimum RH is lower
than 30%, and (iii) the daily maximum O

3
concentration

is at least 10% above the monthly mean concentration
O

3
. This procedure was set up through subjective ana-

lyses of many intrusion episodes. Therefore, the exact
threshold values are somewhat arbitrary. Similar thre-

sholds for 7Be and RH were used by Scheel et al. (1999).
The additional O

3
criterion was introduced to eliminate

cases where the air descended only from the upper tropo-
sphere.

The great sensitivity of the results to the choice of the
thresholds is shown in Fig. 15, where the annual cycle of
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Fig. 15. Seasonal variation of the frequency of stratospheric intrusion days at Zugspitze as obtained with di!erent criteria for 7Be [mBq

m3], RH [%] and O
3
, which had to be ful"lled simultaneously: 1: 7Be'8, RH(40, O

3
'1.1]O

3
, 2: 7Be'8, RH(30,

O
3
'1.1]O

3
, 3: 7Be'8, RH(20, O

3
'1.1]O

3
, 4: 7Be'8, RH(40, O

3
'1.2]O

3
, 5: 7Be '8, RH(30, O

3
'1.2]O

3
, 6:

7Be'8, RH(20, O
3
'1.2]O

3
, 7: 7Be'10, RH(30, O

3
'1.1]O

3
, 8: 7Be '6, RH (30, O

3
'1.1]O

3
.

the frequency of intrusion days is plotted for di!erent
thresholds of the applied criteria. The absolute values
deviate by up to more than a factor of three from our
reference climatology (criterion 2 in Fig. 15). Conse-
quently, absolute values for the frequency of stratospheric
intrusions can only be derived with large, but not exactly
quanti"ed uncertainty. Most importantly, the shape of the
annual cycle is stable against variations in the thresholds.

We have also studied the threshold sensitivity when
using speci"c humidity instead of the RH criterion. If the
speci"c humidity threshold is tuned to give the same
annually averaged frequency of intrusions as the RH
criterion, the two climatologies agree very well. A small
systematic di!erence is a somewhat decreased intrusion
frequency from July through September, and a somewhat
increased frequency in November and December. This is
caused by the higher speci"c humidity levels in the tropo-
sphere in summer than in winter.

5.2. Seasonal variation of stratospheric intrusions
at mountain peaks

The average frequency of intrusions detected at Zug-
spitze during the period 1991 to 1997 is 5.5%, consistent
with values reported by Scheel et al. (1999) for 1996 and

1997 only. Intrusions are most frequent in October (12%)
with a secondary maximum in winter and early spring.
A deep summer minimum ((3%) during May through
August is found (Fig. 16). Using the same selection cri-
teria, the average intrusion frequency at Sonnblick (10%)
is higher than that at Zugspitze. As at Zugspitze, in-
trusions are most frequent in October, and feature a
secondary maximum in winter and a summer minimum.
However, the seasonal variation is less systematic due to
the smaller data set available for Sonnblick.

At Jungfraujoch, the average intrusion frequency
(17%) is still higher than at Sonnblick. Also in contrast to
the other stations, there is little seasonal variation. The
high value for July should be interpreted with caution,
since it is based on data from a single year, 1996 (for July
1997 7Be data were missing). One possible explanation
for the di!erences to the other stations would be the
coarser time resolution of the 7Be data. However, using
48-h mean 7Be concentrations at Zugspitze reduces the
annual mean intrusion frequency from 5.5% to 3.6%,
and has only small e!ects on the seasonal variation.
Thus, the reason for the much higher frequency of intru-
sions and the missing seasonal variation at Jungfraujoch
remains unclear at this time. A further discussion on this
is given in Section 7.
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Fig. 16. Seasonal variation of the frequency of stratospheric intrusion days at the sites Zugspitze, Sonnblick and Jungfraujoch as
obtained with the detection algorithm based on criterion 2 (Fig. 1).

6. Model validation on longer time-scales

For technical reasons we did not generate the full
output for the three-year model runs, but calculated
tracer mixing ratios only at certain receptor locations.
These receptor locations were 13]13 grid cells around
the four mountain peaks, "ve 23]23 grid cells covering
the Alpine region, and a large `Europeana box covering
the region 03 to 303E and 403 to 603N. In all grid cells,
mixing ratios were determined in eight layers 500 m high
from 0 to 4000 m asl. In the following we report the tracer
mixing ratios for Mt. Cimone in the "fth layer, for Zug-
spitze in the sixth layer, for Sonnblick in the seventh
layer, and for Jungfraujoch in the eighth layer.

Due to many contributing factors, the relationship
between transport from the stratosphere and observa-
tions of O

3
and 7Be is not so simple that correlation

analyses between modeled tracer mixing ratios and
measurement data would yield meaningful results. The
respective correlation coe$cients were not signi"cantly
di!erent from zero for both 7Be and O

3
. Therefore, we

developed a di!erent method to validate our results. For
all days with the daily mean O

3
tracer mixing ratio

exceeding a certain threshold (i.e., `model intrusion
daysa), we determined a daily mean measured value
C

M
(of either 7Be, O

3
or RH) and a baseline value C

B
.

C
B

is the average of all daily means of measured values
that were available within a 60-day period centered at the
intrusion day and for which the model predicted less than
1 ppb O

3
tracer. It thus represents an expectation value

in the hypothetical absence of the intrusion. We expect
C

M
'C

B
for 7Be and O

3
, and C

M
(C

B
for RH.

Table 2 reports the average deviation *C"1/N
+N

i/1
(C

Mi
!C

Bi
), where N is the number of cases with

daily mean stratospheric O
3

tracer mixing ratios above
20 ppb. The threshold of 20 ppb was chosen because it
selects 3 to 7% (depending on station and periods with
available data) of all days, which is roughly the frequency
of stratospheric intrusions identi"ed in the measurement
data. Concentrations of 7Be on simulated intrusion days
are, on average, clearly above the baseline values. At
Zugspitze, for instance, the *C of 2.7 mBq m~3 for all
intrusions and 4.7 mBq m~3 for intrusions aged less than
four days are in the same range as the mean 7Be devi-
ation (4.2 mBq m~3) found by Elbern et al. (1997) for
intrusion days identi"ed from measurement data. Stu-
dent's t test (Press et al., 1990) showed that the averages
of C

M
and C

B
are signi"cantly di!erent from each other

for both Zugspitze and Sonnblick. Thus, the model gen-
erally seems to identify intrusion episodes correctly,
although the large standard deviations indicate con-
siderable scatter. Indeed, there are a few cases with
C

B
'C

M
. This may either be due to removal of 7Be by

precipitation, or erroneous model simulations for these
days. At Jungfraujoch, the results are insigni"cant, which
can be explained partly by the longer 7Be sampling
interval at that station.

*C for RH is (at most stations signi"cantly) negative,
con"rming the expected humidity drop on intrusion
days, but again the standard deviations are large. The
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Table 2

Average deviation *C of the measured values from the baseline values of 7Be, RH and ozone at the mountain peak stations (see text for
explanation) for an ozone tracer threshold value of 20 ppb. The results for intrusions aged less than four days and for all intrusions
together are shown separately. Values in brackets are standard deviations. One (two) asterisks denote values that are signi"cant on the

90% (95%) con"dence level. *C was calculated using all measurement data available for the period January 1995 to January 1998 (see
Table 1)

Receptor 7Be (mBq m~3) RH (%) Ozone (ppb)

Age(4 Total Age(4 Total Age(4 Total

Mt. Cimone * * !21.4HH (15.4) !8.7 (18.9) 6.3 (4.8) 3.9 (4.2)
Zugspitze 4.8HH (6.3) 2.8HH (5.2) !21.9HH (26.7) !13.6HH (26.8) 3.3 (6.4) 3.1H (6.2)
Sonnblick 6.8HH (8.0) 5.8HH (7.2) !12.2 (21.0) !10.7HH (24.1) 6.8HH (6.8) 4.7HH (6.5)
Jungfraujoch 3.2 (5.1) 4.1 (7.0) !19.3HH (22.5) !16.0HH (23.2) 4.8HH (5.5) 4.3HH (5.6)

Table 3
Average simulated O

3
tracer mixing ratios (ppb) for intrusion

days and non-intrusion days as found in the observational
climatology. The results for intrusions aged less than four days
and for all intrusions together are shown separately. Values in
brackets are standard deviations. The comparison was done for
the period January 1995 to January 1998, given that observa-
tions of 7Be, O

3
and RH were simultaneously available (com-

pare Table 1). Asterisks in the intrusion days columns show that
the tracer mixing ratios are on the 95% con"dence level signi"-
cantly higher than on non-intrusion days

Receptor Intrusion days Non-intrusion days

Age(4 Total Age(4 Total

Zugspitze 6.6H (18.5) 11.7H (19.9) 0.9 (3.3) 4.2 (11.5)
Sonnblick 5.8H (13.0) 9.7H (14.6) 1.7 (7.0) 4.7 (9.6)
Jungfraujoch 3.0 (6.4) 8.1 (14.1) 2.4 (6.0) 5.8 (8.9)

data also show that intrusions with a tropospheric age of
less than four days correspond better with the humidity
data than older ones. C for O

3
is positive, but the surplus

is only a few ppb.
For a direct comparison between the observational

and the model climatology, Table 3 shows the average
O

3
tracer mixing ratios on days #agged as `intrusion

daysa in the observational climatology and those on the
other days. Average O

3
tracer mixing ratios are higher

by a factor of three and a factor of two at Zugspitze and
Sonnblick, respectively, on intrusion days than on non-
intrusion days. These di!erences are even larger for
tracer of age less than four days (factors of seven and
four). According to Student's t-test (Press et al., 1990), all
these di!erences are signi"cant at the 95% level. At
Jungfraujoch the di!erence between intrusion days and
non-intrusion days is smaller and not signi"cant at the
95% con"dence level, partly because the detection algo-

rithm is coarser due to the 48 h time resolution of the 7Be
data.

6.1. Three-year model climatology

6.1.1. Average mixing ratios, interannual variability and
frequency distributions

Based on the model results, the average O
3

(strato-
spheric air) tracer mixing ratios during the period Jan-
uary 1995 to September 1997 are 4.2, 4.5, 5.6 and 7.1 ppb
(1.8, 1.8, 2.2, 2.5%) for Mt. Cimone, Zugspitze, Sonnblick
and Jungfraujoch, respectively (Table 4). The variation
between the stations largely re#ects the e!ect of altitude,
as evidenced by Fig. 17, which shows the vertical distri-
bution of the average O

3
tracer mixing ratios in the

European box resulting from stratospheric intrusions of
di!erent age classes. The average tracer mixing ratios for
the uppermost four levels largely correspond to those
at the mountain stations, which are, however, slightly
modi"ed due to geographical di!erences. While there is
a signi"cant contribution of direct intrusions to the O

3
mixing ratios at the altitudes of the mountain peaks,
their in#uence in the lowlands is obviously much smaller
(Fig. 17). The in#uence on boundary-layer O

3
concentra-

tions should be seen in comparison to the fast photo-
chemical processes in the continental boundary layer,
which probably dominate the O

3
budget.

For intrusions aged less than one day, there is no
uniform increase in O

3
tracer mixing ratios with height

(Fig. 17). Calculations yield a minimum in the layer from
2000}2500 m, below which the mixing ratios increase with
decreasing altitude. This may be explained by the fast
descent of these intrusions, which cross higher levels very
fast and cause only short spikes in the O

3
tracer (see also

Eisele et al., 1999). Closer to the surface, their descent
comes to a stop, and the O

3
tracer peaks become broader.

Approximately 30}50% of the total mixing ratios
simulated are due to stratospheric air aged less than four
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Table 4
Average stratospheric ozone tracer mixing ratios (ppb) in the years 1995, 1996 and 1997 and for the whole period for stratospheric air
aged less than four days and for all cases

Age(4 days All ages

Receptor 1995 1996 1997 1995}1997 1995 1996 1997 1995}1997

Mt. Cimone 1.5 0.7 1.6 1.3 4.3 4.0 4.3 4.2
Zugspitze 1.4 1.2 1.6 1.4 3.6 5.5 4.4 4.5
Sonnblick 2.1 1.9 2.0 2.0 4.3 7.6 5.0 5.6
Jungfraujoch 4.8 3.2 2.2 3.5 7.5 8.4 5.3 7.1
Europe, layer 8 3.8 3.7 3.7 3.7 7.2 9.2 7.9 8.1
Europe, layer 1 0.8 0.7 0.7 0.7 2.0 2.0 2.0 2.0

Fig. 17. Vertical pro"les of the calculated average O
3

tracer mixing ratios in the European box for eight di!erent age classes.

days. Note that the total mixing ratios depend on the size
of the model domain, while the `fresha intrusions are
almost fully captured with our limited domain. There is
also considerable interannual variation in the O

3
tracer

mixing ratios at individual stations (Table 4). For in-
stance, average tracer mixing ratios of age less than four
days at Jungfraujoch were 4.8 ppb in the year 1995, but
only 2.2 ppb in 1997. For the larger European box, how-
ever, the interannual variability is very small.

Table 5 shows the frequency distributions of the 3-h
mean O

3
tracer mixing ratios. At all stations, the model

results show a nearly permanent, albeit low, stratospheric
background. With a global model domain, this back-
ground would be present all the time. However, only
during some 30% of the time, `fresha stratospheric air

aged less than four days is present. During 10}15% of the
time, stratospheric O

3
tracer mixing ratios are higher

than 10 ppb. With the exception of Jungfraujoch, less
than 1% of the time do O

3
tracer mixing ratios exceed

80 ppb, and only half of these cases are `fresha intrusions.
The frequency of high tracer mixing ratios shows a strong
vertical gradient. For instance, the frequency of `fresha
stratospheric O

3
mixing ratios above 80 ppb is 0.2, 0.3,

0.5 and 0.9% at Mt. Cimone, Zugspitze, Sonnblick and
Jungfraujoch, respectively.

6.1.2. Seasonality
Fig. 18 shows the seasonal variation of the O

3
tracer,

averaged over the three years, at the mountain peaks and
in the highest and lowest layer of the `Europeana box.
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Table 5
Frequency (%) of 3-h mean stratospheric ozone tracer mixing ratios greater than 0, 10, 20, 40, 60, 80 and 100 ppb at the four mountain
peaks

Receptor 0 ppb 10 ppb 20 ppb 40 ppb 60 ppb 80 ppb 100 ppb

Mt. Cimone, age(4 days 33.4 2.9 1.4 0.6 0.3 0.2 0.1
Mt. Cimone, all cases 81.5 10.2 3.7 1.3 0.6 0.3 0.2
Zugspitze, age(4 days 32.3 3.0 1.6 0.7 0.4 0.3 0.1
Zugspitze, all cases 77.3 10.2 4.2 1.5 0.8 0.5 0.4
Sonnblick, age(4 days 29.6 4.0 2.3 1.2 0.7 0.5 0.3
Sonnblick, all cases 73.7 12.3 5.5 2.3 1.3 1.0 0.7
Jungfraujoch, age(4 days 31.4 6.2 3.7 1.9 1.2 0.9 0.7
Jungfraujoch, all cases 68.1 15.1 8.1 3.6 2.2 1.4 1.0

A strong seasonal variation is evident at all sites, with
a minimum in mid-summer and a maximum in late
winter/early spring. At the highest station, Jungfraujoch,
the variation is weakest and a secondary October max-
imum appears.

An interesting result is the almost complete absence
of direct intrusions with a tropospheric age of less than
four days in mid-summer. Direct stratospheric intrusions
deliver 4}25 times more O

3
tracer to our receptor

boxes during February through April than during June
through August (Table 6). This strong seasonal variation
is only partly due to the initialization of the O

3
tracer in

relation to PV. Mainly it is caused by di!erences in the
circulation patterns of the atmosphere. For instance, not
a single strong direct intrusion episode was simulated for
the summers of 1995}1997 at Mt. Cimone, Sonnblick and
Zugspitze.

Inspection of the results for the "ve 23]23 grid cells
arranged in west}east direction over the Alps revealed
a strong west}east gradient in the seasonal variation of
direct intrusions. In Table 6 this is shown for the sixth
model level, but a similar gradient can be found at the
other levels as well. In summer, intrusions aged less than
four days are (by almost a factor of two) more frequent in
the westernmost grid cell than in the easternmost one.
The reason for this seems to be that major cyclonic
disturbances do not regularly penetrate deep into the
European continent in summer and stratospheric intru-
sions therefore rarely occur directly over Europe. In late
winter/early spring, the opposite gradient is found; i.e.,
higher O

3
tracer concentrations (by more than a factor of

1.5) in the eastern Alps than in the western Alps. This is
probably caused by a greater mesoscale in#uence of
lee-cyclogenesis (see Buzzi et al., 1984) in the eastern than
in the western Alps.

Although the calculated O
3

tracer concentrations re-
present only intrusions occurring in our model domain
and are thus somewhat arbitrary, it was interesting to
compare them with O

3
concentrations measured at the

peak stations. In Fig. 19, we show their relative contribu-

tion to the measured O
3

concentrations (Fig. 19). Since
the measured O

3
concentrations have a reverse seasonal

variation as compared to the stratospheric tracer, the
seasonal variation of the stratospheric contribution is
increased. While in summer the average contribution
to the total O

3
concentrations is only 3}5% (with the

exception of Jungfraujoch, where it is almost 10%)
counting all intrusions, and nearly zero counting only
intrusions of age less than four days, there is a major
contribution (on the order of 10}25%) in winter, with
larger e!ects at the higher stations Sonnblick and Jung-
fraujoch. At Jungfraujoch, where the impact of intrusions
aged less than four days is largest, they contribute
10}20% in autumn and late winter.

7. Discussion and conclusions

In this paper, we have "rst studied two episodes of
stratospheric intrusions impinging on the Alpine area,
one occurring in the spring, the other in the autumn of
1996. These two episodes were selected from a large
number of intrusions studied by us during the last few
years (e.g., Bonasoni et al., 1999; Stohl and Trickl, 1999;
Eisele et al., 1999) and served as test cases for the FLEX-
PART model.

In the autumn episode, a folding of the tropopause and
subsequent cut-o! low formation led to the intrusion of
stratospheric air into the troposphere. The intrusion "rst
a!ected Jungfraujoch, half a day later Zugspitze, and
after a few more hours also Sonnblick. This west}east
drift of the stratospheric air was reproduced by the
model. Maximum model-predicted stratospheric O

3
tracer mixing ratios were 35, 45 and 60 ppb at the three
observatories (stratospheric air mixing ratios were
30}50%). The stronger intensity of the modeled intrusion
in the eastern Alps was consistent with the 7Be measure-
ments. However, the maximum measured O

3
mixing

ratios at all three high-Alpine observatories were remark-
ably similar, 72}73 ppb, while the duration of the
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Fig. 18. Seasonal variation of the modeled ozone tracer mixing ratios at Mt. Cimone (a), Zugspitze (b), Sonnblick (c), Jungfraujoch (d), at
3500}4000 m in the European box (e), and at the surface in the European box (f ).
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Table 6
Average stratospheric ozone tracer mixing ratios due to direct
intrusions having a tropospheric age of less than four days for
winter/spring (February}April) and for summer (June}August),
and the corresponding concentration ratio

Receptor Winter/Spring
(ppb)

Summer
(ppb)

Ratio

Mt. Cimone 3.30 0.22 15
Zugspitze 2.31 0.20 12
Sonnblick 3.81 0.20 18
Jungfraujoch 5.45 1.39 4
Westernmost
grid cell, layer 6

2.59 0.25 10

Easternmost
grid cell, layer 6

4.00 0.16 25

Europe, layer 8 6.97 1.30 5
Europe, layer 1 1.36 0.24 6

O
3

peak was much shorter at Jungfraujoch than at
the other two stations. Elevated O

3
concentrations and

minima in RH were also reported from several sites at
lower altitudes, with the signal becoming weaker with
decreasing altitude.

Three stratospheric intrusions were found to in#uence
O

3
concentrations in the Alps and Apennines during

a ten-day period in spring 1996. The most intense
one, caused by direct descent of stratospheric air above
the Alps, "rst a!ected the Alpine peak stations (again
proceeding from west to east) before it hit Mt. Cimone in
the northern Apennines one day later. There it yielded
very high 7Be and O

3
concentrations and a drop of RH

to the detection limit. Clear evidence exists that this
intrusion also penetrated to the #oor of several Alpine
valleys.

Two more intrusions happened during this ten-day
period, one before and one after the main intrusion. The
region south of the Alps acted as a `shakera, where
stratospheric air masses from all three intrusions mixed
with each other and with the surrounding tropospheric
air. The high O

3
concentrations observed in large areas

in and south of the Alps during the period following the
descent of the main intrusion were only to a small part
directly caused by stratospheric O

3
. Since the meteoro-

logical conditions supported photochemical O
3

forma-
tion and there was ample supply of precursors emitted in
the Po Basin, a major part of the O

3
was most probably

of photochemical origin. However, due to the strong
mixing between stratospheric and tropospheric air the
e!ects of photochemical O

3
formation and intrusions of

stratospheric air cannot be distinguished. Since, in the
presence of water vapor, photolysis of O

3
is the major

source of hydroxyl (OH) radicals that are central to
photochemical O

3
formation, the O

3
brought down in

stratospheric intrusions can trigger photochemical pro-
cesses given su$ciently high concentrations of nitrogen
oxides and hydrocarbons. This may be of special impor-
tance at the beginning of photochemical episodes, when
otherwise low O

3
concentrations limit the supply with

OH to `burna the hydrocarbons. There are "rst indica-
tions that the proposed mechanism is on principle cor-
rect. Preliminary simulations of the spring episode with
the EURAD chemistry transport model (Feldmann et al.,
1999) show high OH concentrations especially in the
mixing region between the stratospheric and the tropo-
spheric air. Such a mechanism may also contribute to the
spring-time O

3
maximum observed in many remote

areas.
An important conclusion of the case studies is that the

passive Lagrangian tracer model used here is a suitable
diagnostic tool for studying stratospheric intrusions. Ex-
cellent agreement was found between the modeled intru-
sion of stratospheric air and water vapor satellite images.
This indicates that the main transport mechanisms in the
lower stratosphere and upper troposphere were well cap-
tured by the ECMWF analyses. There was also good
overall agreement with observations at Alpine peaks. For
the "rst episode, observed O

3
mixing ratios could be

explained quantitatively by the model results. For the
second episode, the impact of the intrusion on the moun-
tain peaks was underestimated. However, this was due to
a displacement of the intrusion by approximately 200 km
and not to a systematic underprediction. In additional
case studies, not presented in this paper, a similar model
performance was obtained.

Moreover, we have presented two independent short
climatologies of O

3
transported down to high-Alpine

sites during intrusions of stratospheric air. The "rst one is
based entirely on measurement data at three mountain
summits and yields the frequency of stratospheric intru-
sions at these sites without explicitly calculating their
impact on O

3
levels. The second one results from

a three-year tracer model simulation and gives average
mixing ratios of both an O

3
and an air tracer originating

in the stratosphere. There is signi"cant agreement be-
tween the two methods for two of the three stations
(Sonnblick, Zugspitze) even if individual events are dir-
ectly compared. O

3
tracer mixing ratios resulting from

modeled intrusions of tropospheric age less than four
days at Zugspitze and Sonnblick are seven and four times
higher on days #agged as `intrusion daysa by the
measurement data screening algorithm than on `non-
intrusion daysa. For Jungfraujoch, the agreement is less
good, which is partly related to the coarser time resolu-
tion (48 h) of the 7Be measurements at this site, and
partly also to other factors (see below).

The frequency of stratospheric intrusions identi"ed
from the measurements at Sonnblick and Zugspitze
shows a deep summer minimum. This is con"rmed by the
model results, where direct intrusions of age less than
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Fig. 19. Seasonal variation of the relative contribution of the ozone tracer to the total measured mixing ratios at Mt. Cimone (a),
Zugspitze (b), Sonnblick (c) and Jungfraujoch (d).

four days are completely absent in summer. The modeled
seasonal variation shows a late-winter/early-spring
maximum in average O

3
tracer mixing ratios, whereas

the observations reveal an early-autumn maximum and
a secondary January/February maximum in the fre-
quency of stratospheric intrusions. This discrepancy is
practically removed when the stratospheric air tracer
instead of the O

3
tracer is considered: for direct intru-

sions with a tropospheric age of less than four days,
monthly average stratospheric air tracer mixing ratios at
the Zugspitze summit are highest in November at 1.5%
and exhibit a secondary maximum in February at 1.2%.
The reason for the di!erences between the O

3
tracer and

the stratospheric air tracer lies in the initialization of

O
3

in the stratosphere, which is highest in spring and
lowest in autumn.

Our observational climatology, with a summer min-
imum and an autumn maximum of stratospheric intru-
sions con"rms results by Scheel et al. (1999) obtained
from an analysis of Zugspitze data from 1997. The sum-
mer minimum was also found by Elbern et al. (1997) for
a 10-yr data set from Zugspitze, but the seasonal vari-
ation was much smaller than the one derived here. The
reason for this may be that Elbern et al. (1997) required
7Be concentrations to exceed the running monthly means
by more than two standard deviations during an intru-
sion. This automatically "xes a certain number of cases in
each month for pure statistical reasons and smoothes the
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seasonal variation. Furthermore, they did not use RH as
a criterion.

The observations at Jungfraujoch show no clear sea-
sonal variation, but stratospheric intrusions occur more
frequently than at the other stations almost throughout
the year. The model results agree with the seasonal vari-
ation only insofar as the summer minimum in average
O

3
tracer mixing ratios is less deep than at the other

stations. However, the disagreement is reduced when the
di!erent periods of the climatologies are considered. The
observational climatology does not cover the year 1995,
for which the model results showed a much deeper sum-
mer minimum than for the following years. Furthermore,
the high frequency in July is based only on measurements
during the year 1996, when the model results also showed
the largest intrusion activity.

The average observed intrusion frequencies at Zug-
spitze, Sonnblick and Jungfraujoch are 5.5%, 10% and
17%, respectively. If only the period for which data from
Jungfraujoch are available are used for the Zugspitze
climatology, the intrusion frequency increases to 7% and
the di!erence between the stations is somewhat smaller.
Although a higher frequency may be expected for Jung-
fraujoch, the highest station, than for Zugspitze, the
lowest one, the large di!erences can hardly be explained
by the di!erent altitudes alone. For instance, most of
the intrusions identi"ed by Eisele et al. (1999) in the free
troposphere with lidar measurements also reached the
Zugspitze site. The di!erences are also not supported by
the model results, which show much smaller deviations
between the stations. At present, the reason for the high
frequency of observed intrusions at Jungfraujoch remains
unclear. Possibly the detection algorithm, which was set
up by studying intrusions mostly for Zugspitze, is less
suited for Jungfraujoch. At that altitude, tropospheric air
may more often show signatures (low RH, high 7Be
concentrations) that at lower levels are characteristic for
stratospheric intrusions. Thus, for Jungfraujoch a higher
threshold level for 7Be and a lower one for RH would
probably be more adequate. In any case, more measure-
ments at Sonnblick and Jungfraujoch are needed to es-
tablish stable climatologies.

The seasonal variation of modeled O
3

tracer mixing
ratios at all three stations is strikingly similar to the
seasonal variation in the frequency of tropopause folds
identi"ed from ozone soundings at a number of Euro-
pean sites by Blonsky and Speth (1998). In their Fig. 3,
they show an increase in the frequency of folds from
January through March, followed by a steep drop in
April. Van Haver et al. (1996), in a similar study of
tropopause folds, found little seasonal variation, but
noted that O

3
concentrations within the folds were lar-

gest in spring. A summer minimum in the frequency and
intensity of tropopause folds was also detected by Elbern
et al. (1998) using Q-vector diagnostics applied to global
ECMWF analyses. Our seasonal variation of O

3
tracer

mixing ratios is similar to the variation of the downward
#ow across the 100 hPa surface, which exhibits a winter
maximum and summer minimum (e.g., Holton, 1990; van
Velthoven and Kelder, 1996). It is, however, not fully
consistent with the seasonal variation of the mass #ux
across the tropopause obtained by Appenzeller et al.
(1996b). From global-scale considerations they found
a late-spring maximum and an early-autumn minimum
in northern hemispheric mass #ux across the tropopause.

The model results show a clear vertical gradient in the
O

3
tracer mixing ratios. Mixing ratios in the `Europeana

box between the surface and 500 m asl are lower by
a factor four than those between 3500 and 4000 m asl.
According to the model results, the seasonal variation of
direct stratospheric intrusions is stronger (by a factor
of 2.5) in the eastern than in the western Alps, although
the annual average tracer mixing ratios are similar for the
same altitude in both regions. This feature was found for
each individual year of the climatology and is probably
caused by the #ow patterns speci"c to central Europe
and the Alpine region. The deeper summer minimum in
the east may be caused by blocking of major cyclonic
disturbances from penetrating far into the European con-
tinent in summer, whereas the larger winter/spring max-
imum in the east may be related to lee-cyclogenesis south
of the Alps. The fact that such distinct di!erences occur
over a relatively short distance (approximately 500 km)
also shows that the climatology is very speci"c to the
Alpine region and should not be generalized. Di!erences
in the average tropospheric O

3
content over similar

scales were also reported by Beekmann et al. (1994) in
a comparison of data from several ozone sounding sites
in western Europe and were attributed to possible di!er-
ences in STE.

From our results it appears that stratospheric O
3

is of
limited, but not negligible signi"cance for the ozone
budget of the boundary layer. The case studies showed
that stratospheric intrusions can occasionally penetrate
directly down to the surface and yield a signature in the
O

3
mixing ratios; but these are rare events. Accordingly,

in our model climatology the lowest layer receives only
a few ppb of stratospheric O

3
. However, this in#uence

may be much higher if aged intrusions, which are not
covered by our model domain, actually play an impor-
tant role.

The model results presented here clearly indicate that
stratospheric intrusions are of great importance for the
O

3
budget of the lower free troposphere, at least over

central Europe, and especially in late winter/early spring.
During that season stratospheric intrusions occurring
within our limited domain contribute about 15}25% to
the O

3
concentrations measured at high Alpine peaks.

Much of the stratospheric O
3

arrives at the stations
strongly diluted by mixture with tropospheric air and is
thus sometimes not recognizable as stratospheric O

3
by

the measurements.
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How important stratospheric intrusions really are for
tropospheric chemistry critically depends on the lifetime
of O

3
. Its lifetime in the winter, when STE is most

active is estimated to be on the order of a month (Fish-
man et al., 1979). However, even for a relatively short
tropospheric lifetime of about one week, our model re-
sults suggest that stratospheric intrusions are a very
important factor for the tropospheric O

3
budget. These

results are in clear contrast to the model studies of Austin
and Follows (1991) and Follows and Austin (1992)
who found that stratospheric O

3
contributes less than

5% at the surface and less than 10% at 700 hPa through-
out the year.

Our results are in much better agreement with the
model studies of Roelofs and Lelieveld (1997) and
Roelofs et al. (1997), who found that the stratosphere
contributes 40% of the tropospheric O

3
. Over Europe

and at the altitude of our peak stations, this contribution
may be even higher in winter/spring if intrusions from
outside our model domain are accounted for. Further
studies with an extended model domain are planned to
answer this question.
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