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Abstract. Preliminary attempts of quantifying the strato- concentrations of Zugspitze carbon monoxide rarely drop
spheric ozone contribution in the observations at theinside intrusion layers and normally stay clearly above full
Zugspitze summit (2962msl.) next to Garmisch- stratospheric values. This indicates that most of the CO, and
Partenkirchen in the German Alps had yielded an ap-thus the intrusion air mass, originates in the shallow “mixing
proximate doubling of the stratospheric fraction of the layer” around the thermal tropopause. The CO mixing ratio
Zugspitze ozone during the time period 1978 to 2004. Thesén these descending layers between 1990 and 2004 exhibits
investigations had been based on data filtering by using lova slightly positive trend indicating some Asian influence on
relative humidity (RH) and elevatetBe as the criteria for  the lowermost stratosphere in the high-latitude source region
selecting half-hour intervals of ozone data representativeof most intrusions reaching the station.

of stratospheric intrusion air. To quantify the residual

stratospheric component in stratospherically influenced air

masses, however, the mixing of tropospheric air into the ]

stratospheric intrusion layers must be taken into accountl Introduction

In fact, the dewpoint mirror instrument at the Zugspitze . . .
summit station rarely registers RH values lower than 10 %The Increase of ozone arf@e at .the Alpine ;ummn sta-

in stratospheric air intrusions. Since 2007 a programme ofon Zugspitze (2962 m..al., Garmisch-Partenkirchen, Ger-
routine lidar sounding of ozone, water vapour and aerosofnany) between the mid-1970s and 2002 (Oltmans et al.,

has been conducted in the Garmisch-Partenkirchen are£2°%: 20125 Lof?an et e_lg’ 2(.)12; ITjarrish et alﬁ’ 2012) haé’ led
The lidar results demonstrate that the intrusion layers aré‘0 systematic efforts to identify and quantify the causes. Dur-

drier by roughly one order of magnitude than indicated in ing the decade after 1990, the ozone precursor emissions in

the in situ measurements. Even in thin layers RH valuesEur0pe were on a decline (e.g. Jonson et al., 2006; Vau-

clearly below 1% have frequently been observed. Theséard et_ al., 2006; and references t_here_:in), in contrast to the
thin, undiluted layers present an important challenge forZUgSIOItze ozone. However, data filtering by Scheel (2002,

atmospheric modelling. Although the ozone values neverzciogf; pph. 66217.1 inR'?_'TMO;AéST’ 2005), based or;]the %zone,
reach values typical of the lower-stratosphere it becomes'ative humidity (RH) andBe measurements, has shown

thus, obvious that, without strong wind shear or convectivethat the only strong positivg trend in the _Zugspitze ozone
processes, mixing of stratospheric and tropospheric aipetween 1990 gnq 200,2 IS re'laf[ed to air plescendmg n
must be very slow in most of the free troposphere. As deep stratospheric intrusions. Similar conclusions were pub-

a consequence, the analysis the Zugspitze data can dghed by Ordofiez et al. (2007) for the Jungfraujoch sta-

assumed to be more reliable than anticipated. Finally, th lon (3580masl.) in the Swiss Alps for the tim_e perioq
etween late 1992 and 2004. At the lower-lying station
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Wank (1780ma.l., also next to Garmisch-Partenkirchen) sphere (see overview by Stohl et al., 2003b). In some cases
no ozone trend is seen at all between 1984 and 2004 reflectnixing of polluted air into intrusions within the free tropo-
ing the much lower stratospheric influence at that altitudesphere has been reported (e.g. Parrish et al., 2000; Brioude
(Elbern et al., 1997). However, the decreasing emissions duret al., 2007). Brioude et al. (2006) analyse the complex chem-
ing the 1990s are reflected by a decreasing amplitude of the&cal composition of the air streams in the vicinity of an ex-
seasonal cycle (Scheel, 2003). tratropical low. Stohl et al. (2007) discuss a case of turbu-
A positive trend of the stratospheric component was foundlent mixing over Europe between a stratospheric intrusion
for the Zugspitze ozone record since the beginning of theand a polluted air mass from Southeast Asia. The mixing
measurements in 1978, accompanied by an increaBen  was observed in airborne air-chemistry measurements in a re-
since the late 1970s. The preliminary analysis suggests thajion where the aircraft encountered turbulence and where the
the overall stratospheric ozone contribution at the ZugspitzeRichardson number — an indicator for possible occurrence of
summit has almost doubled from about 11 to 20 ppb sinceturbulence — was below 0.2. Mixing due convective activity
1978 (ATMOFAST, 2005), the first value being in agreementwas found by Cooper et al. (2005) and Homeyer et al. (2011).
with background mixing ratios reported for the late 19th On the other hand, Bithell et al. (2000) report on a very dry
century (Volz and Kley, 1988). The corresponding fraction layer of presumably stratospheric origin that had persisted in
relative to the annual mean ozone value of approximatelythe troposphere for at least 10 days.
40 % matches the global modelling results of Roelofs and Lidar sounding has played an important role in the strong
Lelieveld (1997) for the entire troposphere. The importancerevival of the investigation of STT and has also contributed
of stratosphere-to-troposphere transport (STT) for the tropoinsight into the impact of free-tropospheric long-range trans-
spheric ozone budget has also been underlined in a recemiort on the vertical distribution of atmospheric constituents,
study of specific high-ozone layers in the middle and upperin particular ozone, water vapour and aerosol. In ground-
troposphere over Garmisch-Partenkirchen presumably fed bpased lidar time series (e.g. Langford et al., 1996; Eisele
STT along the subtropical jet stream (Trickl et al., 2011). et al., 1999; Trickl et al., 2003, 2010; Zanis et al., 2003;
STT along the subtropical jet stream is a particularly abun-Kuang et al., 2012) the §£mixing ratio in stratospheric intru-
dant source of STT (Sprenger et al., 2003). sions drops from typically 100 to 150 ppb in the middle and
So far, the data-filtering efforts underlying the determi- upper troposphere to roughly half the value or less at (e.g.)
nation of the stratospheric influence in the Zugspitze 0zone8000 m, sometimes within just half a day. The low values at
record have neglected the mixing of tropospheric air into thearound 3000 m match those observed at the high-lying sum-
intrusion layers (see Trickl et al., 2010 for a comparison of mit stations.
different filtering criteria with daily model forecasts). How- By combining different lidar or vertical sounding meth-
ever, since a RH clearly below 10 % has been only occasioneds complementary information on the character of specific
ally recorded at the mountain site there has been some dexir layers may be obtained (e.g. Browell et al., 1987, 1996,
bate on how much tropospheric air enters these descending001; Trickl et al., 2003, 2011; Flentje et al., 2005). Although
air streams and on how to account for the resulting bias. Inaerosol was observed in a stratospheric air intrusion after the
fact, the ozone mixing ratios observed in stratospheric intru-El Chichén volcanic eruption (Browell et al., 1987) the most
sion layers reaching the Zugspitze summit are mostly muctimportant STT tracers accessible by lidar sounding are ozone
lower than the ozone mixing ratios in the lower stratosphereand water vapour. Intrusion layers are characterized by ele-
The existence of mixing has been reported in a numbewrated ozone and low water vapour — the mixing ratios of both,
of publications. Shapiro (1980) examined the role of turbu-however, significantly deviating from the lower-stratospheric
lent mixing in a tropopause fold examined above 6 km duevalues of several hundred parts per billion for ozone and 4 to
to the strong wind shear next to the jet stream. Predomi5 ppm for water vapour (e.g. Scherer et al., 2008).
nant contributions to the turbulent exchange were concluded Investigation of the humidity in a stratospheric intrusion
to be caused by low-frequency components rather than byayer may also be seen as a possibility for evaluating free-
the small-scale eddies associated with clear-air turbulencdropospheric mixing in models. Such an assessment is highly
A mixing zone in the tropopause region has been postulatedjesirable since models tend to overestimate mixing into thin
and the resulting chemical composition has been investigatethyers due to their limited spatial resolution and (in Eulerian
in numerous studies (e.g. Danielsen, 1968; Shapiro, 197anodels) numerical diffusion (e.g. Stohl et al., 2004; Rastige-
1978, 1980; Lelieveld et al., 1997; Hintsa et al., 1998; Zahnjev et al., 2010). Solving the problems with mixing is an im-
et al., 1999; Fischer et al., 2000; Hoor et al., 2002, 2004;portant step in view of a quantification of the impact of deep
Pan et al., 2004, 2007; Brioude et al., 2006, 2008; SprundSTT on the chemical composition of the troposphere.
and Zahn, 2010; Hegglin et al., 2009; Vogel et al., 2011). Simultaneous lidar measurements of ozone and water
The development of aerosol layers — of volcanic origin, from vapour have been reported for airborne systems only (e.g.
biomass burning or from deserts — around the tropopause iBrowell et al., 1996, 2001). In this paper, we report on recent
discussed by Trickl et al. (2013). Mixing of intrusion layers simultaneous ground-based lidar measurements of ozone and
with surrounding air is also expected to occur in the tropo-water vapour in the Garmisch-Partenkirchen area (Bavarian
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Alps, Germany), combined with Zugspitze in situ measure-et al., 2012, for a recent example). The World Meteorolog-
ments of ozone, RH and CO, and with model results to gainical Organization recommends a more robust threshold of
further insight into the details of intrusion layers. We present1.6 pvu for the dynamical tropopause (WMO, 1986). Hoer-
results on the considerable dryness of deep stratospheric iding et al. (1991) determined that 3.5 pvu is the best value
trusions even in thin layers, as indicated by Vogelmann andor representing the extratropical thermal tropopause. For the
Trickl (2008), strongly questioning the results of the in situ studies of our team since 1996 a conservative threshold of
RH measurements. We address the issue of why, by contras?,0 pvu has been used for the dynamic tropopause, and this
ozone in layers descending from the stratosphere to the lowes continued here for consistency.
troposphere rarely exhibit very high concentrations. Zahn and Brenninkmeijer (2003) go a different way and
define a chemical tropopause by correlating &d CO.
They found in the abundant CARIBIC (Civil Aircraft for the
2 Mixing in tropopause folds and tropopause definitions ~ Regular Investigation of the Atmosphere Based on an In-
strument Container) flight data a sharp transition between
Shapiro (1976, 1978, 1980) concluded from airborne meajpositive correlation (troposphere) and negative correlation
surements that significant turbulent structures exist in situ{stratosphere). Pan et al. (2004) concluded from numerous
ations when the stratospheric air tongue entering the troporesearch flights between the Tropics and Arctic regions that
sphere is, still, adjacent to the jet stream. These structurehe chemical transition is rather well centred around the ther-
are caused by the considerable wind shear and horizontallynal tropopause, whereas the 2 pvu tropopause is located 1
cover about 100km. They are also characterized by a tranto 3km lower. As is also known from the operational ra-
sition of the o0zone mixing ratio from stratospheric to tropo- diosonde ascents, slightly elevated water vapour typically ex-
spheric values. Figure 9 of Shapiro (1980) shows ozone andends to 1 to 3 km above the thermal tropopause.
condensation nuclei during a flight through a tropopause fold In agreement with the findings reported in the literature
at a pressure level of 366 mbar (about 7.9 km, i.e. possiblyour long-term aerosol observations (Jager, 2005; Trickl et al.,
in an early phase of the descent). At the centre of the fold2013) have often revealed structures concentrated around the
the density of the condensation nuclei, 200¢was about  thermal tropopause, presumably caused by volcanic erup-
10 times smaller than that outside the fold, and ozone maxtions or fire plumes just reaching the tropopause region. In
imized at 248 ppb. Towards the edges the number of nucleaddition, during the years after the Pinatubo eruption strato-
grew and ozone diminished. Shapiro estimates a 50 % ozonspheric aerosol frequently “leaked” 2 to 3 km below the ther-
loss to the adjacent tropospheric layers (a value confirmed bynal tropopause. This behaviour is confirmed by our obser-
Vogel et al. (2011) based on flight data fog @hd CO and  vations with the ozone lidar. However, sharp cut-offs within
model calculations). No values inside the fold are specifieda few hundred metres below the thermal tropopause exist for
for lower altitudes. Condensation nuclei densities in the low-both species.
ermost stratosphere were 50 to 100¢niFig. 3 of Shapiro, More information on the research on the tropopause region
1980). Thus, the enhancement must be ascribed to some adan be found in a recent review by Gettelman et al. (2011).
ditional tropospheric input.

Shapiro does not address the question of how much of the
“tropospheric” component was already present before the aig  Methods
mass reached the region of descent. Clearly, the tropopause
upstream of a fold is not a rigid barrier between the tropo-3.1 Measurements
sphere and the stratosphere. Vertical exchange in both direc-
tions occurs, forming a transition region (see literature citedThe tropospheric ozone lidar is operated in Garmisch-
in the Introduction). Partenkirchen, Germany (IMK-IFU, formerly IFU;

In the absence of ozone plumes advected just below thd7°2837’ N, 11°3'52"E, 740mas.l.). The laser source
tropopause we regard the onset of the strong ozone rise tas a Raman-shifted KrF laser, and two separate receiving
wards higher altitudes as the tropopause since the definitiotelescopes are used to divide the dynamic range of the
of the stratosphere is related to ozone. Examples show thdiackscatter signal of roughly eight decades. This lidar was
the rise in ozone is well correlated with that of the potential completed as a two-wavelength differential absorption lidar
vorticity and that the first, strong rise of the potential vor- (DIAL) in 1990 (Kempfer et al., 1994). It was upgraded
ticity can even start at about 1 pvu (potential vorticity units; to a three-wavelength DIAL in 1994 and 1995 (Eisele and
1pvu= 109K m?kg—1s1) or even below (e.g. Danielsen Trickl, 1997, 2005), leading to a unique vertical range
et al., 1987; Pan et al., 2004). It is, thus, common practicebetween roughly 0.2km above the ground and 3 to 5km
in model-assisted investigations to use a potential-vorticityabove the tropopause, the measurement time interval being
threshold to define the tropopause (dynamical tropopausejust 41 s. It features low uncertainties of abétR ppb in the
in particular in the vicinity of tropopause folds where the lower free troposphere, growing to6 ppb (under optimum
use of the thermal tropopause is not reasonable (see Kuangpnditions) in the upper troposphere. The uncertainty further
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diminished after a system upgrade in 2012, with the intro- In addition, in situ data from the monitoring station at the
duction of a new ground-free input stage to our transientZugspitze summit are used, in particular ozone, CO and RH.
digitizers (Licel) that reduced the noise level by more thanOzone has been measured since 1978 (e.g. Reiter et al., 1987;
a factor of three. For the range covered by the near-fieldScheel et al., 1997; Oltmans et al., 2006, 2012). A chemilu-
receiver (below 1.2 km above the lidar) the uncertainty is of minescence instrument (Bendix 8002, Bendix Corporation,
the order oft6 ppb. Comparisons with the Zugspitze in situ USA) was in operation until 1999. Thereafter, only ultravio-
measurements (see below) show no relevant mutual bias, tHet absorption instruments have been employed (TE49 anal-
standard deviation of the differences being less than 2 ppbysers, Thermoelectron, USA). The uncertainty level of the
The upper-tropospheric performance may be degraded in thezone measurements is less than 1 ppb. CO has been mea-
presence of high lower-tropospheric ozone concentrationsured since 1990, using instrumentation based on gas chro-
absorbing a lot of the ultraviolet laser emission and by matography with a mercury reduction detector (RGD2, Trace
enhanced sky light in summer, in particular in the presenceAnalytical, USA) or gas filter correlation infrared absorp-

of clouds. Thus, longer data acquisition times, requiringtion (TE48S, Thermo Electron, USA) as well as vacuum res-
some technical modifications, are planned for the future.onance fluorescence (AL5001, AeroLaser, Germany). Two
The vertical resolution is dynamically varied between 50 mdifferent systems have been running in parallel for most of
and a few hundred metres, depending on the signal-to-noisthe time. RH is measured with a dewpoint mirror (Thygan
ratio decreasing with altitude. The lidar has been used inVTP6, Meteolabor, Switzerland) with a quoted uncertainty
numerous atmospheric transport studies (e.g. Eisele et albelow 5% RH.

1999; Seibert et el., 2000; Carnuth et al., 2002; Trickl et al.,

2003, 2010, 2011; Zanis et al., 2003). 3.2 Models

The water-vapour DIAL is operated at the Schneefern-_ | ,
erhaus high-altitude research station at 2675zh aabout Daily STT forecasts for a number of European observational

8.5km to the southwest of IMK-IFU. 0.7 km to the south- Sites have been made with a trajectory model by ETH Zirich
west of and about 300m below t’he Zugspitze summitSince late in the year 2000 (Zanis et al., 2003; Trickl et al.,

(2962masl.). Full details of this lidar system were de- 2010), started within the STACCATO project (Stohl et al.,
scribed by Vogelmann and Trickl (2008). This lidar sys- 2003b). Since June 2001 so-called “intrusion hit tables” have

tem is based on a powerful tunable narrow-band Ti:sapphiré’_een ad_ditionally distributed giving a crL_Jde_estimate of the
laser system with up to 250 mJ energy per pulse (typica|t|me—he|ght development of stratospheric air above the four

choice: 100 mJ) operated at about 817 nm and a 0.65m gipartner stations Jungfraujoch, Zugspitze, Monte Cimone and

ameter Newtonian receiver. Due to these specifications a verl essaloniki over several days. The stratospheric air intru-

tical range up to about 12 km is achieved, almost indepenSiOns presented here also were forecast in this way. On each
dent of the solar background, with measurement duration§@Y; trajectories are calculated with the Lagrangian Analy-
of about 15min. The vertical resolution chosen in the dataSiS T00l (LAGRANTO; Wemli and Davies, 1997) for the
evaluation is dynamically varied between 50 m in altitude re-Start times 00:00 and 12:00 UTC, as well as for 00:00 and
gions with good signal-to-noise ratio and roughly 260 m in 12:00 UTC on the following day, using qperauonal forecast
the upper troposphere. Under optimum conditions the nois¢lat@ from the European Centre for Medium-Range Weather
limit above 10 km s.l. corresponds to uncertainties of about Forecasts (ECMWF) with®Lx 1° resolution. For each start
+1.5x 10°°m~3 (density) or about 18 ppm (volume mix- time 4-_day fomard tra!ectones are _calculated, starting in
ing ratio). In the lowermost part of the operating range (3 the entire region covering the Atlantic Ocean and western
to 4 km) we estimate a density noise limit6 x 10?0m-3 ~ Europe (20E to 80 W and 40-80N) between 250 and

or roughly+25 ppm for layers with very low humidity. Un- 60mear. From this large set of tra_Jectorle_s_ those initially
der average temperature conditions this corresponds to aboffgSiding in the stratosphere (potential vorticity larger than
+0.5% RH. Under humid conditions we estimate a rela-2-0PvU) and descending during the following 4 days by more
tive uncertainty of about 5%. Free-tropospheric measurefhan 300 mbar into the troposphere were selected as “strato-

ments clearly benefit from the elevated site outside or juslspheric intrusion trajectories”. The same selection criterion

below the edge of the moist Alpine boundary layer (e.g. Car-as used in a previous case study (Wernli, 1997) to study an

nuth and Trickl, 2000, 2002). After a few years of testing intrusion associated with a major North Atlantic cyclone.
validating and optimizing the system, routine measurements F0r the cases of the present study, the LAGRANTO cal-
were started in January 2007 with typically two measure-culations were repeated, based on the ECMWF ERA-Interim

ment days per week, provided that the weather conditionée'analySiS data set (Dee et al., 2011), at_intervalg of6h s.tart-
are favourable. During this period also successful compariNd at 00:00UTC on each day. The trajectory time period
isons with an airborne DIAL and a ground-based Fourier-Was extended_ from.4 to 5 days. This resultslln an enhanced
transform infrared spectrometer (Wirth et al., 2009: Viogel- NUmber of trajectories accepted by the algorithm because of
mann et al., 2011) were achieved verifying average mutuaf higher probability of descent below the threshold altitude.

biases of not more than 1 %.
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In addition, backward analyses were carried out. For longticular since strong pollution-related ozone peaks seem to be
transport paths trajectory analyses based on a moderate nuron the decline.
ber of trajectories become less meaningful due to increas- In the majority of the intrusion cases observed over
ingly bad geographical coverage and the neglect of turbu-Garmisch-Partenkirchen the descent of the stratospheric
lent mixing. As a consequence backward options of the Ladayer to the lower troposphere occurs prior to the arrival of
grangian particle dispersion model FLEXPART (Stohl et al., the stratospheric intrusion at the northern rim of the Alps,
1998, 2005) have been developed and successfully appliegarticularly for the start of the subsidence over Canada or
(early examples: Stohl et al., 2003a; Trickl et al., 2003; even farther to the west (Types 5 and 6 as classified by Trickl
Huntrieser et al., 2005). Turbulence and convection in theet al. (2010) based on source regions). In some cases the de-
planetary boundary layer (PBL) as well as moist convectionparture of the descending layer from the tropopause could
throughout the atmosphere are accounted for in the FLEX-also be followed. In these cases the intrusion occurred closer
PART model. The so-called retroplumes yield a much moreto the Alps or the stratospheric air stayed in the tropopause
complete picture of where the air masses come from thamegion much longer and descended in a late phase. In the case
simple trajectory calculations. The model output of a FLEX- of a “classical” direct intrusion (Type 1 as defined by Trickl
PART backward calculation is a 4-D emission sensitivity et al., 2010) the stratospheric air anticyclonically descends
field which is proportional to the residence time of the par- from Greenland to the Alps, and the intrusion layer exhibits
ticles. Longer residence times mean a higher sensitivity tosome east—-west inclination (Reiter et al., 1970-1977), with
the local emissions. Altitudes of 500 m and less, as used ihigh ozone concentrations at the eastern edge and moder-
the investigations presented here, can be used to identify aate ones at the lower-lying western edge that hits the Alpine
eas of potential emission uptake from the surface. By foldingsummits. The subsidence observed with the lidar systems in
the emission sensitivity with emission fluxes from appropri- previous studies (e.g. Eisele et al., 1999; Zanis et al., 2003;
ate inventories the source regions may be highlighted. For th&Tickl et al., 2010) is to a major extent due to an eastward
simulations carried out within this work the EDGAR 3.2 fast- drift of the layer roughly perpendicular to the principal direc-
track inventory for the year 2000 (Olivier and Berdowski, tion of the air mass propagation. Most stratospheric air intru-
2001) has been used. Within this study, the potential influ-sions starting outside Europe and passing over the Northern
ence of the East Asian PBL on two intrusion layers has beerAlps hit the Zugspitze summit (2962 rred.; Trickl et al.,
investigated, but no indication was found. 2010). The peak ozone mixing ratio observed here rarely ex-

In the present study particles were released in 200 nceeds 80 ppb.
bins in the air column above Garmisch-Partenkirchen, up to In what follows we first briefly discuss three intrusion
12kmas.l., and every hour during observation periods. The cases deviating from the ideal picture of homogeneous de-
backward simulations are carried out for periods of 20 daysscending layers. These cases are characterized by splitting
They include a full “retroplume analysis” as described by of the intrusion layers into thin filaments. Even under these
Stohl et al. (2002a). Both the mean horizontal and verticalconditions the centres of the air masses were found to be ex-
position of up to five clusters of the retroplume for a 200 m tremely dry, exhibiting almost no sign of mixing with the
bin are given as well as the fraction of air coming from the moister tropospheric air. In Sect. 4.4 we then summarize the
PBL and from the stratosphere (threshold 2.0 pvu, polewardsesults for the measurements with the water-vapour DIAL
of 30°) as a function of backward time. Tables of the vertical obtained for quite a variety of deep stratospheric intrusions
distribution of the stratospheric air fractions were generatedsince 2004. Finally, in Sect. 4.5, we add a short section on the
at 1h intervals during the observational periods. The averCO level and trend in intrusions as observed at the Zugspitze
age values of the stratospheric fractions values were givesummit between 1990 and 2004.
for four backward time intervals: 0-5, 5-10, 10-15 and 15—
20 days. 4.1 6 March 2008

4.1.1 Lidar measurements
4 Results

The first series of simultaneous ozone and water-vapour
Stratospheric air intrusions have been observed aboveneasurements at Garmisch-Partenkirchen took place during
Garmisch-Partenkirchen on more than 200 days since 1996 particularly spectacular and complex intrusion period ex-
either with the ozone DIAL (e.g. Eisele et al., 1999; Zanis hibiting in three layers the highest ozone mixing ratios ever
etal., 2003; Trickl et al., 2010), the water-vapour DIAL (first seen in lidar measurements of stratospheric intrusions above
examples: Vogelmann and Trickl, 2008), or both systems. FoiGarmisch-Partenkirchen during the past 15 years. The results
example, in 2013 free-tropospheric ozone peaks on roughlyrom both lidar systems and the summit station are shown
60 % of the measurement days have been attributed to ain Figs. 1, 3 and 4. Figure 2 shows a FLEXPART model
subsiding from the tropopause region. This underlines thecalculation, described further below, that captures the main
importance of STT for the tropospheric ozone budget, in parfeatures of the lidar series. Figure 5 shows an example of
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March 6, 2008 FLEXPART, March 6, 2008
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@ 8 - 0%
E - 705
=7 - 120 f
) - 13 4.1.2 Zugspitze data
ElD e
<5 b The top of the lowest ozone peak did not fully reach the
. 3% Zugspitze summit, but, still, 101.9 ppb were registered at the
2.60 . . . .
. = 250 summit station at 09:30 CET (Fig. 4), one of the highest val-
11 12 13 14 15 16 ’ ues ever recorded at this station during intrusions. The RH
Time [h] at the station did not drop below 14 % which strongly con-

Figure 1. Ozone and water-vapour sounding series on tra_sts the Ii_dar measurements that _show zero minimum RH.
6 March 2008, showing three high-ozone (low-humidity) lay- 1his fact will be further discussed in Sects. 4.4 and 5. For
ers (L1-L3) caused by a stratospheric air intrusion system; thecomparison, the minimum RH from the radiosonde ascents
time is given with respect to 00:00 CET (Central European Time, at OberschleiSheim (“Munich” sonde, 100 km roughly to the
=UTC+ 1h). The numbers denoting the colour of a givepCH  north of IMK-IFU) is 1%. A look at recent sonde data, in
density range correspond to the respective lower boundary. general, shows that, for unknown reasons, 1% is the lowest
value tabulated by the German Weather Service.
It is interesting to note that the Zugspitze CO drops during
LAGRANTO forward trajectory calculations based on re- e period of highest ozone. Such a drop during an intru-
analysis data (see below). _ . sion is not always clearly seen — see also Trickl (2010) and
The maximum ozone mixing ratios retrieved for Lay- the other examples in this paper. However, the minimum CO
ers L1-L3 (upper panel of Fig. 1) are 122, 177 andyajye of 110 ppb is considerably higher than the CO mixing
195 ppb, respectively (Fig. 3). The 0zone measurements Wergytios between 20 and 40 ppb reported for the stratosphere
started rather late, at 06:32 CET (Central European Time(e.g_ Zahn et al., 1999: Fischer et al., 2000: Pan et al., 2004:
=UTC+1h) on 6 March when a period of rapid subsidence Hegglin et al., 2009; Vogel et al., 2011). This suggests that
of the huge ozone peak of Layer L2 was already approachingven strong intrusions such as the one presented here orig-
its end. _ inate in the mixing zone extending up to 3 to 5km above
The water-vapour measurements (lower panel of Fig. 1jhe thermal tropopause (Hoor et al., 2002; Sprung and Zahn,
were started at 10:30 CET due to the delay caused by thep10). pue to the low humidity determined with the lidar

roughly 2m of fresh snow. The retrieve¢@ densities show  gyrgpe is unlikely.

a considerable similarity in the temporal development of the

layering with that of ozone. The two layers still visible after 4.1.3 Model results

the beginning of the measurements, L1 and L3, are charac-

terized by extremely low humidity sometimes reaching zero.The LAGRANTO trajectory calculations reveal a filamentary

The density unit of the colour scale,18 x 10?2m~3, cor- structure with Garmisch-Partenkirchen being located under-

responds to mixing ratios of about 78 ppm at 3.0 km andneath the easternmost filament of the southward branch of the

111 ppm at 6.2km (RH 1.6 and 7.7 %, respectively). intrusion (Fig. 5). The filament exhibits trajectories passing
It is interesting to note that the dry layer L3 can be fol- at a variety of altitudes, depending on the start time. How-

lowed much longer in the $O data than indicated by the ever, the trajectory density is too to show the details seen in

corresponding high-@values. The strongly dropping ozone the observations.

and the slightly rising humidity could indicate a transition = The most important message is that the stratospheric fila-

from air of stratospheric origin to air of upper-tropospheric ments are spatially rather confined, but despite this fact very

origin. high ozone values and very low humidity were observed.

These air masses were clearly not subject to significant

Atmos. Chem. Phys., 14, 99418961, 2014 www.atmos-chem-phys.net/14/9941/2014/
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mixing with the surrounding tropospheric air during their
travel from Greenland to the Alps.

FLEXPART 20-day retroplume calculations were used to 12 ;———
evaluate the stratospheric air mass fraction for the observa: ]
tional period shown in the upper panel of Fig. 1 (Fig. 2). The E
average fractions for the four 5-day backward time periods 10§
(0-5, 5-10, 10-15, 15-20 days) are almost equal, which sug- E
gests that the intrusion air was of truly stratospheric origin __
and descended through the tropopause only during the las 83
5 days before the arrival. The highest values were, however,g 7
obtained for the 0-5 and 5-10-day intervals, suggesting that=
some of the air may have been in the stratosphere for only
a few days. Therefore, in Fig. 2 we give the results just for
the first backward time interval. Apart from some vertical

9

Altitude

displacement of layers L1 and L2 the agreement is excellent. E March 6, 2008
As expected from the high ozone levels measured with the 33 L1 — S?ﬁ gg
lidar, the maximum stratospheric fractions are of the order of — 940CET |
50 % and, thus, reasonably high. E : —— 11:00CET 3
Very importantly, the drop in the FLEXPART fractions r——
0 50 100 150 200 250

around noon in Layer L2 almost matches in time the ozone
cut-off. At the same time the water-vapour density starts to
grow. This reflects a transition from a more stratospheric t0giq re 3. Selected ozone profiles from the measurement series

a tropospheric nature of the air mass. It is reasonable t0 aShown in the upper panel of Fig. 1; a few error bars representa-
sume that this behaviour was imported from the Arctic sourcetive for the respective altitude ranges are given for a judgement of

Ozone [ppb]

region. the data quality that is influenced by the strong light absorption in
the intrusion layers. The Munich thermal tropopause was located at
4.2 26to 27 December 2008 11.3km at 01:00 CET (00:00 UTC) and at 10.6 km at 13:00 CET.

4.2.1 Lidar measurements

A particularly thin intrusion passed over Central Europe on
26 and 27 December 2008 (Fig. 6). The layer differed from

all others observed since the beginning of our focused studies ,,, £ugspitze, March 2008 -
in 1996 by the combination of two properties: it could be ob- T3 reono
served all the way down from the tropopause to 3kmandwas —co 200
very thin even in the upper troposphere. Again, a FLEXPART 1 2 RH < 60:30min

80 250

run nicely verifies the measurements (Fig. 7; details: see fur-_,
ther below). Nevertheless, the same drop in ozone concentra‘é
tion took place as in all cases in which strong subsidence wasg _ NPONAWIY
observed with the lidar. In the upper troposphere the mix- & _ <<>&“’ﬁ,ijv\/ \
ing ratio was about 160 ppb (09:00 CET). The ozone values
dropped to values of about 90 ppb until noon and roughly A My NV
60 ppb during the early hours of 27 December, when the layer : A g0
had descended to 3.2km. Towards the end a slight rise was el
observed. 4 s 6 7 s °
The water-vapour DIAL was not available because the Day

Schneefernerhaus station was closed over Christmas. Ifkigyre 4. zugspitze ozone, CO and RH in early March 2008; the
stead, we give in Fig. 8 the two Vaisala RS-92 sonde mearange of elevated values in the black top trace indicates the period
surements at Oberschlei3heim on 26 December at 13:00 CEdf STT according to filtering Criterion 2 of (Trickl et al., 2010),

(12:00 UTC) and on 27 December at 01:00 CET. Despite tha.e. RH< 60 % and RH< 30 % within the adjacent 6 h. The violet
considerable distance between the lidar and the sonde st&iangles on the RH curve also mark the time period during which
tion the agreement of the layer positions for the two launchCriterion 2 was valid. Despite the remarkable ozone rise, the CO
times is satisfactory which could be due to an approximatemiXing ratio stays far above full stratospheric values of 20 to 40 ppb.
east—west propagation of the air stream (see LAGRANTO

trajectories further below). The descent of the intrusion layer

200

CO [ppb], RH [%]

I W 150
. AW
[ N

100
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STT Forecast 2008/03/04 12 UTC
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Figure 5. The 5-day LAGRANTO intrusion trajectories, based on ECMWF re-analysis data: the trajectories were initiated on 4 March 2008,
at7o =12:00 UTC (13:00 CET). The time positions on the trajectoriesdpty + 2 day and + 4 day are marked by dark blue, light blue

and black dots, respectively. The position of Garmisch-Partenkirchen is marked by a red dot. It is reached almost exactly 2rgaybafter
pressure level of 700 mbar corresponds to an altitude of approximately 3 km (Zugspitze).

and its considerable dryness are clearly documented. Again, The FLEXPART results (Fig. 7) reproduce the thin struc-

1% RH is the lowest value listed. ture of the intrusion layer. However, the stratospheric frac-
. tions are significantly lower than in the first case. Again, the
4.2.2  Zugspitze data average fractions do not differ very much on the absolute

scale. But this time the maximum is located within the 5—

The intrusion layer was clearly verified at the Zugspitze sum-1 days backward time period, with lower values between 0
mit between 26 December, 21 CET, and 27 December, 4 CETq 5 gays; indicating a longer time since the air had left the

(Fig. 9). There is a steep rise in ozone from 42 to 49 ppb ONtratosphere.
26 December and then a less pronounced increase in the af- tq yery low RH values in Fig. 8 indicate some significant
ternoon of 27 December. The minimum RH was 30 and 26 %, /erestimation of mixing in the model (or a lack of vertical

respectively. However, a quantitative comparison is not poSyego|ytion) due to the narrow vertical width of the layer. The

sible since the lidar data in Fig. 7 suggest that the peak of thesy reqits demonstrate that strong decrease of the ozone val-
layer passed slightly above the summit station. ues in the very thin upper part cannot be explained by mix-
ing during the long travel alone (3 to 4 days) from the region
around Spitsbergen to the Alps. The difference in mixing ra-

As in the case study presented in Sect. 3.1 the LAGRANTO!O is more likely caused by the d_etails of the air mass export
trajectory calculations indicate some filamentation (Fig. 10).rom the stratosphere at high latitudes.

The filament observed propagates around the eastern side of

an anticyclone and finally very rapidly descends towards thet-3 22 to 23 January 2009

station in almost zonal orientation. The role of a transverse

component in the layer descent of Fig. 6, which is an impor-A second spectacular case, for which extended simultaneous
tant factor in many lidar observations of stratospheric intru-lidar series of both ozone and water vapour were achieved,

sions, could not be identified due to an insufficient resolutionoccurred on 22 and 23 January 2009 (see Fig. 11 for ozone,
of the model results. Fig. 12 for selected ozone and water-vapour profiles). On

these 2 days, again, an intrusion system descended all the

4.2.3 Model results

Atmos. Chem. Phys., 14, 99418961, 2014 www.atmos-chem-phys.net/14/9941/2014/



T. Trickl et al.: How stratospheric are deep stratospheric intrusions? 9949

December 26 to 27, 2008

FLEXPART, December 26 to 27, 2008
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Figure 6. Time series of ozone from lidar measurements on 26 andFigure 7. FLEXPART stratospheric fractions for the period shown
27 December 2008, showing a very thin stratospheric air intrusionin Fig. 8, obtained from 20-day retroplume calculations; the average
descending from the tropopause to almost 3 ksh.aafter the de-  fractions for the first 5 backward days are taken.

scent the intrusion seems to climb again to more than 4 km.

"""" | AAAAAAAAL] RALLALAAR) LAAAAAALA] RAALLAAAL) RAALAALAA] LAALALALA] RALLLLLAL) LALLLLALA] RALALAALL
Munich Radiosonde

December 2008

—— December 26, 13:00 CET -
—— December 27, 1:00 CET

way from just below the tropopause down to the Alpine sum-
mit levels (marked by the labels L1 and L2 in Fig. 11). This
intrusion system was accompanied by a second layer of el-
evated ozone (marked by L3 and L4) that stayed at rather
constant altitude, first just slightly above and later around the
Zugspitze summit (Zugspitze data: Fig. 13). A third highlight
of this case is that, despite a much longer advection time,
considerable dryness was, again, observed.

In Fig. 12 we give two HO density profiles from two
relevant time periods, together with ozone profiles from al-
most simultaneous measurements. In both intrusions, again
the water-vapour density was very low. For the narrow lower
layer (labelled as L3, L4) the values were particularly small
between 14:30 and 18:20 CET on 22 January, with an aver-
age of 22 x 1072°m—23 and a standard deviation of24x
10-2°m=3, For comparison, 1% RH, calculated from the
temperature data of the Munich radiosonde, corresponds tc
an HO density of 7x 1072°m~—23 at 3200 m.

Despite the lower-stratospheric humidity level the ozone
values in the lower intrusion layer, with one exception Figure 8. RH profiles of the Munich radiosonde on 26 and 27 De-
at 21:00 CET, stayed below 70ppb. The extreme drynessember 2008 (source: German Weather Service); the intrusion layer
demonstrates that the moderate ozone cannot be explaingglseen at 6.7 km (26 December, 13:00 CET) and at 3.4 km (27 De-
by mixing of the stratospheric layer with the surrounding tro- cember, 1:00 CET). Note that the sonde data are cut off at 1% RH.
pospheric air. Thermal tropopause: 11.3 and 10.2 km, respectively.

Although the time series in Fig. 11 looks coherently struc-
tured this event was rather complex and related to longer ad-
vection starting over Canada (Figs. 14 and 15). Again, fila-and Labrador, respectively, approaching Europe parallel on
mentation is observed and the different elevated-ozone segptraight pathways. S1 faded away within less than 1 day, but
ments are due to the passage of different filaments or combiis still visible for 18 January, 12:00 UTC (Fig. 14).
nations of filaments. Since the main focus of this paper is on During the final part of the approach parts of both intru-
the humidity results the interpretation of the intrusion layerssions curl off and lead to the formation of a number of fila-
of L1-L4 is simplified and shifted to the following section. ~ments that change with time. Four different filaments create
the pattern of Fig. 11 and define the different layers marked
as L1toL4:

10 H

Altitude [m a.s.l.]

5

0

......... MM L s L L ) L L s
10 20 30 40 5 60 70 80 90

Relative Humdidity [%]

0

4.3.1 Brief analysis

The LAGRANTO trajectory images in Figs. 14 and 15 yield 1. Intrusion layer L3 is related to a filament arriving above

some information for understanding the observations shown
in Fig. 11. For STT trajectories initialized early (e.g. 18 Jan-

uary, 00:00 UTC, not shown) there are two broad bands of
STT trajectories (named S1 and S2) originating over Québec

www.atmos-chem-phys.net/14/9941/2014/

Garmisch-Partenkirchen from the southwest (Spain) at
low altitudes (Fig. 14). This filament, interestingly, con-
tains components from both S1 and S2. The travel time
of these components was roughly 4 days.

Atmos. Chem. Phys., 14, 99964, 2014
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., Zugspitze, December 2008 4.4 How dry are stratospheric air intrusions?
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_—g%g e [ 300 In 2004 and between 2007 and June 2013 very dry air lay-
4 RH<60/30min ers descending to 5.5km and less are observed with the
= Zugspitze water-vapour DIAL on a total of 80 days. This is
roughly one quarter of the full number of measurement days
and, again (Trickl et al., 2010), demonstrates the significance
of deep downward transport of lower-stratospheric air for the
ozone budget at high peaks of the Alps. On 8 of these days
. 1 there is some uncertainty about the stratospheric nature of
Ay T ol ~1° the air mass due to unclear trajectory results or the absence
0 of a pronounced ozone peak in the corresponding measure-
ments with the ozone DIAL.
A selection of these cases is listed in Table 1. To com-

i
]
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Figure 9. Zugspitze data around 26 December 2008; during thepare these cases with the Zugspitze summit station only in-
intrusion period on late 26 December and on 27 December onlytrusions with centres subsiding to at least 3.6 ksi.adur-

a slig

2.

ht anti-correlation of ozone and carbon monoxide is seen. ing a specific measurement period are included. The max-
imum uncertainty of the values in intrusion layers derived
. from the DIAL measurements around 3 km is of the order of
Layer L4 corresponds to a direct descent further g, 145-20,-3 45 ppm or+0.5 % RH (Sect. 3.1), unless
n_orth within S2, as verified by backward trajecto- there is detector overload caused by particles or snow from
ries calculated W'th_the HYSPLIT model (Draxler the adjacent slopes blown through the laser beam. RH data
anq Hess, 1998http.//ready.arl.noaa._gov/HYSPLIT__ gaps caused by a computer failure or the death of co-author
traj.php travel time from the southemn tip of Greenland: | ‘e 'gcpeel were filled by values from the German Weather
4105 days). Service (Deutscher Wetterdienst, DWD) registered at the ad-

. Layer L1 stays at rather high altitudes, and this isJacent DWD Zugspitze summit station.

also the case for the corresponding trajectory bundle Ve also give the intrusion types as defined by source re-
identified in Fig. 15. Layer L1 emerged from a later 9ion and pathway by Trickl etal. (2010) and crude estimates
phase of intrusion S2 and proceeded to Southern Spaiff the transport time determined from trajectories. The short-
and Northern Morocco before turning towards Cen- €St travel times are associated with Type-1 intrusions that an-
tral Europe and farther to the northeast. Garmisch-ticyclonically approach from the region around Greenland to
Partenkirchen is slightly missed by this bundle. This Central Europe. For these cases normally very low water-
could be due to uncertainties in the trajectory analysis Vapour densities are registered. Type 2 corresponds to the
However, we believe that, due to a missing pronouncedS@me source region, but with cyclonic approach to Garmisch-
descent, some trajectories could have been missed bartenkirchen. In many cases longer transport times occur,
the ETH pressure-difference criterion used for identify- In particular if the intrusion propagates far south along the
ing strong descent. This view is confirmed by HYSPLIT West coast of Europe before some of the air mass returns
backward trajectories calculated for Layer L1: they run towards the Alps. Formation of large-scale loops in the ad-
parallel to the branch in Fig. 15 marked by L1 and reveal Vection pathway has also been observed for Type 2, e.g. on
an air mass descent from about 11 km slightly south of11 November 2004 and 25 April 2013. For longer advection
Greenland. (Type 5: from Eastern Canada; Type 6: from Canada west of
80° W or even more remote regions, identified by HYSPLIT

. Layer L2 is deceiving since the almost straight descentcalculations) the humidity values in the intrusion layers vary

of the high-ozone layer in Fig. 11 looks almost contin- even more.
uous. Both the LAGRANTO and the HYSPLIT analy-  The full statistics on the deep stratospheric intrusions reg-
ses show that two different pathways are involved. Inistered with the water-vapour DIAL are shown by the his-
Fig. 15 we label the trajectory bundle that correspondstograms in Fig. 16. In the figure we just focus on the volume
to layer L2. Within the following 6 h it shifted westward mixing ratio which is the most important quantity for judg-
and exactly passed over Garmisch-Partenkirchen in théng the modification of the dry layers on the way downward
00:00UTC (01:00 CET) LAGRANTO trajectory plotat from the tropopause region. The panels are given for differ-
altitudes agreeing with those observed. ent ranges of travel times estimated from the LAGRANTO
and the HYSPLIT trajectories. For the longer travel times the
width of the distribution grows in agreement with the idea of
increasing tropospheric contributions in these layers. There
is some indication of a bimodal behaviour for the longest
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Figure 10. The 5-day LAGRANTO intrusion trajectories, based on ECMWF re-analysis data: the trajectories were initiated on 23 Decem-
ber 2008, ato =00:00 UTC (01:00 CET). The time positions on the trajectoriesdon + 2 days ando + 4 days are marked by dark blue,

light blue and black dots, respectively. The position of Garmisch-Partenkirchen is marked by a red dot. It is reached during the observational
period.

travel times, with a very dry component still being observ- southern Greenland (representing the most typical source re-
able. This suggests that the air mass can stay more or leggon) in the uppermost 0.5 to 1.0 km of the troposphere. We
unchanged for 1-2 weeks (the time of descent in the HYS=selected the months March and July 2008 to represent two
PLIT results) in a significant number of cases. In the otherdifferent seasons. The average mixing ratios are 85 ppm dur-
cases we hypothesize a growing probability of entrainmening both months, but the standard deviations, 62 and 31 ppm,
of moist tropospheric air. Such entrainment can occur bothrespectively, differ strongly. Also the vertical variability of
by convection or turbulence driven by strong vertical wind the thermal tropopause above Narsarsuaq is substantially
shear. stronger in March (roughly 5 to 10km) than in July (9 to
Table 2 lists the average values and standard deviations df1 km).
different types of humidity for the three ranges of travel times  The 50 % mixing, as estimated by Shapiro, corresponds to
specified in Fig. 16. Most importantly, the average mixing ra- an average of the stratospheric mixing ratio of 5 ppm and the
tio for the direct intrusions associated with short travel timesabove monthly average, i.e. 45 ppm. This agrees well with
stays below typical upper-tropospheric values of the orderthe average of the minimum values listed in Table 2 for travel
of 100 ppm that we derived from radiosonde data (see alsdimes up to 3 days. On the other hand, the conservation of
below). If we exclude the seven values exceeding 100 ppnthe mixing ratio during the travel of the air mass to the Alps
the average and the standard deviation become as low asould suggest low additional mixing of an intrusion layer
14 and 28 ppm, respectively. This standard deviation agreeafter penetrating deeper into the troposphere. It is difficult to
with our error estimate for the DIAL measurements. For RH, understand why mixing would stop abruptly as the air de-
a slightly larger standard deviation of 1.1 % is obtained duescends. In addition, the high number of even drier cases ob-
to the extended altitude range of this assessment. served by us challenges the 50 % fraction of tropospheric air
Shapiro (1980) suggested a 50 % mixture of stratospheridn the literature. These issues are discussed in Sect. 5.

and tropospheric air in intrusion layers after the phase of From the large number of comparisons between lidar and
strongest turbulent mixing. In order to compare our resultsstation we can conclude that there is an obvious wet bias of
with this fraction we averaged the water-vapour mixing ra- the order of 10 % RH in the Zugspitze station data (Table 1).
tios from the radiosonde data for the station Narsarsuaq irOf course, RH values significantly exceeding 10 % are also
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January 22 to 23, 2009
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Figure 11. Ozone soundings on 22 and 23 January 2009; four intrusion layers (L1, L2, L3, L4) are identified, corresponding to different
advection pathways (see text).

Table 1. List of minimum humidity values (volume mixing ratio, VMR, and RH) in stratospheric air intrusions detected with the water-
vapour DIAL; only intrusions that descended to 3.6 km and less and (with one exception) observed at the Zugspitze summit were included,;
the values are compared with minimum-RH data from the Munich or Stuttgart radiosonde (RHS; AltS: layer altitude in sonde measurement)
and the Zugspitze summit station (RHZ; in italics: from DWD). The intrusion types are listed as defined by Trickl et al. (2010). The crude
travel time (TT) is estimated from the trajectory results. OZ: measurement(s) of ozone DIAL available; AltM: altitude of sonde minimum RH.

Date Time Alttude Min.VMR Min.RH Intr. TT OZ RHS AIltS RHZ
[CET] [km] [ppm] %] type [day] [%] [km] [%]

12 Mar 2007  22:25 2.9 0.0 0.0 3 2 No 5 27 7.7
5 Apr 2007 12:08 3.0 130.0 1.8 1 2 Yes 4 38 10.0
19 Apr2007  12:01 3.1 0.0 0.0 1 3 Yes 2 34 7.6
11 Oct 2007  14:12 3.3 36.4 0.4 1 4  Yes 5 27 14.5
310ct2007  12:39 3.3 —27.2 —0.4 1 2  No 2 33 14.0
13 Dec 2007  19:14 3.0 24.4 0.6 1 2 No 2 38 9.4
14 Dec 2007  16:15 3.2 11.6 0.4 1 4 No 1 33 17.0
11 Feb 2008  11:22 2.9 0.0 0.0 4 4  No 2 33 9.8
6 Mar 2008  11:18 3.0 0.0 0.0 1 35-4 Yes 1 36 14.5
19 Mar 2008  09:53 3.1 53.0 1.0 1 24 No (17) 3.2 (28.0)
17 Oct 2008  20:09 3.2 —27.3 —03 1 2 No 1 28 6.2
22 Jan 2009  16:49 3.1 —-15.9 —0.4 5 4 Yes 4 29 10.6
16 Mar 2009  13:58 3.4 124.8 2.2 1 35 No 2 51 (23.1)
27 Oct2009  12:54 3.6 —28.4 —0.4 4 15 Yes 3 37 9.5

8 Mar 2010  12:58 3.4 68.2 48 1 24 No 4 3.2 DWD

17 Mar 2010  16:10 3.3 -26.8 06 & >11 No 3 3.2 21DWD

4 Oct 2011 10:28 3.0 1.8 0.0 2 3 No 5 3.9 9DWD

24 Nov2011 10:18 3.3 162.1 25 5 4  Yes 5  4.23DWD

12 Jan 2012  16:06 3.3 3.6 01 26 >11 No 6 3.2 23DWD
8Aug2012  08:12 3.1 ~15.8 02 @& >13 No 7 4.0 29DWD

8 Oct 2012 09:42 3.0 0.0 0.0 2 24 No 1 3.08DWD

13 Feb 2013  12:31 3.1 15.2 0.6 1 2 No 5 4.0 n.a.
MearP 22.3 0.55 3.3 10.9
Standard deviatidh 54.0 1.27 1.8 3.3

2 From HYSPLIT run.
b Calculated without values in brackets and without RH values from the German Weather Service (Deutscher Wetterdienst, DWD).
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Table 2. Minimum humidity values in stratospheric intrusion layers 10000 r——— T e
as observed with the Zugspitze DIAL in the altitude range between 0~ e
2.9 and 3.6 km (in 2004 and from 2007 to June 2013) for different %% o, P e
travel times from the stratosphere to Garmisch-Partenkirchen. ¢ o 47ascET ]
8000 3 . 17 3
T N —— H,0,1356CET
Travel time Mean value Standard deviation _ 70003} — HO1649CET 3
= — = n(40%RH),
(a) Number density § eooo-f nen TR0 G 3
1to3days: & x100m=3  1.3x10%lm3 ) 5000_§ 3
4to6days: 2Ax10PIm3 29x10%1m3 £
>6days:  39x10°1m3  44x10%tm3 < 4000 o
(b) Mixing ratio 3ooo-§ 5‘
1to 3 days: 49 ppm 73ppm "0
4 to 6 days: 121 ppm 164 ppm 3 E
> 6 days: 222 ppm 247 ppm 0003 ]
. . 0 50 100 150 200 250
(c) Relative humidity Ozone [ppb], H,0 [10 mi”]
1to 3 days: 1.1% 1.5% ) . .
410 6 days: 21% 3.6% Figure 12. Two selected water-vapour density profiles from the
~ 6days: 350 33% single-day time series that ended shortly before 21:00 CET. The cor-

responding ozone profiles are given for comparison. The labels L1,
L3 and L4 correspond to those in Fig. 11. The dryness of the in-
trusion layers is further visualized by adding the number density

. . corresponding to 40 % RH, calculated from the Munich 13:00 CET
observed at the station due to the delay with respect to thesmperature profile.

lidar (change in air mass) or insufficient overlap with the dry
layer. In rare cases RH values in the range down to about 3 %

have been seen in the past. We tentatively ascribe this wejucing the low humidity levels in these air streams. The
bias to insufficient cooling of the dewpoint mirror. The DWD (ata inserted into Table 1 were downloaded from the web
RH data also exhibit this wet bias in the dry layers. A com- site http://weather.uwyo.edu/upperair/sounding.hémd, as
parison for an extended period showed reasonable agreemepfentioned, seem to be artificially cut off at a minimum of
between the two instruments within intrusions, although the1 o5 RH. For the case studies in Sects. 4.1-4.3 we obtained

Weather Service uses Vaisala HMP45D sensors instead Gfertically better-resolved data from the German Weather Ser-

a dewpoint mirror. This is due to the calibration procedure yjce.

applied. In summary, we conclude that the nature of intrusion lay-
We can clearly exclude that orographic effects (Carnuthers s far more stratospheric than indicated by the dewpoint

and Trickl, 2000; Carnuth et al., 2002) influence the mini- mirror instrument at the summit station. In the majority of

mum values of the in situ sensors. Daytime slope winds liftcases the minimum water-vapour mixing ratio in intrusions

moister air from lower altitudes to the summit station during that descended to at least 3.6 km is substantially lower than
the warm season, which then results in positive deviationgypical upper-tropospheric values.

from the DIAL humidity that is measured outside the shallow
slope-wind layer (Vogelmann and Trickl, 2008). However, 4.5 Trend of Zugspitze carbon monoxide 1990—2004
the wet bias of the in situ measurements is also present in
winter or during night-time when orographic upward trans- It is an interesting fact that Zugspitze carbon monoxide in
port does not take place and when there is no evaporatiostratospheric air intrusions never drops to stratospheric val-
from wet surfaces. In addition, during periods of subsidenceues. As mentioned in Sect. 4.1, 20 to 40 ppb of CO are ex-
the orographic influence is usually suppressed. pected for fully stratospheric air, but the multiple research
There is much better agreement of the lidar and the raflights (see Introduction) have found strong evidence of
diosonde data. Despite the considerable distance betwedrigher values in a “mixing layer” in the tropopause region.
the two measurement sites of about 100 km, the agreemee conclude that the intrusions observed at the Zugspitze
with the radiosonde data for OberschleiRheim (“Munich”; summit originate in the lowest few kilometres of the strato-
in a few cases the Stuttgart results had to be taken due tephere, with unknown upper-tropospheric admixtures.
missing data) within intrusions is reasonable (see Vogel- Figure 17 indicates a positive trend for CO in intrusion
mann and Trickl, 2008 for an example). The soundings ardayers whereas for non-intrusion layers the trend is oppo-
based on RS 92 sondes at least after August 2005 (Steirsite. This suggests that the lowermost high-latitude strato-
brecht et al., 2008) that are obviously capable of repro-sphere as the typical source of the intrusions observed at our
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, Zugspitze, January 2009 - transport (Table 1 and an unpublished example of long-range
ol =22 ris00 transport over more than twenty days; see also Bithell et al.,
- =05 1 M L ™ 2000). These observations demonstrate that without strong
4 RH<60130min - wind shear or convective processes free-tropospheric mixing
= * S is much slower than anticipated from earlier work. The exam-
g o ples shown here demonstrate that this is even the case when
g = A A Af—'ﬂw\r\wﬁngww - 2 the intrusion air mass is split into separate thin filaments. In
S “I~ “@MW w”\f\w ] 'U‘ i C% the March 2008 case very high ozone values were observed
ol W , A T e o at altitudes as low as 3 km, but this is quite exceptional.
2 ) | ) ] Our findings imply a challenge to atmospheric modelling.
10 ’“-\.‘,f , A_#,‘;;,;_.‘:‘a‘&*:? ” In addition to the resolution issue for reproducing strato-
o - —1 o spheric intrusion in models (e.g. Roelofs et al., 2003; Trickl
Day et al., 2010) the resolution of the underlying meteorologi-

_ _ _ cal data field and the parameterization of free-tropospheric
Figure 13. Zugspitze data around 22 January 2009; the maximummixing currently impose limitations. Pisso et al. (2009) re-
of intrusion layer L4 is visible during the final hours of 22 January. sgnstructed the observations of a Canadian fire plume over
CO drops by only 10 ppb during that period. the Atlantic in a diffusive Lagrangian approach. The diffu-

sion coefficients for reproducing the airborne measurements

L .were ten times smaller than those in an also used moderate-
measurement site is influenced by upward transport of air

. ] . . " : . resolution Eulerian model.
from regions with growing air pollution, namely in East Asia

(see Sect. 5). The downward trend for the complementary air By contrast, the regult_s_ by Shapiro (19.75' 1978’ 19.80;
see Sect. 2) suggest significant turbulent mixing in intrusion

masses reflects import predqmingtely .fro.m. Egropg or OtheTayers observed in the upper troposphere. However, Shapiro
r_eglons_such as Nprth America with diminishing air pollu- does not address the question of how much of thé “tropo-
tlo.rllhdéjrrgguf?sa;[npi?()dﬁ were taken as prepared for the A.I__spheric” component was already present before the air mass
MOEAST final re gr.t (ATMOFAST 2005) $he are based reached the region where he determined turbulent exchange.
P : ) y Our ozone observations, at a first glance, seem to show

on data selection using the restrictive traditional criteriona cture differing from that derived from the water-vapour
"Be< 85th percentile (Scheel, 2002, 2003), that approxi-> P 9 ; ) ; ap
results. The lowest portions of the intrusions reaching the

mately corresponds to the classical 8 mBtfthreshold Alps do not carry stratospheric amounts of, Gypically just

(Sladkovic and Munzert, 1990; Stohl et al., 2000), and . .
: o 60 to 80 ppb. An explanation of the low ozone values by mix-
RH < 60%. This criterion covers roughly one half of the .~ "
. . - . . . ing is now challenged by the very low level of water vapour
intrusion cases hitting the Zugspitze summit (Trickl et al., . . . .
- sometimes even in very thin layers. In a number of cases in
2010). Some revision of the results based on our new data . o
S . . : ; our record the descending ozone peaks have exhibited rather
filtering strategies (Trickl et al., 2010) is planned, but is cur- sharp edges almost not softened by turbulent exchanae. Spa-
rently postponed due to the unexpected death of our co:. b €dg . : y ge. sp
tial divergence of the intrusion layers cannot serve as a gen-
author H.-E. Scheel. ) ?
eral explanation of the moderate peak ozone values since
quite frequently the trajectory bundles stay almost parallel
5 Discussion and conclusions on the way from, e.g., Greenland to the Alps, the layers ex-
hibiting some tendency of becoming vertically thinner during
The results so far obtained for deep stratospheric air intruthe descent.
sions reaching the Garmisch-Partenkirchen area suggest that The parts of Type-1 STT layers passing at higher alti-
very little mixing occurs within most of the troposphere and tudes carry ozone at significantly higher concentrations (e.g.
that it is limited to the layer boundaries, without touching the Figs. 6 and 11; Stohl and Trickl, 1999; Zanis et al., 2003).
very dry layer cores (Sect. 4.4). In 63 % of the deep intru-Based on our water-vapour results we hypothesize that the
sion cases corresponding to the lowest panel of Fig. 16 theast—west drop in ozone in the typical intrusion layers could
minimum mixing ratio stays below 50 ppm (in 17 cases evento a major extent be caused by the way the layer sepa-
less than 30 ppm), with an average of less than 15 ppm. Intrurates from the tropopause (see also the-lO correla-
sions directly travelling from the Arctic source regions to the tion of Pan et al., 2007). This cannot be studied for the ex-
Alps arrive within typically 2 days after departure. Di Giro- amples in this paper since they exhibit filamentation, but
lamo et al. (2009) report RE 0.2 % between 2 and 4km we plan to examine more details in the case of a rather
even 950 km farther downstream in a Type-1 intrusion de-homogeneous intrusion layer mapped with both airborne
parting from southern Greenland, as identified by our fore-and ground-based water-vapour lidar systems (Wirth et al.,
cast plots. There is evidence of negligible or very small air2009) in a forthcoming paper. Observations of folds form-
mass modification for even much longer free-troposphericing over Garmisch-Partenkirchen have shown ozone layers

Atmos. Chem. Phys., 14, 99418961, 2014 www.atmos-chem-phys.net/14/9941/2014/
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STT Forecast 2009/01/18 12 UTC

I |

950 900 850 800 750 700 650 600 550 500 450 400 350 300 250 200
Pressure [mbar]

Figure 14. The 5-day LAGRANTO intrusion trajectories, based on ECMWF re-analysis data; the trajectories were initiated on 18 Jan-
uary 2009: ato =00:00 UTC (01:00 CET). The time positions on the trajectoriesdap + 2 days andy + 4 days are marked by dark blue,

light blue and black dots, respectively. Deviating from the operational forecast mode, the full length of the trajectories is 5 days here. The
position of Garmisch-Partenkirchen is marked by a red dot. Itis reached during the observational period by components from both intrusions,

S1and S2 (Layer L3 in Fig. 11).

STT Forecast 2009/01/20 06 UTC

0%,

[ I [ ] [ I I I [ ] I I |

950 900 850 800 750 700 650 600 550 500 450 400 350 300 250 200

Figure 15.As Fig. 14, but initiated during a later phase of that intrusion, on 20 January 209%; &6 : 00 UTC (07:00 CET). Only intrusion
S2is left. L1 (marked three times during its approach) and L2 correspond to layers shown in Fig. 11 as explained in more detail in the text.
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Figure 16.Histograms of the minimum $O volume mixing ratios

on days with DIAL observation of a stratospheric air intrusion for
three different ranges of air mass travel times; only days with intru-
sion layers showing humidity minima at 4.5 km and less have bee
included.
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Figure 17. Comparison of the trends for Zugspitze CO based on
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Figure 18. The ozone measurements on 11 October 2013 show
a layer with slightly enhanced ozone gradually separating from the
tropopause (located at about 7 krah), centred at about 6 km at

16:00CET and at 4.75km at 17:00 CET. Note the small error bars
after recent system upgrading.

separating downward from the tropopause with roughly
150 ppb (Trickl et al., 2010), but also with just about 60 ppb,
not differing much from the background level (Fig. 18).

Our studies are consistent with an outflow of the intrusion
layers from the mixing zone above the dynamical tropopause.
Sprung and Zahn (2010) determined an extent of the mix-
ing zone to 3 to 5km above the thermal tropopause. The
Zugspitze CO results, revealing just a small drop during STT
events, indicate that the intrusions mostly do not come from
above this layer. Interestingly, Brioude et al. (2006) also re-
ported more than 90 ppb of CO in a pronounced intrusion
layer with almost 120 ppb of ozone observed between 600
and 700 mbar during a descent of a MOZAIC flight into New
York (see Danielsen et al., 1987 for another example).

The positive trend of CO advected to the Zugspitze sum-
mit in stratospheric air intrusions has stimulated us to spec-
ulate on potential Asian inflow into the lowermost strato-
sphere over Northern Canada and Greenland, where most in-
trusions relevant for our area come from. East Asia is the
region with the currently most strongly increasing level of
air pollution (e.g. Richter et al., 2005). At the same time
warm-conveyor-belt activity is high over the Western Pa-
cific resulting in considerable lifting of polluted air masses
towards the Gulf of Alaska (Stohl, 2001; Stohl et al. al.,
2002b, 2003c; Eckhardt, 2004; Cooper, 2004a, b). Roiger
et al. (2011) observed an air-pollution plume from China in
the lowermost stratosphere over Greenland on 10 July 2008.
The Zugspitze data reveal a CO peak towards the end of an

the annual mean values for all data (upper curve) and the data folntrusion on 16 July 2008. However, trajectory calculations

periods with stratospheric influence (lower curve).

Atmos. Chem. Phys., 14, 99418961, 2014

did not yield evidence of matching air masses.

www.atmos-chem-phys.net/14/9941/2014/



T. Trickl et al.: How stratospheric are deep stratospheric intrusions? 9957
Trajectory calculations in a case study by Pan et al. (2007 References

suggest (if transferrable) that Asian emissions do not directly

flow into the fold itself, but stay more above the jet core. As ' . .

a consequence, one would expect more aged CO contrib ATMOFAST:  Atmospharischer ~ Ferntransport  und  seine

Auswirkungen auf die Spurengaskonzentrationen in der
freien Troposphére tber Mitteleuropa (Atmospheric Long-range
Transport and its Impact on the Trace-gas Composition of the
Free Troposphere over Central Europe), Project Final Report,
edited by: Kerschgens, M., Stohl, A., and Trickl, T., funded

tions in the intrusions, i.e. contributions that have circulated
in the polar region for some longer time. This could to some
extent explain the rather weak positive trend in the Zugspitze
data.

Finally, what are the implications for the quantification of

stratospheric ozone reaching the Zugspitze summit? First of

all, the measurements with the water-vapour DIAL demon-
strate that the wet bias of the dewpoint mirror instrument
used is artificial and possibly caused by insufficient cool-
ing of the mirror. Our results imply that the data filtering

by the German Ministry of Education and Research within the
programme “Atmosphéarenforschung 2000”, Forschungszentrum
Karlsruhe, IMK-IFU (Garmisch-Partenkirchen, Germany),
130 pp., available ahttp://www.trickl.de/ATMOFAST.htr(last
access: 4 June 2014), with revised publication list (2012), 2005
(in German).

applied to the Zugspitze data is significantly more realisticBéekmann, M., Ancellet, G., Blonsky, S., De Muer, D., Ebel, A.,
than thought. Since the humidity measurements cannot be =o€, H-, Hendricks, J., Kowol, J., Mancier, C., Sladkovic, R.,
repeated back to 1978 with a more accurate instrument an Smit, H. G. J., Speth, P., Trickl, T., and Van Haver, P.: Regional

. . o . . and global tropopause fold occurrence and related ozone flux
gstllma'lte of tropospheric contributions Fo |ntru5|on. Iaygrs has ,cross the tropopause, J. Atmos. Chem., 28, 29-44, 1997.
limitations. Some strategy must be derived for estimating thegjtheli, M., vaughan, G., and Gray, L. J.: Persistence of strato-
true stratospheric component from the measured RH values spheric ozone layers in the troposphere, Atmos. Environ., 34,
for the cases with enhanced mixing or with insufficient over- 2563-2570, 2000.
lap with an intrusion layer. In any case, for the identification Brioude, J., Cammas, J.-P., and Cooper, O. R.: Stratosphere-
of intrusion layers RH thresholds up to 30% as used in the troposphere exchange in a summertime extratropical low: anal-

past (Beekmann et al., 1997; Trickl et al., 2010) will re-

ysis, Atmos. Chem. Phys., 6, 2337-2353, #0i5194/acp-6-

main adequate. However, due to the mixed composition of 2337-20062006.

the tropopause region some complexity will emerge if one
wants to identify ozone of true stratospheric origin.
Alternatively, other tracers could additionally be used for

the data filtering. However, the number of substances mea-

Brioude, J., Cooper, O. R., Trainer, M., Ryerson, T. B., Holloway,

J. S., Baynard, T., Peischl, J., Warneke, C., Neuman, J. A.,
De Gouw, J., Stohl, A., Eckhardt, S., Frost, G. J., McKeen, S.
A., Hsie, E.-Y., Fehsenfeld, F. C., and Nédélec, P.: Mixing be-
tween a stratospheric intrusion and a biomass burning plume, At-

sured at the Zugspitze summit has been limited and the data 1,5 chem. Phys., 7, 4229-4235, 46i5194/acp-7-4229-2007
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tation and parameters is highly desirable.
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