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Abstract. Specific very dry high-ozone layers, starting important mechanism for stratosphere-to-troposphere trans-
roughly two days after the onset of high-pressure periodsport (STT) and also confirm the model predictions of pro-
during the warm season, have been reproducibly observedounced and persistent STT along the subtropical jet stream.
in the middle and upper troposphere with the ozone lidar in
Garmisch-Partenkirchen (Germany). These episodes, previ-
ously not understood, were recently analysed based on ex
tending backward simulations with the FLEXPART particle
dispersion model to as many as twenty days and on jet-streaR)ery dry air masses with peak ozone mixing ratios of 80
analyses including calculations with the LAGRANTO trans- 5 150 ppb were consistently detected in all six ozone lidar
port model. In all six cases analysed the model results indimneasurement series covering at least four days carried out
cate ozone import from the stratosphere on an extremely long, Garmisch-Partenkirchen (Germany) during high-pressure
path along the subtropical jet stream over the Pacific Oceanyeriods between 1996 and 2001 (May to August). These spe-
Asia and, in part, all the way back to the Atlantic Ocean. cific high-ozone phases typically started two days after the
The analysis suggests that stratospheric influence is the mogkginning of the respective high-pressure period and, in part,
important factor for the increase in ozone and is related tQasted for several days, which indicates an important contri-
rather shallow transfer of air from the stratosphere into thepytion to the free-tropospheric ozone budget. These obser-
upper- and mid-tropospheric air streams observed with thations were not understood at all since they could be nei-
lidar. Contributions from the boundary layers of East Asia ther interpreted by high ozone from the lower troposphere
and North America are just occasionally present, in one cas@yer North America nor by stratospheric air rapidly subsid-
documented by a very dense aerosol plume from the Asiafng over North America or the Atlantic Ocean (Trickl et al.,
deserts. The considerable vertical and temporal extent 0np3). Two of these layers contained aerosols indicating
many of these layers and peak ozone mixing ratios betweeghe presence of some air from a remote planetary bound-
80 and 150 ppb suggest that the observations are related to gy |ayer (PBL), most likely mixed into these ozone-rich
air streams in the vicinity of frontal systems. A common
feature is a coherent bundle in the ensemble of backward
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dle and upper troposphere between the Pacific Ocean and
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Garmisch-Partenkirchen. However, these trajectories hadude. However, trans-Pacific transport may also occur almost
never been followed back beyond a few degrees west oentirely in the upper troposphere. Very rapid trans-Pacific
North America. transport of radon-rich air (half life 3.8 days) in the upper tro-
Observations of similar very dry air streams with elevated posphere was reported on by Kritz et al. (1990) for a number
ozone were reported, e.g., by Prados et al. (1999), Bithell ebf measurements during summer months. Liang et al. (2007)
al. (2000), Law et al. (2001) (see also Penkett et al., 2004pbserved a case in which subsequent trans-Pacific and trans-
and were also found by us in numerous vertical profilesNorth-American transport of an ozone-rich air mass took
for North America extracted from the MOZAIC (Measure- place exclusively at high altitudes (2 August 2004). The
ments of Ozone by Airbus In-Service Aircraft, Marenco et entire passage from the West Pacific to the North Ameri-
al., 1998) data base. In some cases, elevated CO has beean east coast occurred within about eight days. A signifi-
found and upper-tropospheric advection from the Pacific iscant ozone enhancement in the upper troposphere above mid-
indicated. Newell et al. (1999), by analysing MOZAIC ver- latitude North America due to import from the stratosphere
tical profiles, found that atmospheric layers are most fre-was concluded by Cooper et al. (2006).
quently associated with an increase in ozone and a simul- The almost zonal propagation of air masses to the east
taneous decrease in water vapour. Typical altitudes are 6 kmat high altitudes described by Cooper et al. (2004a, b) and
and the average thickness of layers showing this kind of antiLiang et al. (2007) is similar to what we found for our ob-
correlation is of the order of 1 km. servations by trajectory analyses. A very intriguing idea
The occurrence of high ozone values in the dry layers seeffior explaining the high ozone values in the dry air streams
in our results could suggest the presence of a stratospheriocbserved above Garmisch-Partenkirchen would be that of
component. But, obviously, the mechanism of stratosphericshallow intrusions directly injecting ozone into an upper-
import leading to such high ozone values in such wide lay-tropospheric air stream over the Pacific Ocean or farther to
ers must differ from the deep intrusions most commonly ob-the west. Sprenger et al. (2003) locate a maximum in occur-
served at our observational site (e.g., Reiter et al., 1971rence of shallow intrusions (partly exceeding a relative fre-
Eisele et al., 1999; Stohl and Trickl, 1999; Trickl et al., 2003, quency of 30 %) between North Africa and the Pacific Ocean
2010; Zanis et al., 2003). These deep intrusions are mostlpetween 30 and 40 N. This transfer seems to occur in the
confined to narrow air tongues with decreasing ozone mix-vicinity of the subtropical jet stream which is a rather persis-
ing ratios as the layers approach the ground. The typicatent feature along this path, weakening in summer (Koch et
ozone mixing ratios measured in stratospheric streamers atl., 2006; see also Chen, 1995; Dunkerton, 1995, who em-
the nearby Zugspitze summit (2962 ma.s.l.) range just bephasize the role of the monsoon circulation for stratosphere-
tween 60 and 80 ppb. There is no way to explain the hightroposphere exchange). In fact, Langford et al. (1998) and
mid- and upper-tropospheric 0zone concentrations in a layetangford (1999), examining 5.5 years of lidar data of the
several kilometres thick by an admixture of such a diluted airFritz-Peak station (Colorado, USA), suggested that ozone en-
mass. hancements observed between 6 and 12 km above this site are
Potential source regions are the atmosphere above the Paerrelated with stratosphere-to-troposphere transport (STT)
cific Ocean and East Asia where frequent and pronouncedssociated with the subtropical jet stream. However, there
stratospheric air intrusions may occur (Austin and Midgley, is limited direct observational material on the processes in-
1994; James et al., 2003; Sprenger et al.,, 2003). Coopevolved (e.g., Gouget et al., 1996; Cammas et al., 1998;
et al. (2005) report on two strong intrusions in 2004 that Zachariasse, 2000; Zahn et al., 2002) and the importance
reached Hawaii and led to the observation of 81 and 115 pplof the subtropical jet stream for the overall STT budget had
ozone at the Mauna Loa Observatory (3400 ma.s.l.), respedong been ignored (e.g., Gouget et al., 1996). Zachariasse
tively. The second event (10 March 2004) even reached thet al. (2000) hypothesize shear-induced differential advec-
sea level, 60 ppb were recorded at Honolulu. This is particution or clear-air turbulence to be responsible for the STT
larly remarkable since, at least over Europe, stratospheric inevents causing mid-tropospheric maxima in their sonde pro-
trusions rarely proceed to the ground (e.g., Reiter et al., 1987files rather than tropopause folding.
Davis and Schuepbach, 1994; Elbern et al., 1997; Eisele et The idea of potential inflow of stratospheric air from
al., 1999; Schuepbach et al., 1999). the region of shallow intrusions described by Sprenger et
Cooper et al. (2004b) also describe that air from a dry in-al. (2003) as a source of the enhanced ozone, indeed, soon
trusion may be mixed into the ascending air streams of adbecame a strong motivation for the study presented here. A
jacent warm conveyor belts (WCBSs). In their case study (10particular challenge has been the enormously long travel of
to 11 May 2002) they find that roughly half of the strato- these air masses. For the analysis, carried out within the Ger-
spheric component of the dry air stream was dispersed intatnan ATMOFAST (Atmospheric Long-range Transport and
the upwind and downwind WCBs over the Pacific Ocean.its Impact on the Trace-gas Concentrations over Central Eu-
The stratospheric air mass was then lifted back to the upfope; ATMOFAST, 2005; see also AFO 2000) project, back-
per troposphere and lower stratosphere where it passed overard modelling had to be extended to twenty days in order
North America and the Atlantic at relatively constant alti- to clarify the most likely transport pathway.
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Although such a stratospheric component could be iden-Composition Change (NDACGttp://www.ndsc.ncep.noaa.
tified, some of the elevated ozone could also be related t@ov/). This system was originally built in 1973, based on a
air pollution export from East Asia. The subtropical Western ruby laser, and has been continually used for measurements
Pacific is one of the two most important inflow regions for of stratospheric aerosol since 1976 (e.ggel, 2005; Desh-
WCBs in the Northern Hemisphere (Stohl, 2001). Cooper etler et al., 2006; Fromm et al., 2008, 2010). The lidar was
al. (2004a, b) emphasize the role of WCBs in transportingconverted to a spatially scanning system in the early 1990s
Asian air pollution across the Pacific. As mentioned abovefor additional investigation of contrails (Freudenthaler et al.,
they found that these air streams may merge with strato1994, 1995) and, for the routine measurements, has been op-
spheric air (see also Liang et al., 2007). As the lofted lay-erated at the wavelength of 532 nm ever since. The measure-
ers enter North America they stay in the middle and uppements discussed here were either routine early-night strato-
troposphere and are rapidly transported to the Atlantic. spheric measurements (vertical pointing, range: 2kma.s.l.

In our study we have investigated the potential importanceto more than 40kma.s.l.) or campaign measurements (May
of the stratospheric and Asian components for the six case$999, at elevation angles mostly of 25 to 45 degrees in or-
mentioned at the beginning of this section. Here, we presender to improve the coverage of the PBL). For an optimum
the analysis of just three of these cases mentioned, whiclsignal-to-noise ratio in the upper troposphere we evaluated
represent different behaviour: exclusively stratospheric influ-only measurements for the highest angles. With this sys-
ence (accompanied by a separate layer also containing soniem small aerosol structures exceeding roughly 2% of the
North American air, Case 1, Sect. 3.1), a mixed contributionRayleigh return at 532 nm (that corresponds to a visual range
from the stratosphere and the Asian PBL (Case 2, Sect. 3.2)f more than 400 km above 3 km) can be resolved within the
and a situation where two layers with both possibilities co- free troposphere. The aerosol backscatter coefficients can be
existed (Case 5, Sect. 3.3). The layers with Asian contri-calculated with a relative uncertainty of 10 to 20 %.
butions also include air from the North American PBL. The Inaddition, in-situ 0zone data from the monitoring stations
analysis is now extended to localizing the jet-stream posi-Garmisch-Partenkirchen (745ma.s.l., at IMK-IFU), Wank
tions and visualizing the trans-tropopause transport in theifl780 ma.s.l.) and Zugspitze (2962 ma.s.l.) have been used
vicinity. for comparison (information on some of the instrumentation

is given by Trickl et al., 2010). These stations are located at
distances of about 8 km from the lidar.

2 Methods In May 1999, a radiosounding system was operated
at Krin (473038'N, 11°1652'E, 876 ma.s.l.), 17km
2.1 Measurements roughly to the east of IMK-IFU, by a team of the Paul-

Scherrer Institute (PSI, Switzerland) as a contribution to the

In this study we use data from measurements with two lidarvVOTALP “Munich” field campaign (VOTALP Il, 2000). For
systems at IMK-IFU (472837’ N, 11°3'52"E, 730ma.s.l.).  the study presented here this system yielded important com-
The tropospheric ozone lidar (740ma.s.l.) was completechlementary information for the lidar and station measure-
in its first version in 1990 (Kempfer et al., 1994) and up- ments in the Garmisch-Partenkichen area. A VIZ W-9000
graded in 1994 and 1995 (Eisele and Trickl, 1997, 2005).LORAN-C radiosonde was usebt{p://www.sippican.com
It has a unique vertical range between 0.2km and roughlyEach sounding provided the standard meteorological param-
15km above the ground, features low uncertainties of abougters pressure, temperature, relative humidity, and horizontal
+3 ppb below 4 km ane:6 ppb (under optimum conditions) wind vector as a function of altitude. Relative humidity was
in the upper troposphere. The upper-tropospheric performeasured with a fast-response carbon hygristor. Ten of the
mance may be degraded in the presence of high lowersondes were equipped with an additional ozone sensor (EN-
tropospheric ozone absorbing a lot of the ultraviolet laserSCI Corporation, model Z ECC). Sonde measurements were
emission and by enhanced sky light in summer, in particu-performed from 26 to 28 May 1999, with a total of 16 ascents
lar in the presence of clouds. The vertical resolution is dy-in irregular intervals during daylight hours.
namically varied between 50m and a few hundred metres, As in the preceding publications (Stohl and Trickl, 1999;
depending on the signal-to-noise ratio that decreases with alfrickl et al., 2003) we use ozone and water-vapour data from
titude. The lidar has been used in numerous investigationshe MOZAIC (Measurements of Ozone and Water Vapor by
focussing on atmospheric transport (e.g., Eisele et al., 1999irbus In-Service Aircraft) project (Marenco et al., 1998)
Stohl and Trickl, 1999; Seibert et al., 2000; Carnuth et al.,that have been routinely made onboard five commercial air-
2002; Roelofs et al., 2003; Trickl et al., 2003, 2010; Zanis etliners, again for the May 1996 case (Case 1, see below). This
al., 2003). dataset provides daily vertical profiles over Europe, transects

Aerosol backscatter coefficients were taken from the 313-at cruising altitude over the North Atlantic and occasional
nm channel of the ozone lidar or from measurements withvertical profiles at various locations over North America.
the big aerosol lidar at IMK-IFU (730 m a.s.l.), a primary in-
strument of the Network of the Detection of Atmospheric
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2.2 Models (in units of kgnT2s-1) from a suitable emission inventory
to yield a so-called source-contribution map representing the

The transport pathways and source regions were identifiegeographical distribution of sources contributing to the sim-
by calculations with the FLEXTRA trajectory model (Stohl ulated mixing ratio at the receptor. Spatial integration of the
et al., 1995; Stohl and Seibert, 1998) and the FLEXPART source contributions finally gives the simulated mass mixing
particle dispersion model (Stohl et al., 1998, 2005; Stohlratio in the tracked air mass box at the lidar location. By
and Thomson, 1999). Both models were driven with opera-combining simulations for all altitudes, vertical profiles of
tional analyses from the European Centre for Medium-Rangeracer mixing ratios, split into contributions from different
Weather Forecasts (ECMWF) with & 1° resolution. Anal-  continents, can be displayed. The emissions were taken from
yses at 00:00, 06:00, 12:00 and 18:00 UTC and 3-h forecastthe EDGAR 3.2 inventory for the year 1995 or 2000 (Olivier
at intermediate times (03:00, 09:00, 15:00, 21:00 UTC) wereand Berdowski, 2001). For the latest simulations, covering
used. twenty backward days (see below), the regional inventory of

In this study, ten-day backward trajectories were takenFrost et al. (2006) was used for North American emissions.
as the primary tool for visualizing (within this limited time The emission sensitivities are calculated for a passive tracer,
period) the altitude of confined air streams that stay in thei.e., loss processes are not included in the simulations. Thus,
middle and upper troposphere. The advantage of FLEX-source contributions quantify the total emissions that have
TRA trajectory calculations is that certain properties (suchentered the sampled air mass during the tracking period. For
as position, potential vorticity and potential temperature) canthe analyses presented in this paper we mostly select CO and
be tracked unambiguously as a function of time. However,SO, as emission tracers, $Meing indicative of contribu-
trajectory analyses are problematic for the investigation oftions from China due to the strong coal burning.
very long transport pathways due to the neglect of dispersion Particle positions are clustered as described by (Stohl et
as a result of turbulence and convection, and due to a deal., 2002) to provide summary information on the altitude
creasing horizontal density (coverage) as one goes backwarahd position of the retroplumes clusters as a function of time.
in time. Therefore, backward calculations with the FLEX- Five clusters are determined every 24 h. Clusters can sep-
PART model as described in previous studies (e.g., Stohl earate, but also merge on other days. In retroplume cluster
al., 2003; Trickl et al., 2003; Huntrieser et al., 2005) have plots, the mean positions of the individual clusters (cluster
become the principal analysis tool. centroids) are marked by a circle with a radius proportional

FLEXPART calculates the trajectories of a multitude of to the number of particles in the respective cluster. In addi-
particles using the mean winds interpolated from the me-tional horizontal maps (used, but not explicitly shown here),
teorological input fields plus random motions representingthe colour of these circles represents their mean single-day
turbulence. For moist convective transport, the scheme ogltitude and a number gives the backward time in days.
Emanuel andZivkovic-Rothman (1999), as described and  FLEXPART simulations for this study were done at dif-
tested by Forster et al. (2007), is used. FLEXPART was runferent times over a period of several years and, therefore,
either fifteen or twenty days backward in time to produce in-not all products were available for all cases presented here,
formation on the emission sources potentially contributing toor the model set-up deviated slightly from what is described
ozone formation in the sampled air masses. Backward simuabove. We first carried out fifteen-day that comprised a valu-
lations are normally released from 250-m boxes stacked verable special feature not available in the later analyses: They
tically, here all the way up to 12km along the lidar profile, highlight the areas where an altitude of 12 km was reached
with 40 000 particles released per box. or crossed, i.e., where stratosphere-to-troposphere transport

The primary output of these so-called retroplume calcula-(STT) might have occurred. 12km is a typical mid-latitude
tions is the emission sensitivity, as described by Seibert andropopause height in summer, but is not representative of the
Frank (2004) and Stohl et al. (2003), which describes thetropopause at lower latitudes. The fifteen-day simulations
pathway of the sampled air mass. The value of the emisdiffer from the later ones also in the particle release just from
sion sensitivity (in units of skgt) in a particular grid cell  a single larger time-altitude box. Recently, twenty-day cal-
is proportional to the particle residence time in that cell. It culations were added in order to harden the findings for fif-
is a measure for the simulated mixing ratio at the recep-teen days and to benefit from the full set of analysis products
tor that a source of unit strength (1kg'$ in the respective  meanwhile available. Most importantly, the twenty-day cal-
grid cell would produce. Integrating the emission sensitiv- culations yield altitude information for the different quanti-
ity over the entire atmospheric column is an effective wayties, such as the stratospheric fractions and the emissions ad-
of displaying the overall horizontal transport pathway of a vected from the different continents. The threshold condition
sampled air mass. Showing the emission sensitivity for afor the stratospheric fractions is chosen as 2 pvu (potential
certain altitude level (e.g., 12km), illustrates the pathwayvorticity units) polewards from 30. The thermal tropopause
at this altitude level. The emission sensitivity in the low- is applied in the tropics.
est layer (so-called footprint) can also be folded (i.e., mul- The role of the jet streams and the vertical exchange
tiplied) with the distribution of the emission flux densities between the stratosphere and the troposphere (STE) is
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elucidated with additional calculations with the Lagrangian3.1 Case 1: 31 May 1996

Analysis Tool (LAGRANTO; Wernli and Davies, 1997a,

b). For five of the six cases (those discussed by Trickl et3.1.1 Background

al., 2009), these calculations highlight regions along the jet

streams where, indeed, STT occurred. The calculations aréhe measurements with the ozone lidar in Garmisch-
based on the ERA-40 re-analysis data set of ECMWF fore-Partenkirchen during a short high-pressure period between
casts in the entire Northern Hemisphere and identify STT anc29 May and 1 June 1996, have been intensively discussed
TST (troposphere-to-stratosphere transport) according to thereviously(a figure of the time series is, therefore, only given
methods presented by Wernli and Bourqui (2002), Sprengein the electronic Supplement, Fig,)S They were carried

et al. (2003) and Sprenger and Wernli (2003). Roughlyout to study a predicted stratospheric air intrusion (Eisele et
7 x 10° trajectory parcels per day were released in the tropo-al., 1999) that has subsequently been the subject of several
sphere and stratosphere, each representing a box of initiallgnodelling efforts including model validation and intercom-
80 kmx 80 kmx 30 mbar. Whenever a trajectory crosses theparison (Feldmann et al., 1999; Stohl et al., 2000; Cristo-
2-pvu tropopause the latitude, longitude, time and pressuréanelli, 2003; Meloen et al., 2003). This time series yielded
at the crossing are saved. Furthermore, transient crossinge first evidence of significant trans-Atlantic transport of
are excluded by invoking a residence-time criterion: the tra-ozone (Stohl and Trickl, 1999 (remark in Sect. 5); Trickl et
jectories must be within the stratosphere for 48 h prior andal., 2003).

within the troposphere 48 h after the crossing for STT, and The temporal development of the vertical distribution of
vice versa for TST. In the figures, the wind speed at 200 mbaozone is, at most altitudes, related to an anti-cyclonic ad-
is shown and all STT and TST events within a vertical rangevection pathway around the northern part of a high-pressure

from 250 to 150 mbar are marked. zone during its early phase, and a somewhat straighter arrival
from westerly directions at some altitudes when the high-
3 Results pressure zone moves farther to the east (Trickl et al., 2003).

The arrival path of the deep stratospheric air intrusion ob-

All six cases mentioned in the introduction were analysed inserved at the beginning differs since its source region is lo-
detail. An overview is given in Table 1. As further explained cated between Greenland and Norway (Stohl et al., 2000). As
in Sect. 3.1 the lidar observations were made under similaga consequence of three different principal contributing source
meteorological conditions, i.e., starting with the clearing atregions a descending three-layer structure is seen within the
the end of a trough period and extending several days into &ee troposphere, with the stratospheric air at the bottom and
high-pressure period. A similar principal layer structure hastwo layers of PBL air above the intrusion. This is a general
been found during the first two days, related to the impactbehaviour found for all the cases of this study and was also
of three different kinds of long-range transport (Sects. 3.1observed in several more, less comprehensive lidar measure-
and 3.3 of Trickl et al., 2003). After roughly two days con- ment series at Garmisch-Partenkirchen under similar meteo-
sistently additional mid- and upper-tropospheric high-ozonerological conditions.
import from beyond America was registered, which is the The first layer above the intrusion is related to anti-
topic of this paper. cyclonic low-ozone import from the subtropical Atlantic.

For the input from regions west of North America three High-ozone layers of trans-Atlantic origin were observed
principal sources have been identified, STT along the subabove 4 km almost during the entire period. The North Amer-
tropical jet stream, STT over the North-West Pacific and up-ican ozone contributions were concentrated mostly above
lifting of air masses from the Asian PBL. Three of the six 8 km until the end of the observations and also in a sepa-
cases have been selected for illustration (1, 2 and 5) andate layer that gradually descended to 4 km and disappeared
are discussed following the same sequence, a brief introduaduring the first hours of 31 May. The most important source
tion on general aspects of the period and on what is alreadyegions were Texas, Mexico and, to some extent, also the
known from earlier work, a description of the observational south-western United States (US). Some uncertainty exists
data, backward modelling to clarify the importance of strato-concerning the impact of a large convective cell in the frontal
spheric and PBL components, and a visualization of the jetsystem lifting the air masses to the mid-troposphere. Most
stream positions and STT in their vicinity. importantly, significant stratospheric air inflow into the tro-

Due to the large amount of material derived from the anal-posphere could be excluded over North America and the At-
ysis some of the figures were moved to the electronic Sup{antic.
plement. Information sources on the cases not discussed here
are given in the footnotes to Table 1. 3.1.2 Observations

The high-ozone layer of interest in this study passed over

Garmisch-Partenkirchen on 31 May between 4.3 and 7 km
(towards the end: 8km. It could not be analysed by Trickl
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Table 1. Overview of the high-ozone layers analysed.

Case Start Date  Duration  Typ. Vert. Range 3 [@ix. Ratio  Asian Influence  Aerosol
1 31 May 1996 >21h 4.3-7.5km 80-100 ppb no no
unknown 7.5-11km 80 ppb no low
2 26 May 1999 >4d 4.5-9km 80-150 ppb yes strong
3 9 September 2060 >15h 7-10km 80-110 ppb no no
4 23 June 2001 >2d 5.5-12km 70-110 ppb no no
5 22 July 2001 1.5d 5.5-8km 70-90 ppb low no
>0.5d 8-10km 100-120 ppb low no
6 13 August 2003 >3d 6-11km 100-140 ppb no no

@ Descriptions of more analyses for these cases are given by Trickl et al. (2009). Time series can be found in Trickl et al. (2003, 2010).
b For Case 4 only a single full-size FLEXPART twenty-day backward analysis was made (23 June, 22 CET, Central European Time (CET)w.UT+iodel run confirmed

the principal transport pattern found for the other cases. Additional trajectory calculations ensured that the air masses arrived from the Pacific Ocean for the entire period specified

in Table 1.

12 oy TR T T tral European Time =UTC + 1 h), is shown in Fig. 1 together
E with a MOZAIC ozone and a humidity profile for Frank-

furt several hours earlier (same MOZAIC profiles as in the
preceding publication). These two measurements show the
best mutual agreement on that afternoon, which reflects the
fact that Garmisch-Partenkirchen was approximately down-
wind of Frankfurt (distance: roughly 330km) and the as-
cent route of the MOZAIC Airbus towards the Netherlands.

The air mass was very dry (just 5 to 8 % for the Munich ra-
________ 7 May31, 1996 3 diosonde, launched 100 km north of the lidar site) indicat-
IFU lidar, 19:00 CET E . . . .

= IFU stations, 19:00 CET ing that a potential stratospheric air component from beyond
""" MOZAIC O,, 13:10 CET North America could have created the high ozone values.

Altitude [km a.s.l]
»

afp Tl MOZAIC, rel. humidity = 3 The considerable width of the layer suggested a potentially
E — B(313 nm)[m"'sr ] x 5x10/, . . > i
3 15:00 CET 3 strong contribution to STT and, thus, motivated an extension
of the analysis. In addition, the presence of a polluted Asian
2 E air mass was considered.
N A LR i The backscatter profiles for 313nm (“off” wavelength
0 50 g 200 of the ozone lidar) reveal the presence of aerosol between
Ozone [ppb], RH [%], 5x10° x B, [m'sr ] 8 and 9.5km in the measurements on 31 May, indicating

long-range advection from a remote PBL. This structure just
Fig. 1. Ozone mixing ratio and 313-nm aerosol backscatter Coefﬁ'slighty exceeds the strong background noise from Rayleigh
cientp above IMK-IFU (Garmisch-Partenkirchen) and MOZAIC 1,5 scattering at 313 nm. The example with the least noisy
ozone and relative-humidity (RH) profiles for the depgrture 9f base line close to the 19:00-CET ozone measurement is in-
a MOZAIC aeroplane rom Frankfurt (Germany); see Fig. 12 in - - .
(Trickl et al., 2003). The ozone mixing ratios for the nearby sum- C,qued n F{g. 1. The maximum particle baCkscat_ter coef-
mit stations Wank (1780 ma.s.l.) and Zugspitze (2962 m) are aIsJ'C'ent' Bp, '_n that layer (8.6 km). gorrespo_nds to just 7%
given for comparision. The ozone peak at 11 km is a temporary feaOf the Rayleigh backscatter coefficient, which, nevertheless,
ture and somewhat uncertain due to the presence of cirrus cloudgl€ans a significant contribution due to the extreme increase
just below the tropopause (13.4 kirD.2 km during 31 May). The of Rayleigh scattering towards the ultraviolet spectral re-
times are given in Central European Time (CET=UTC+1h). gion. The NDACC measurement with the big aerosol lidar on
31 May was made at about 21:30 CET, i.e., at the end of the
period with the highest ozone values (not shown). There was,
still, minor aerosol around 8 km, discernible due to the much
lower Rayleigh background at 532 nm. During the entire pe-
riod of interest on 31 May no aerosol is seen in the region
getween 4km and that aerosol peak next to 8km, in agree-
ment with our earlier conclusion of an absence of a North

not yield any evidence of a significant PBL contribution in Ameri tin th . d the 95 pob
this layer during a major part of the day. An example of an hlznrﬁs?sr;izorfponen N the region around the =>ppb ozone

ozone profile from this period, measured at 19:00 CET (Cen-

et al. (2003) due to the insufficient model domain covering
just North America and the Atlantic. These model simu-
lations showed some ongoing North American influence in
the upper troposphere (see above), but, on 31 May, they di
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May 31, 1996, 7-17 CET, 5-7 km a.s.l. May 31, 1996, 7-17 CET, 7-10 km a.s.l.
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Fig. 2. FLEXPART fifteen-day backward (retroplume) simulation Fig. 3. Same as Fig. 2, but for the altitude range 7 to 10kma.s.l.
for 31 May 1996, 07:00 to 17:00 CET and 5 to 7 kma.s.l. above above IMK-IFU.

IMK-IFU; the panels show emission sensitivities (see Sect. 2.2).

The maximum values of the different scales are uncertain and,

therefore, not specified. The PBL source contribution was deter-t tial t it f the strat h into the t h
mined by folding the footprint emission sensitivity (i.e., the emis- ential transitions from the stratosphere into the troposphere.

sion sensitivity for the lowest layer) with NOemissions from the The S'mu'a“‘?” for the altitude range. bgtyveen 5 and 7k_m
EDGAR inventory. (Fig. 2) confirms the absence of a significant PBL contri-
bution in this layer. This supports the idea of stratospheric
influence on the observed ozone rise. In agreement with our
3.1.3 Retroplume analysis (FLEXPART) earlier findings no significant stratospheric influence is seen
over North America and the Atlantic (Trickl et al., 2003).
In order to identify the origin of the elevated ozone con- This could be qqite different over the Pacific.. The 1.2 000-m
centrations on 31 May fifteen-day FLEXPART backward panels of both Flgg._z and 3 show clear sensitivity signatures
(“retroplume”) simulations were carried out for the two al- OVer the West Pacific between roughly*3thd 60 N. Some
titude ranges of interest above Garmisch-Partenkirchen (5 t§f the air mass at the higher altitude originates from South
7km and 7 to 10kma.s.l.) and a major part of that day (SeeAS|a, quth A_fnca, and the.AtIanuc, circumnavigating the
Figs. 2 and 3). The emission sensitivities are shown for thed!obe within fifteen days (Fig. 3). The route overlaps with
PBL (in the third panel also folded with NGemissions to the streak of maximum “shallow-fold” activity published by
highlight the source regions) and 12000 m, as well as inte->Prenger et al. (2003).
grated over the entire column. The 12 000-m panel shows 12km does not necessarily represent the tropopause at low
that an extension of the upper-tropospheric air flow to thelatitudes. However, a big intrusion is indicated in Fig. 3 be-
west exists and provides a crude guess of the locations of paween Kamchatka and about49, 180 E. The existence of
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Fig. 4. Vertical distribution of the maximum stratospheric fraction 00 L ‘ ‘ ‘ 5
in the twenty-day retroplumes calculated for the four measurements Yo s e a4 1_|% _1I0D s 6 4 2 0
in Fig. 1, extracted from the results for day&0 to—15, for which, ravel ays
though slightly outside the ozone maximum in Fig. 1, the highest 12 ——— : 9909 - 92§0 m
fractions were obtained. ALT T3¢ ]
[km] 6k -
4 i
o . _ S+ T
this intrusion was hardened also by forward trajectory calcu- ABL 8¢ ]
lations initiated over that area between 10 and 12kma.s.l. [%] 4F ]
(HYSPLIT model; http://ready.arl.noaa.gov/HYSPLIT.php  grg sl ' ' ' | | | 1
Draxler and Hess, 1998). It was found that the trajectories [%] %[ ]
mostly stay above 5km and proceed towards North America 282‘ — L ! L L
. - -18 -16 -14 -12 -10 -8 -6 -4 -2 0
and, in part, Europe. Travel Days

The interpretation did not change when we recently ex-
tended the FLEXPART simulations to twenty days. The Fig. 5. Retroplume summaries from the twenty-day simulation for
high-altitude cluster for the slower 4.5—-7.5-km layer can nowthree selected altitude ranges above Garmisch-Partenkirchen initi-
be (zonally) followed to a zone around“49, between 40E ated at the time of the lidar measurement in Fig. 1. The panels
and 60 E. The vertical profile of the highest single-day STT show the approximate vertical position (ALT: altitude) of the back-
fractions for the (most important) earliest days is shown inward plume during the preceding 20 days and the relative single-day
Fig. 4. For 19:00 CET, there is some obvious positive corre-contributions from the PBL (ABL) and the stratosphere (STR). The

lation with the ozone structure in Fig. 1, even that exhibitsdiameter of the green circles represents the number of particles in a
a wide maximum between 4 and 8 kr;'l C'apped by a shallov\Piven cluster for the respective days. For more details see Sect. 2.2.
minimum between 8 and 9.5 km, with the ozone values again
increasing in the upper troposphere. Figure 5 gives some o o
more details of the analysis for three different altitude bins 12% of stratospheric influence looks moderate, but can

with different STT fractions, representing the respective Iay-ggsﬁm\r/gtig(::;o \Zﬂugiogf fr? r:ingeggi?rt] ?/%//itLri?n t?hgsfiprgtb ,

(5500 to 5750 m) with the highest stratospheric influence irl}ew kilometres above the tropopause, as seen in many li-
dar measurements, and background mixing ratios of the or-

thatlayer (Fig. 4), found on days20 to—15. For the early der of 50 ppb. It is interesting to note that, at this late time

period the fractions do not vary much, a rather general be'19:00 CET), there is little influence from the intrusion over

haviour for all cases (even over more days, see Sect. 3.2 . . :
. L " amchatka, suggesting that, in this example, most of the
The vertical distribution of the mean cluster positions shows :
TT must have taken place along the long lower-latitude

one component staying at 10 km and higher for an extende ranch of the backward plume.

period of time, in contrast to the other two panels correspond- Inth ¢ h Fig 3and| i lin Fid. 5
ing to layers with almost negligible STT. This behaviour sup- N the upper troposp efe( 'g. > andlowest panetin Fig. )
PBL contributions co-existed with stratospheric contribu-

orts the idea of shallow STT. . . .
P tions, except for a short gap with low STT fractions around
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May 31, 1996, 19 CET, Impact of Continental Emissions pronounced than those of the sub-polar jet stream. The po-
sition can, thus, be compared relatively well with the latitu-
SO; [ppb] dinal position of the “12000-m” section of the FLEXPART

backward plume (accurate longitudinal comparisons are im-
peded by the considerable temporal spread). The agree-
ment is excellent. The jet stream follows the FLEXPART

] : plume to North America, with an obvious northward motion

Altitude [km]

= ) éo [opb] over the Pacific and North America. All along the jet ver-
=, - tical exchange between the stratosphere and the troposphere
'qgf takes place, confirming the conclusions for the FLEXPART
% calculations. In particular, the STT dots are found exactly
L where they would be expected from Fig. 3 almost fifteen
e 5 % Z&ixmét‘Raﬁ:[f’ppb] ® 40 4580 days backward in time, e.g., next to the Strait of Gibraltar in
the top panel and farther to the east (Caucasus, China, south
E—— ' ' L of Japan) in the following ones. The downward transport

S. America  Europe Australia  N. America  Africa Asia .
marked by the green dots seems to occur preferentially on the

Fig. 6. Vertical distribution of FLEXPART S@ and CO emis- north side of the subtropical jet ;tream, as pne would expect

sion tracers from the different source continents above Garmischifom the counter-clockwise rotation of the air-masses around

Partenkirchen, simulated for the time of the lidar measurement orthe jet (see Sect. 4). It is interesting to note that sometimes

31 May 1996 shown in Fig. 1 (twenty-day simulation). Please, noteSTT and TST (troposphere-to-stratosphere transport) simul-

that the numbers in the mixing-ratio scales are just rounded to théaneously occur in the same confined area, which is in some

next integer value. agreement with the idea of shallow exchange. A clear assign-
ment of the locations of STT or TST to the phase of a single
high-velocity streak is very difficult. On the day of arrival

8.9km. Pronounced contributions from various polluted re-over Garmisch-Partenkirchen the jet stream is located north

gions around the Gulf of Mexico, Mexico City and from of Germany (not shown). Thus, the high-ozone air mass does

Southern California are seen. The local air-quality stationnot approach the observational site inside the jet stream itself

network in Mexico City reports peak values between 180 andas initially thought. However, due to the short transport time

almost 230 ppb between 12 and 18 May, 125 ppb on 19 Maypnce around the globe most of the transport must have taken

and between 150 and almost 270 ppb until the end of Mayplace not too far away from the locations of the highest ve-

(http://www.sma.df.gob.mx/simat/ Again, Asian contribu-  |ocities.

tions are almost absent. This can also be seen from the calcu-

lated vertical distribution of the emissions from the different 3.2 Case 2: 26-30 May 1999

continents reaching Garmisch-Partenkirchen shown in Fig. 6.

The maximum PBL contribution is located between 8.0 and3.2.1 Background

9.5km, exactly where the aerosol peak was found with both

lidar systems. The ozone series between 26 and 30 May 1999, showed
the longest persisting high mixing ratios ever observed with

3.1.4 Jet-stream and Lagrangian STE analysis the ozone lidar in the middle and upper troposphere above
(LAGRANTO) Garmisch-Partenkirchen (Trickl et al., 2003). The ozone

mixing ratio above 4km reached values between 80 and

For comparing the FLEXPART results with the positions of roughly 150 ppb. The analysis showed sources in the North
the subtropical jet stream additional visualizations of the jetAmerican PBL, but also a strong, almost horizontal high-
streams in the Northern Hemisphere were derived from thealtitude flow from the Pacific to Europe. On 27 May, 70 to
ERA-40 re-analysis, starting about fifteen days before the80 ppb were observed also below 4 km and ascribed to direct
beginning of the respective high-ozone period. The resultinput from the Eastern US, one of the rare cases in which this
were plotted at intervals of six hours. In Fig. 7 we show im- has led to the observation of a pronounced rise in ozone at the
ages for four different times, corresponding to an eastwardZugspitze summit (see, Stohl et al., 2003 and Huntrieser et
propagation of the air parcels. al., 2005 for another example). The N@ixing ratios at the

The subtropical jet stream exhibits changes in wind speednearby Wank station (1780 ma.s.l.) were just between 1 and
The areas of the highest wind speed are dominated by th& ppb which indicates a moderate European contribution to
eastward component of the zonal wind (not shown). Thethis air mass.
weaker westward components (e.g., Dunkerton, 1995) are The mobile radio-sounding station, operated by the PSI
slightly displaced in latitude and cannot be resolved in Fig. 7.team at Kiin between 26 and 28 May (see Sect. 2.1), yielded
The latitudinal oscillations of the jet position are much less similar ozone profiles as the lidar, the only major difference
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May 17,1996, 18 UTC; velocity @ 200 mbar; STT, T

s ‘3""“,

ST @ (150—250 mbar, +3h)

May 21,1996, 00 UTC; velocity @ 200 mbar; @ (150-250 mbar, *3h)

-150 -120 -90

30 40 50 60
Wind Velocity [ms-1]

Fig. 7. Selected examples of the ECMWF/LAGRANTO visualizations of the jet streams for Case 1; the position of Garmisch-Partenkirchen
is marked with a red dot next to the centre of each panel. The wind speed is colour coded. The positions where trajectories revealed STT or
TST between 150 and 200 mbar are marked by green and black dots, respectively.

being vertical displacements due to orographic lifting of theing which all system were operated. We describe here mostly
sonde. In addition, frequent measurements with the bigthe analysis for 27 May, more information on the other days
aerosol lidar were made during this field campaign, yieldingbeing included in (Trickl et al., 2009).

information on pOtential contributions from remote bound- After a fronta' passage on 23 May a |0ng high_pressure
ary layers. Due to the availability of all these complementaryzone formed that extended from the region south of New-
measurements we discuss this period in particular detail. Ifoundland to 30 E on 24 May. As seen in the other five (and
the following we present four examples from the period dur- many more) cases the occurrence of a stratospheric intrusion
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Fig. 8. Examples of lidar, sonde and station measurements from the VOTALP Il “Munich” field camgalgg6é May 1999, around
16:00 CET;(b) in the morning of 27 May 1999r) around noon on 27 May 199@]) before noon on 28 May 1999. Shown are ozone (from
lidar, PSI sonde, stations), relative humidity (RH, from PSI sonde) and the aerosol backscatter cogffidented from the measurements
with the “NDACC” aerosol lidar at large elevation angles of at least 45

would have been be expected during the transition to highearly afternoon of 26 May, and immediately showed the
pressure. We suspect that the intrusion was shifted to théigh-ozone layer that was subsequently observed over many
east in the rapid eastward air flow north of the Alps. days. Figure 8a shows one example of soundings on 26 May
The analysis in our previous study (Trickl et al., 2003) at about 16:00 CET, when the first PSI ozone sonde was
showed contributions to the high-ozone layer from severallaunched. The agreement between lidar and sonde is not
source regions in the US for 26 May and 27 May. The mea-perfect which indicates some spatial inhomogeneity of that
sured ozone concentrations in the US did not suffice to ex0zone layer. The lidar data are confirmed up to 3km by
plain mixing ratios of more than 80 ppb. Also some convec-the measurements at the nearby local monitoring stations,
tive activity was discussed. However, as in the first case, thavhereas the sonde should have departed more to the east.
trajectories for these days and also later show a strong mid- Above 4 km elevated ozone is correlated with low humid-

and upper-tropospheric component entering from the Pacificity and, in part, with aerosol. Both the ozone lidar (affected
by a small light leak in the receiver box during that cam-

3.2.2 Observations paign) and the PSI data, unfortunately, end just above 7 km.
However, the aerosol lidar detected significant traces of par-

Due to the preparations for the field campaign no lidar meaficles between 7.3km and 11.7km, the latter value agree-
surements were made on the first two days of this high-"9 with the tropopause levels determined by the Munich ra-
pressure period. The measurements were started in th@iosonde (11.6kmat12:00UTC and 11.8km at 24:00 UTC).
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May 27, 1999, 5-15 CET, 5-9 km a.s.l. 3.2.3 Retroplume analysis (FLEXPART)

Column

As a first step for extending the analysis with respect to that
by Trickl et al. (2003), a fifteen-day FLEXPART backward
simulation was carried out for the high-ozone layer between

A 3 » ‘ 2 5 and 9km on 27 May (Fig. 9). The result for 12 000 m looks
: I similar to that in Fig. 3, indicating a possibly strong contribu-
BT R Y Y tion from a stratospheric intrusion over the Northern Pacific

and reproducing the second, highly confined branch reaching
back to the Mediterranean Sea. However, in this case some
Asian air pollution was mixed into the air stream. It is inter-
esting to note that the backward simulations show significant
contributions from several source regions in the entire US
not identified by the ten-day backward trajectories studied by

‘ﬂ./)
Iy
&
K

218

o)

X
A‘\;‘&?ﬁ

— l“l—“ 0 Trickl et al. (2003), in particular California, which demon-
63 125 250 500 1000 strates the better coverage of remote areas by the retroplume
Source Contribution results. . .
B e — 0 120 o As for Case 1 the simulations were more recently extended
s 4%»’?%‘% [ R o i R B B> to twenty days for all the times of the examples in Fig. 8a to
T e o ) d in order to harden the stratospheric influence and to obtain

oS

a better estimate of the role of the Asian emissions based on
the potentially better overlap with the countries in the Far
East.

In Fig. 10 we give an overview of the vertical distribu-
tions of the stratospheric fractions calculated for the four
measurements shown in Fig. 8. Again, the highest STT frac-
tions extracted from the FLEXPART calculations are reached
within the earliest days. We, thus, show results only for days
Y, —20 to —15. Clearly, the maximum stratospheric fractions
— S LA for all four measurements discussed are higher than those
B R e e — for Case 1, in qualitative agreement with the, in part, much

higher observed ozone concentrations. A comparison of the
Fig. 9. Fifteen-day backward simulation with FLEXPART for two profiles for 27 May (Fig. 10b) with the measured ozone

27 May 1999, between 05:00 and 15:00 CET, corresponding to thé'?‘nd aerosol profiles, despite nicely reproducing the main fea-
measurements in Fig. 8b and c (see Fig. 2 for more details). tures, indicates some noise component in the numerical re-

sults: There is less difference between the two measurements
than between the two simulated fraction profiles. Despite the

: . . Yine structure seen in the experimental and modelled results
on 27 May 1999, correlated W|_th |9W relatlve-hu_m|d|ty val- in the range between 5.5km and 9km the transport path-
ues down to 5% (please, note in Fig. 8c the vertical offset of

. way does not change much. Differences are only seen over
the lidar and the sonde data above 3.3 km). Th5e aeros?I pea|§§sia, as indicated by the broadening of the plume section for
for the 532-nm measurements reach almost 1t sr) -,

hich i i kable for the free t h d 12000 m in Fig. 9.
which IS quite remarkable for the Iree troposphere and corre- - Fig. 11 we give three examples of retroplume sum-

sponds to a visual range of less than 10 km. Such values are - ries for specific layers on 27 May at 11:00 (Fig. 8¢c), one

almost one order of magnitude higher than typical values forbelow the range with elevated stratospheric fractions, two
aerosol structures related to intercontinental transport, eVe(lithin this range. In particular, in the range of the stron’gest
in fire plumes from the US observed during strong fire yearspeak in the aerosol profiles ihe FLEXPART stratospheric
(see Sect. 4). . . . fraction is highest (7000 to 7250 m), and elevated fractions

The fourth example (Fig. 8d) is from a period on 28 May extend over more than 17 days. The FLEXPART particle

gg';ng:al)t/ﬁegdlgrotlérr ria;':]edr rr);lr)]m':r?“t%re]z) ggévyssgnan _f_ﬁg?;clusters in the upper boxes of the two lower panels do not
ing thunders n : suggest shallow STT.

was much less aerosol, but, still, the ozone values were Also import from the East Asian PBL is seen. From

high and the corresponding humidity was low. Before the%we emission sensitivity “footprints” it is obvious that PBL

thunderstorm the ozone values had reached roughly 150 pp . . L
(03:00 CET). contact over East Asia peaks for air masses arriving over

Garmisch-Partenkirchen in the range between 7.25km and

12000 m

-12

{

Y

\ T,

N

Figure 8b and ¢ show very high ozone and aerosol value
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Fig. 10. Vertical distribution of the maximum stratospheric fraction in the twenty-day FLEXPART retroplumes calculated for the four
measurements in Fig. 7, extracted from day20 to—15: (a) 26 May and 28 May(b) 27 May.

8km, i.e., in the altitude range of the big aerosol peak in In summary, we conclude also for the high-ozone layer
Fig. 8b and c. The FLEXPART analysis shows contactobserved in this case study the presence a highly significant
with the lower troposphere over Asia for the period before stratospheric component, however, interleaved with PBL air
day —9, when the lowermost cluster in the 7000-m-to-7250- during certain periods. The transport pattern resembles that
m altitude panel in Fig. 11 is centred at 2km. The ex-in Case 1.

port from East Asia proceeded via (presumably dry) pre-

frontal rise. The Asian influence is confirmed by the ver- 3.2.4 Jet-stream and Lagrangian STE analysis

tical distribution of the emissions transported to Garmisch- (LAGRANTO)

Partenkirchen, (Fig. 12; see in particular $OThe back-
ward plume overlaps with the desert regions. The aerosol im ;
ages from the Total Ozone Mapping Spectrometer (TOMS,Of the FI'_EXPART backward pl'ume, which reached back to
http://toms.gsfc.nasa.gov/aerosols/aerosols)henkal pro- the Mediterranean Sea, to vertical exchange (STT) along the
nounced dust outbreaks in the Takla Makan or Gobi desertSUPtropical jet stream. Again, a good general agreement with
during the entire month of May. Itis, thus, likely that at least € Plume component in the 12-km panel of Fig. 9 is found

the big aerosol peak in Fig. 8b and ¢ between 7 and 8 knfSUPPIement, Fig. §. However, over a major part of Asia
is caused by dust from the Asian deserts. The satellite im!€SS STT events are marked than in the images for Case 1.

ages do not show any other significant source of aerosol iy his could, in part, be due to the restrictive selection criteria

sufficient vicinity to the FLEXPART plume. (see Sect. 2.2). In particular, the potential vorticity threshold
Despite the rather convincing FLEXPART STT fractions Of 2Pvu might be .too high for the subtropics (Folkins and

the particularly high ozone values around 7 km on 27 May”\PPenzeller, 1996; Gouget et al., 1996).

could suggest the presence of an additional component fro i

Asian emissions. However, the FLEXPART results re-rg'3 Case 5: 21 t0 24 July 2001

veal even stronger Asian influence for 26 May (Supple-

ment, Fig. $), but lower ozone levels were observed over

Garmisch-Partenkirchen. On 26 May, the aerosol contribu-The lidar measurements between 21 and 24 July (Fig. 13)
tion is lower (Flg 8a) which indicates less influence from the y|e|ded a particu|ar|y nice examp|e of the May-1996 type
deserts. The Asian influence seems to be higher in the alti(Case 1), in an analogous way related to a high-pressure zone
tude range with the highest aerosol backscatter coefficienttoving into Central Europe. The ozone layering is, again,
(5.5km to 6.5km) whereas in the lower-aerosol range be+ypical of this kind of weather situation, with stratospheric
tween 7.2km and 11.9km also some North American fraC'air (S) descending towards the PBL in the ear|y phase, low-
tion was found. On 28 May (Fig. 8d) the influence of the con- O, air from the subtropics above this layer (SA) and air from
tinental boundary layers seems to be low. Here, very likely,peyond the Atlantic above 4 km (see Sect. 3.1).
the stratospheric influence dominates. The temporal development above 4 km starts with the ar-
rival of PBL contributions from the US. The principal source

Also for Case 2 an attempt was made to relate the long part

3.3.1 Observations
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Retroplume Summary for May 27, 1999, 11 CET May 27, 1999, 11 CET, Impact of Continental Emissions
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Fig. 13. Ozone sounding series in July 2001 at the beginning of a
Fig. 11. Retroplume time-height sections from the twenty-day high-pressure period;S marks a stratospheric air intrusion, SA air
simulation for three selected altitude ranges above Garmischfrom the subtropical Atlantic, the layers marked with the labels 1, 2
Partenkirchen initiated at the time of the lidar measurement inand 3 are discussed in the text. The time scale is given with respect
Fig. 8c; for details see Fig. 5 and Sect. 2.2. The simulations forto 00:00 CET on 21 July.
Fig. 8b look similar.

(10—20 % relative humidity). The situation is quite compli-

. . cated due to the strongly altitude- and time-dependent wind
region was first the north-eastern part of the US, later there gy P

) ; o irecti Figs. 14, 15). We, theref hift th ip-
was also input from other regions. Again with a delay of direction (see Figs. 14, 15). We, therefore, shift the descrip

. . tion to the Supplement.
about two days there was a conspicuous ozone increase be- PP

tween 6 and 8km, here to values of about_ _120 ppb. Th%.3.2 Vertical position of the air stream (FLEXTRA
correctness of the measurements was verified by a com- trajectories)
parison with the HohenpeiRenberg ozone sonde on 23 July
2001, launched at 05:41 CET (difference at the ozone pealgecayse of the spatial confinement of the most relevant air
at 7.5km: +7 ppb for the lidar). From the ozone structure yagses a particularly clear picture of the three-dimensional
we distinguish severgl Ia_yers. The analysis focusses on thf’ransport path from 140/ to Garmisch-Partenkirchen is ob-
three layers labelled in Fig. 13 as 1 to 3. tained from ten-day FLEXTRA trajectory plots. The tra-
Since low humidity had been found in the analogous casegectories yield the best information on the vertical position
we analysed the MOZAIC data for Frankfurt and radiosondeof the air streams corresponding to Layers 1 to 3, at least
data from the surrounding stations Payerne, Stuttgart anavithin their ten-day time span. Two examples for the pe-
Munich. No suitable MOZAIC flight was found for the short riod of Layers 1 to 3 are shown in Figs. 14 and 15. An
period of Layer 3. The sonde data, indeed, show dry layersonset of air-mass import from the Pacific is observed in the
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Fig. 14. Ten-day FLEXTRA backward trajectories initiated above Fig. 15. Same as Fig. 14, but for 23 July 2001, 19:00 CET (cor-

Garmisch-Partenkirchen on 23 July 2001, 01:00 CET (correspondfesponding to label 3 in Fig. 13); some of the upper-tropospheric
ing to labels 1 and 2 in Fig. 13); the colour code in the upper paneltrajectories reach altitudes above 12 km during the earliest period.

describes the altitude at a given time. In the lower two panels it indi-
cates the altitude at the location of Garmisch-Partenkircher0j.

The asterisks on the individual trajectories mark the 00:00 UTC po-

sitions. The results in Fig. 16 for 12 000 m altitude, again, indicate

potential STT over the Pacific. As in the first two cases, in-

tersections with this level are seen all the way back between
afternoon of 22 July, for altitudes above the lidar betweenthe Pacific and the East Atlantic (more than once around the
6 and 8kma.s.l. The advection pathway covers parts ofglobe). The particle band for for 12000 m starts exactly in
Canada and the Northern US. For the 01:00-CET calculatiorthe region where the trajectories in Fig. 15 leave the panel.
(Fig. 14) the upper-tropospheric trajectories (Layer 2) mostlyThis slice of the backward plume follows the maxima of
correspond to air masses ascending from the PBL over Nortlthe column sensitivity even over Asia, suggesting a single,
America and the western part of the Atlantic. The trajectoriesalmost coherent air stream all around the globe, again fol-
for Layer 1 stay in the upper troposphere and even slightlylowing the maximum of shallow STT displayed by Sprenger
ascend backward in time as they approach the Pacific. Thet al. (2003). Moderate PBL contributions from both North
situation changes in the afternoon of 23 July, when most traAmerica and East Asia are seen.

jectories above 5km stay at high altitudes and end over the g three times on 23 July corresponding to Layers 1 to 3,
Pacific (Fig. 15). There is some indication of separate tl’ajeC-04:oo CET, 07:00 CET and 22:00 CET, twenty-day simula-
tory bundles for Layers 1 and 3 (below and above 8kma.s.l)tions were performed, which yielded both a better estimate
The potential vorticity south of Alaska is less than 1 pvu sug-gf the potential Asian influence and information on the ap-
gesting the absence of a local intrusion in this area. proximate vertical position of the plume. Just the results
for 22:00 CET are presented here. The simulations for the
earlier two times show elevated PBL contributions above
7 km, increasing towards Layer 2 North American contri-
butions dominate the emissions (see Fig.irtsthe Supple-
ment). However, the vertical distribution of advected emis-
sions does not explain why there is so much more ozone in

3.3.3 Retroplume analysis (FLEXPART)

Fifteen-day backward simulations with FLEXPART were
carried out for all the three layers. We only show the re-
sults for Layer 3 (Fig. 16). The simulations for the other two
layers look similar, but without a clear contact with the East

Asian PBL within fifteen days and potential STT for Layer 1 Lgyer 1 than in Layer .2' . However, in Layer 1 an elevateq
over the Atlantic between ?5nd 45 N. single-day stratospheric influence of up to 12% is seen in

the FLEXPART results. By contrast, for Layer 2 rather low
stratospheric fractions are obtained for the preceding twenty
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July 23-24, 2001, 18-3 CET, 8-10 km a.s.l. 12
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Fig. 17. Vertical distribution of the maximum stratospheric fraction
120 P in the retroplume calculated for 23 July, 22:00 CET, for two differ-
T ent backward time periods.
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et R ~ “h%g 20 for which lower stratospheric fractions were found. It is in-
T T——Tmm ° teresting to note that the highest fraction corresponds to STT
00 02 04 08 16 31 63 125 250 500 1000 on day—6, when the rapidly travelling plume was located
roughly south of Alaska and where it reached its highest
12000 m ; ; ) .
L 120 % 120 ool mean altitude during the entire twenty-day period of almost
S P - 12km. This is in some contrast to the PV results in Fig. 15
% i :-' ~ based just on trajectories.

The time-altitude plot for Layer 3 (not shown) shows four

D,
Ny , partial clusters of the plume, the upper three always stay-
| ing above 6 km and the uppermost one never getting below
00 02 04 08 16 31 63 125 250 500 1000 10 km. This confirms the tendency seen in the trajectory plot
(Fig. 15) and, again, suggests rather shallow STT in an upper-
)}ropospheric air stream almost all the way around the globe

g
()t 8 é>

Fig. 16. FLEXPART fifteen-day backward simulation for retro-

plumes released between 23 July 2001, 18:00CET, to 24 Jul )

2001, 03:00 CET, and between 8 and 10 kma.s.l. above Garmisch(Startlng at—4d).

Partenkirchen (Layer 3 in Fig. 13; see Fig. 2 for more details). The vertical distribution of emissions for Layer 3 (Fig. 18)
show only half the mixing ratios calculated for Layers 1

and 2. But they include a much higher Asian fraction, as
. . already indicated in the fifteen-day simulations. A moderate
days. We conclude that the h!gh ozone values in Layer 1 A orth American spike at 8km is likely to be an extension of
mostly due to the stratospheric component. Layer 1.

In the case of layer L3 (22:00 CET), where the highest
ozone concentration is found, the stratospheric contributior8.3.4 Jet-stream and Lagrangian analysis
clearly dominates. Figure 17 shows a vertical distribution (LAGRANTO)
of the maximum single-day FLEXPART stratospheric frac-
tions for the backward time intervals five to ten and ten to Examples of the LAGRANTO simulations for Case 5 are
twenty days as extracted from the retroplume analysis forshown in Fig. 19. For this case the FLEXPART plume can
22:00 CET. These time intervals cover most of the relevantiocalized rather well to about 11 days backward in time. As
stratospheric input. The pronounced stratospheric peaks coa consequence we marked the mean single-day position ex-
relate well with the observed ozone maxima for 22:00 CETtracted from the retroplume analysis for layer L3 on the three
on 23 July. The stratospheric fraction for Layer 3 (9 km) lowest panels with red crosses. Next to the cross in the low-
is particularly high (63 and 75 %, respectively, for the two est panel (south of Alaska, day6) only three green circles
backward time periods chosen). Given this high fraction,are marked. This number of STT events looks low in com-
the observed peak ozone mixing ratios of about 120 ppb lookparison with expectations for the STT in this region from the
somewhat low remembering the findings for the other caseprevious section. Again, we suspect that this low number
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July 23, 2001, 22 CET, Impact of Continental Emissions Since the transport mostly takes place at high altitudes where
turbulence is limited, the air masses follow quite well kine-
matic trajectories calculated from underlying ECMWF wind
field. For very long travelling times there is a clear gain in
information by using the FLEXPART analysis tools because
s L L of the much higher density of the numerical particles in the
CO [ppb] backward plume and because of including even low levels
of turbulence as well as convection. The column-integrated
emission sensitivities quite frequently stay astonishingly nar-
row even back to the Pacific. The main uncertainties, visible
Mixing Ratio [ppb] in the spreading of the plume farther to the west, are, e.g., re-
lated to the parameterizations. The uncertainties associated
[ m— I I I , ) i )
S.America Europe  Australia N.America  Africa Asia with the spreading backward in time also influence those of
the calculated STT fractions that could be too low if free-
Fig. 18. Vertical distribution of FLEXPART S@and CO emission  tropospheric air-mass mixing were overestimated (Trickl et
tracers from the different source continents simulated for the lidargl., 2010; and current studies). There is additional uncer-
measurement on 23 July 1999, 22:00 CET (twenty-day simulation).tainty about the STT fractions due the 2-pvu threshold cho-
sen for latitudes above 302 pvu may be too high for achiev-

. .. ing quantitative results in the subtropics (Folkins and Appen-
of number of STT events could be ascribed to the restrlctlveze"er, 1996; Gouget et al., 1996). The comparison with the
selection criteria for the LAGRANTO analysis. jet-stream resullts is satisfactory since also here the ECMWF

For the earliest days the temporal spread of the FLEX'anaIysis is used.
PART plume is too high for positioning. The top panel  the yertical distributions for the various output quanti-
reveals pronounced STT over Morocco, exactly where thejes aimost perfectly match the lidar results in their layer-

S

SO, [ppb]

<]

Altitude [km]

Altitude [km]

15 20 25 30

o
)
35

backward tongue in the 12000-m panelin Fig. 16 ends.  jng whereas the accuracy of calculated mixing ratios is not
known. The model-based analysis reveals the presence of
4 Discussion and conclusions stratospheric contributions mostly entering the troposphere

over the Pacific, Asia, and even farther to the west. For just
The extended backward analyses presented in this paper few of the high-ozone layers simultaneous air pollution
have added some significant information on mid- and upperimport from East Asia and North America was suggested,
tropospheric dry high-ozone layers rather consistently ob-which hardens the idea of an important stratospheric influ-
served with the lidar roughly two days after the beginning of ence on the ozone increase in the majority of these layers.
high-pressure periods. The high-pressure zones under corfheir thickness and length varies considerably from case to
sideration typically enter Central Europe not extending toocase (Table 1). A particularly impressive example with long-
far to the north of our observational site in the Northern Alps lasting high ozone is Case 6 (13—15 August 2001; Table 1),
(roughly 1000 km), thus allowing for anti-cyclonic inflow of for which FLEXPART revealed a complete absence of emis-
North American air masses around their northern edge duringions. In addition, a hemispheric simulation (Trickl et al.,
the early phase (Eisele et al., 1999; Stohl and Trickl, 1999;2010) with the EURAD chemistry-transport model showed
Trickl et al., 2003). As the high-pressure zone proceeds tahe almost complete absence of extra CO from emissions for
the east a transition to straighter inflow from the Atlantic oc- the entire duration of the high-ozone layer. The transfer from
curs at some altitudes in the free troposphere (see Figs. 1the stratosphere into the, in part, rapidly traveling air streams
and 15 as well as the column-sensitivity panels in Figs. 2, 3, 9s very likely relatively shallow on average (“shallow and
and 16) and the direct advection from beyond North Americamedium folds” as defined by Sprenger et al., 2003).
starts at altitudes typically above 5km. The North American The absence of emissions in several of these layers sup-
air typically ascends from the PBL to the middle and upperports the conclusion of STT as the main source of the ele-
troposphere by transport in warm-conveyor-belts (Stohl andvated ozone. The layers, being several kilometres thick, con-
Trickl, 1999) and the backward air parcels for the free tro-tain 80 to 150 ppb of ozone after travelling around a major
posphere horizontally almost coincide over a major part ofpart of the northern hemisphere. This underlines the impor-
the Atlantic. Over North America branching occurs at mod- tance of the underlying mechanism of STT. The humidity in
erate altitudes. Considerable complexity is added by furthethese layers is low, but not negligible, which indicates a con-
prefrontal upward transport over the continent (Trickl et al., tribution of tropospheric air even in the centre of these some-
2003). times quite thick layers. A tropospheric influence is obvious

The ozone-rich mid- and upper-tropospheric air streamdor the cases with aerosol observations.

are rather coherent and could be mostly followed from Eu- Two branches are seen that vary in mutual importance
rope backward to the Eastern Pacific even with trajectoriesfrom case to case. From our model analysis we cannot
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July 10, 2001, 12 UTC; velocity @ 200 mbar; STT, TST @ (150-250 mbar, +3h)
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Fig. 19. Selected examples of the ECMWF/LAGRANTO visualizations of the jet streams for Case 5; the position of Garmisch-Partenkirchen

is marked with a red dot next to the centre of each panel. The mean single-day position of the uppermost FLEXPART cluster is marked with
a red cross for the days corresponding to panels 2 to 4. The wind speed is colour coded. The positions where trajectories revealed STT o
TST between 150 and 200 mbar are marked by green and black dots, respectively.

distinguish the branching ratio. The first branch correspondghe fifteen-day simulations cannot be seen as a full proof due
to inflow from stratospheric intrusions over the Northern Pa-to the moderate latitudes of that component. However, there
cific not deeply penetrating the troposphere. Such a contriis some evidence from the twenty-day analyses (in particular
bution was found in two of the six cases. The other branchCase 5, 21-24 July 2001) and the LAGRANTO results that
is formed by air masses travelling around the globe betweemignificant STT should have occurred also here. In fact, these
30°and 40 N within just fifteen days. The 12-km results in air streams almost co-incide with the maximum of shallow
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and medium folds obtained by Sprenger et al. (2003). Thiset al. (2000) also found low potential vorticity, but ascribed
latitudinal belt seems to overlap with the northern end ofthis fact to mixing induced, e.g., by clear-air turbulence.
the subtropical jet stream on the north side of the Hadley The results of the jet-stream climatology derived by Koch
cell, typically between 1tand 30 N. What is special in our etal. (2006) resemble the pathways obtained from the FLEX-
results is that STT does not only occur in descending airfPART and ERA-40/LAGRANTO analyses for the cases ex-
tongues: A significant amount of stratospheric air is alsoamined in our study. The subtropical jet, on a seasonal av-
caught in an air stream travelling to Europe within or next erage, proceeds northward over the Pacific and North Amer-
to the jet stream. ica, ending between Iceland and the United Kingdom. This
The subtropical jet is an almost persistent feature exhibit-makes possible our surprising observations. The frequency
ing a rather moderate wave structure (e.g., Krishnamurti eof jet-stream occurrence along this band, in particular over
al., 1961; Koch et al., 2006). The Results in Figs. §, S North Africa, is higher in winter and spring than in summer.
(Supplement) and 21 confirm this behaviour. Its maximum isFour of our six observations took place in spring (Table 1),
reached in winter and spring and it is vertically thin in com- i.e., during a period favourable for the formation of such air
parison with the polar jet (Koch et al., 2006). The maximum streams. It will be interesting to see if, with a growing cov-
of shallow STT along the subtropical jet stream follows this erage of the cold season with lidar measurements in recent
seasonality with its area of occurrence shrinking to the con-years similar middle- and upper-tropospheric ozone maxima
tinents and the inflow regions during summer (Sprenger etan be identified also in winter. However, the hibernal flow
al., 2003). The reported shallow-fold formation seems to bepattern over the North Atlantic looks quite different from the
located more on its north side. This is confirmed in our anal-situation in the six cases described here.
ysis for Case 1, but is less clear for the other cases. This is A comparison of the FLEXPART and LAGRANTO results
a consequence of the reported counter-clockwise rotation ofor the early times also suggests that modelling of air flows
that air stream (e.g., Krishnamurti, 1961), in agreement witharound jet streams is quite reliable. However, it is difficult
the findings for the mid-latitude jet (e.g., Danielsen, 1968).to compare the results on a daily basis because of the tem-
The downward transport usually starts in regions of accel-poral spread of the backward plumes with time. Field exper-
eration (entrance region, Keyser and Shapiro, 1986). Thisments and forward transport model runs for analysing the
can be sometimes seen in the LAGRANTO results presentedertical exchange across the subtropical tropopause and the
in Sect. 3, in particular in Fig. 7. But there are also de-long-distance propagation of stratospheric air intruded into
viations and, as mentioned in Sect. 3.1, regions where upthe upper troposphere are desirable. Another open question
ward and downward transport even seems to co-exist. Thigs the deviation of the ERA-40 jet stream positions from the
is not easy to understand and indicates a considerable conarrival pathway over the North Atlantic and Europe. Accord-
plexity of these processes. The complexity is enhanced byng to the FLEXPART results the minimum travel time of
occasional contact with other jet streams. Due to the sethese air masses once around the globe is of the order of
lection criteria the STT and TST events marked in Figs. 7,fifteen days, corresponding to an average speed of roughly
Sz (Supplement), and 19 do not give a full coverage of the30ms 1. Therefore, it is reasonable to assume some propa-
trans-tropopause transport. This includes selecting 2 pvu fogation not too far away from the centre of the subtropical jet
the tropopause instead of 1 pvu one and less as discussed Btream as indicated by the comparison of the model results.
Folkins and Appenzeller (1996), Gouget et al. (1996) and Finally, the main open question remains that about the as-
Cammas et al. (1998). Zachariasse et al. (2000) also fountbnishing reproducibility of a pattern in the observations that
low potential vorticity, but ascribed this fact to mixing in- is related to such an extremely long transport path. This
duced, e.g., by clear-air turbulence. guestion also addresses the behaviour of the northward spi-
Sprenger et al. (2003) conclude very high folding frequen-ralling of the subtropical jet stream. At this time, we cannot
cies of almost 30% in this area that extends from Northjudge the importance of this kind of long-range transport for
Africa to the Pacific (and even around the globe during thethe tropospheric ozone over Central Europe. However, the
cold season), in agreement with the persistence of the submodelling results by Sprenger et al. (2003) suggest that STT
tropical jet stream. The reported lower STT penetrationalong the subtropical jet should be a major source of tropo-
depth might, in part, be due to the lower jet-stream curvaturespheric ozone at least at other latitudes during a major part
(Keyser and Shapiro, 1986) and to a confinement of the jet twf the year.
the upper troposphere in this area (Koch et al., 2006). Gouget The existence of aerosol in some of the layers indicates
et al. (1996) point out that the descending stratospheric aicontributions from a remote PBL. In the most spectacular
tongue analysed in their study was quasi-horizontal and thatzase (May 1999) the FLEXPART analysis suggests the pres-
in contrast to the deep mid-latitude jet front systems, the subence of dust from the Takla Makan and Gobi deserts. How-
tropical front was concentrated in a shallow layer. Cammasever, it is difficult to quantify the impact of East Asian emis-
et al. (1998) found as many as 154 high-ozone episodes nortsions. There are large uncertainties in the emission invento-
of 15° N during MOZAIC flights between Europe and South ries (Ma and van Aardenne, 2004). This uncertainty is en-
America between August 1994 and April 1997. Zachariasséhanced due to the strong positive trend in emissions in that
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region, with more than a doubling of the MN@eak values lightning-generated NOfor the US and adjacents marine re-
from 1995 to 2004 (Richter et al., 2005; see also Ding et al.,gions (Beirle et al., 2006; Cooper et al., 2006; Liang et al.,
2008). It would be helpful to obtain more observations with 2007; Schumann and Huntrieser, 2007; Singh et al., 2007;
dominating East Asian influence. However, such cases ar§ioris et al., 2007). Cooper et al. (2006) conclude from the
obviously difficult to find and we know of just two studies large data set collected during the ICARTT campaign that
of Asian plumes reaching Europe after transport across thenost of the ozone enhancement over the Eastern US (exclud-
North Pacific, North America and the North Atlantic (Grous- ing stratospheric contributions) in July and August 2004 was
set et al., 2003; Stohl et al., 2007). The analysis of our measdue to lightning-generated NO
surements shows that most of these air streams contain someln many cases mixing of different contributions within or
fraction of North American air pollution. However, a few in the vicinity of frontal systems over the Pacific takes place.
aerosol observations in the free troposphere in our long-ternThe proximity of one of the most important WCB inflow re-
series (ager, 2005) could be traced back to the Pacific areagion to East Asia is an important factor (Stohl, 2001, and
using FLEXTRA results (ATMOFAST, 2005;ager et al., references therein). The WCB lifts the Asian air masses
2006) and will be analysed further. towards the North Pacific where many of the air flows ob-
We found by trajectory analyses of free-tropospheric lidarserved above our site pass by. We have started to speculate
measurements for several years that aerosol is a suitable ion a potential impact of the rising Asian air pollution on the
dicator of PBL air, although its free-tropospheric abundanceozone concentrations in the upper troposphere and the lower
is mostly low (ATMOFAST, 2005; dger et al., 2006). This stratosphere (UTLS). Indeed, an analysis of MOZAIC data
is perhaps due to washout in the WCBs during convectivelybetween 1994 and 2003 has revealed a positive ozone trend
lifting the PBL air to the free troposphere, or due to dilu- in the UTLS (Thouret al al., 2006). This is confirmed by the
tion in diverging air masses. In our free-tropospheric sound-analysis of the HohenpeiRenberg sounding record from 1966
ings available since 1992 the aerosol backscatter coefficient® 2007 (Claude et al., 2008), showing+&.5 % decade!
above 3km have rarely exceeded the Rayleigh backgrounttend after 1994 that is limited to a narrow range around
at 532 nm (which corresponds to a visual range of 300 km atl4 km. A preliminary analysis of the Zugspitze CO within
sea level) by more than 50 %, even during strong fire years irATMOFAST has yielded a slightly positive trend of CO in
the US. Due to the high sensitivity of our NDACC lidar sys- stratospheric intrusions since the beginning of the CO mea-
tem (free-tropospheric threshold for aerosols: about 2% ofsurements in 1990, opposing the slightly negative trend for
the Rayleigh background) these structures are, neverthelesspn-stratospheric conditions (ATMOFAST, 2005).
clearly visible. Really strong aerosol signatures have only More measurements are needed to harden further the re-
been detected above Garmisch-Partenkirchen during Sahg@roducibility of these observations. In particular, we plan
ran dust outbreaks, which typically reach up to 6 ki@g@  to intensify simultaneous lidar sounding of ozone, water
et al., 1988; Kreipl et al., 2001; Papayannis et al., 2008),vapour and aerosols. Accurate side-by-sig@OHneasure-
and in boreal fire plumes, e.g., in August 1998 (Forster et al. ments are needed as an important information for quantifying
2001) and in July 2004 (during the ICARTT, Fehsenfeld et the tropospheric influence in these dry air streams. Our new
al., 2006, campaign, ATMOFAST, 2005). high-power water-vapour lidar has yielded humidity profiles
The model results also reveal that there may be problemsor the entire troposphere with just minor restrictions dur-
in guantitatively predicting the amount of ozone imported ing daytime, as a result of an application of the differential-
from the stratosphere into these rapid air streams. One possabsorption technique (Vogelmann and Trickl, 2008).
ble reason could be the pronounced spatial and seasonal vari-
ation of ozone in the lowermost stratosphere ranging betweesupplementary material related to this
100 and 500 ppb (Thouret et al., 2006). This is confirmed byarticle is available online at:
our lidar measurements that occasionally show strong conhttp://www.atmos-chem-phys.net/11/
centration changes above the tropopause within one to tw®343/2011/acp-11-9343-2011-supplement.
hours. Dateinamevonsupplement
The analysis may be further complicated by lightning. In
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