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Abstract

Very dry high-ozone layers have been repeatedly observed with the ozone lidar in
Garmisch-Partenkirchen (Germany) starting one or two days after the onset of high-
pressure periods during the warm season. These episodes have been analysed by
trajectory calculations and extended simulations with the FLEXPART particle disper-5

sion model. Mixed contributions from the stratosphere over the Pacific Ocean and
the boundary layers of East Asia and North America were found. The stratospheric
influence is mostly dominating and caused by a rather shallow transfer from the strato-
sphere into these rapid upper- and mid-tropospheric air streams. The considerable
vertical extent of these layers and peak ozone mixing ratios between 80 and 150 ppb10

suggest an important mechanism for stratosphere-to-troposphere transport.

1 Introduction

In recent studies of trans-Atlantic transport we repeatedly detected very dry air masses
above 4 km with peak ozone mixing ratios of 80 to 150 ppb both in lidar measurements
in Garmisch-Partenkirchen (Germany) and vertical profiles extracted from the MOZAIC15

(Measurements of Ozone by Airbus In-Service Aircraft (Marenco et al., 1998)) data
base. We presented three of these cases in a recent publication (Trickl et al., 2003).
Some of these layers contained aerosols indicating the presence of air from a remote
planetary boundary-layer (PBL), most likely admixed to these ozone-rich air streams in
the vicinity of frontal systems. Despite this contribution from the North American PBL20

the backward trajectories indicate a strong additional, upper-tropospheric component
from the North Pacific that is likely to be responsible for the low humidity. These ozone-
rich layers, in part as thick as 6 km, may strongly influence the free-tropospheric ozone
budget.

Similar observations of such a very dry air stream were, e.g., reported on by Pra-25

dos et al. (1999), Bithell et al. (2000), and by Law et al. (2001) (see also Penkett et
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al., 2004). Prados et al. (1999) examined a post-frontal air stream in the vicinity of
Bermuda advecting up to almost 90 ppb of ozone and almost 250 ppb of CO in the al-
titude range between 3.5 and 6.3 km. A trajectory shown for this layer does not reveal
any contact with the PBL and ends over the Pacific at pressures below 500 mbar. Mix-
ing of different air streams was postulated. The observations of Penkett et al. (2004)5

were made during a flight in the vicinity of a hurricane over the Atlantic Ocean. Up to
100 ppb of ozone were found, co-existing with up to 120 ppb of CO that is above the
local background level of about 80 ppb (see also Val Martin et al., 2006). The most
polluted layer was traced back to the boundary layer (PBL) in the south-eastern United
States (US). However, the trajectories published for this case suggest mixing with an10

upper-tropospheric air stream that, unfortunately, cannot be traced back by the tra-
jectories beyond the central US within the seven days of trajectory paths displayed.
Newell et al. (1999), by analysing vertical profiles from the MOZAIC data base, found
that atmospheric layers are most frequently associated with an increase in ozone and
a simultaneous decrease in water vapour. Typical altitudes are 6 km and the average15

thickness of layers showing this kind of anti-correlation is of the order of 1 km.
The occurrence of high ozone values in these dry layers suggests the presence

of a stratospheric component. But, obviously, the mechanism of stratospheric import
leading to such high ozone values in such wide layers must differ from the deep in-
trusions most commonly observed at our observational site (e.g., Reiter et al., 1971;20

Eisele et al., 1999; Stohl and Trickl, 1999; Trickl et al., 2003; Zanis et al., 2003; Trickl
et al., 2009a). These deep intrusions are mostly confined to rather narrow air tongues
with decreasing ozone mixing ratios as the layers approach the ground, to a major
extent as a consequence of a horizontal divergence of the air parcels. The typical
ozone mixing ratios measured in stratospheric streamers at the nearby Zugspitze sum-25

mit (2962 m a.s.l.) range just between 60 and 80 ppb. There is no way to explain the
high mid- and upper-tropospheric ozone concentrations in a layer several kilometres
thick by an admixture of such a diluted air mass.

Potential source regions are the atmosphere above the Pacific Ocean and East Asia
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where frequent and pronounced stratospheric air intrusions may occur (Austin and
Midgley, 1994; James et al., 2003; Sprenger et al., 2003). Cooper et al. (2005) report
on two strong intrusions in 2004 that even reached Hawaii and led to the observation
of 81 and 115 ppb ozone at the Mauna Loa Observatory (3400 m a.s.l.), respectively.
The second event (10 March 2004) even reached the sea level, 60 ppb were recorded5

at Honolulu. This is particularly remarkable since, at least over the continent, strato-
spheric intrusions rarely proceed to the ground (e.g., Reiter, 1987; Davis and Schuep-
bach, 1994; Elbern et al., 1997; Eisele et al., 1999; Schuepbach et al., 1999).

Cooper et al. (2004b) also describe that air from a dry intrusion may be mixed into the
ascending air streams of adjacent warm conveyor belts (WCBs). In their case study10

(May 2002) they find that roughly half of the stratospheric component of the dry air
stream was dispersed into the upwind and downwind WCBs over the Pacific Ocean.
The stratospheric air mass was then lifted back to the upper troposphere and lower
stratosphere where it passed over North America and the Atlantic at rather constant al-
titude. Quite differently, trans-Pacific transport may also occur almost entirely in the up-15

per troposphere. Very rapid trans-Pacific transport of radon-rich air (life time 3.8 days)
in the upper troposphere was reported on by Kritz et al. (1990). Liang et al. (2007) ob-
served a case in which subsequent trans-Pacific and trans-North-American transport
of an ozone-rich air mass took place exclusively at high altitudes. The entire pas-
sage from the West Pacific to the North American east coast occurred within about20

eight days. A significant ozone enhancement in the upper troposphere above mid-
latitude North America due to import from the stratosphere was concluded by Cooper
et al. (2006).

The almost zonal propagation of air masses to the east at high altitudes described
by Cooper et al. (2004a, b) and Liang et al. (2007) exhibits some similarity with that25

reported on by Trickl et al. (2003). A very intriguing idea for explaining the high ozone
values in the dry air streams observed above Garmisch-Partenkirchen would be that
of shallow intrusions directly injecting ozone into the jet stream over the Pacific Ocean.
Sprenger et al. (2003) locate a maximum in occurrence (partly exceeding a relative
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frequency of 30%) of shallow intrusions between North Africa and the Pacific Ocean
between 30◦ and 40◦ N.

High free-tropospheric ozone concentrations could, in part, also be related to air
pollution export from East Asia. The subtropical western Pacific is one of the two
most important inflow regions for WCBs in the Northern Hemisphere (Stohl, 2001).5

Cooper et al. (2004a, b) emphasize the role of WCBs in transporting Asian air pollution
across the Pacific. As mentioned above they found that these air streams may merge
with stratospheric air (see also Liang et al., 2007). As the lofted layers enter North
America they stay in the middle and upper troposphere and are rapidly transported to
the Atlantic.10

Coherent bundles of backward trajectories staying in the middle and upper tropo-
sphere between the Pacific Ocean and Garmisch-Partenkirchen have been quite fre-
quently observed, also in other investigations. However, these trajectories had never
been followed back beyond a few degrees west of North America. In this paper, we
analyse the long-range transport pathways leading to the dry layers described by Trickl15

et al. (2003) in some more detail, motivated by the idea of a potentially strong strato-
spheric contribution to tropospheric ozone. Within the German ATMOFAST (Atmo-
spheric Long-range Transport and its Impact on the Trace-gas Concentrations over
Central Europe; ATMOFAST, 2005) project backward model simulations were extended
to fifteen and even twenty days in order to provide the missing origins of the anoma-20

lously high ozone values. We also discuss two additional cases from the particularly
dense lidar measurements in Garmisch-Partenkirchen in 2001. We present this large
number of analogous cases in order to underline the importance and reproducibility of
our findings, but also in order to show the differences in appearance.
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2 Methods

2.1 Measurements

In this study we use data from measurements with two lidar systems at IMK-IFU
(47◦28′37′′ N, 11◦3′52′′ E, 730 m a.s.l.). The tropospheric ozone lidar (740 m a.s.l.) was
completed in its first version in 1990 (Kempfer et al., 1994) and upgraded in 1994 and5

1995 (Eisele and Trickl, 1996, 2005). It has a unique vertical range between 0.2 km
and roughly 15 km above the ground, features low uncertainties of about ±3 ppb in the
lower troposphere and ±6 ppb (under optimum conditions) in the upper troposphere.
The upper-tropospheric performance may be degraded in the presence of high lower-
tropospheric ozone concentrations absorbing a lot of the ultraviolet laser emission and10

by enhanced sky light in summer, in particular in the presence of clouds. The vertical
resolution is dynamically varied between 50 m and a few hundred metres, depending
on the signal-to-noise ratio that decreases with altitude. The lidar has been used in
numerous investigations focussing on atmospheric transport (e.g., Eisele et al., 1999;
Stohl and Trickl, 1999; Seibert et al., 2000; Carnuth et al., 2002; Roelofs et al., 2003;15

Trickl et al., 2003; Zanis et al., 2003).
Aerosol backscatter coefficients were taken from measurements with the big aerosol

lidar at IMK-IFU (730 m a.s.l.), a primary instrument of the Network of the Detection of
Atmospheric Composition Change (NDACC). This system was originally built in 1973,
based on a ruby laser, and has been continually used for measurements of strato-20

spheric aerosol since 1976 (e.g., Jäger, 2005; Deshler et al., 2006; Fromm et al.,
2008). The lidar was converted to a spatially scanning system in the early 1990s for
additional investigation of contrails (Freudenthaler et al., 1994) and, for the routine
measurements, has been operated at the wavelength of 532 nm ever since. The mea-
surements discussed here were either routine early-night stratospheric measurements25

(vertical pointing) or campaign measurements (May 1999, at elevation angles mostly
of 25 to 45 degrees in order to improve the coverage of the PBL). For an optimum
signal-to-noise ratio in the upper troposphere we evaluated only measurements for the
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highest angles.
In addition, in-situ data from the monitoring stations Garmisch-Partenkirchen

(745 m a.s.l., at IMK-IFU), Wank (1780 m a.s.l.) and Zugspitze (2962 m a.s.l.) have
been used, in particular ozone, 7Be, carbon monoxide, NOy and relative humidity.
These stations are located at distances of 8 km and less from the lidar.5

In May 1999, a radiosounding system was operated at Krün (47◦30′38′′ N,
11◦16′52′′ E, 876 m a.s.l.), 17 km roughly to the east of IMK-IFU, by a team of the
Paul-Scherrer Institute (PSI, Switzerland) as a contribution to the VOTALP “Munich”
field campaign (VOTALP II, 2000). For the study presented here this system yielded
important complementary information for the lidar and station measurements in the10

Garmisch-Partenkichen area. A VIZ W-9000 LORAN-C radiosonde was used (http:
//www.sippican.com). Each sounding provided the standard meteorological parame-
ters pressure, temperature, relative humidity, and horizontal wind vector as a function of
altitude. Relative humidity was measured with a fast-response carbon hygristor. Ten of
the sondes were equipped with an additional ozone sensor, a Model Z ECC O3 sonde15

of EN-SCI Corporation, Boulder, Colorado, that uses an electrochemical concentration
cell to measure the ozone concentration (Komhyr, 1969). Sonde measurements were
performed from 26 to 28 May 1999, with a total of 16 ascents in irregular intervals
during daylight hours.

As in the preceding publications (Stohl and Trickl, 1999; Trickl et al., 2003) we use20

ozone and water-vapour data from the MOZAIC (Measurements of Ozone and Wa-
ter Vapor by Airbus In-Service Aircraft) project (Marenco et al., 1998) that have been
routinely made onboard five commercial airliners, again for the May-1996 case (see
below). This dataset provides daily vertical profiles over Europe, transects at cruising
altitude over the North Atlantic and occasional vertical profiles at various locations over25

North America.
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2.2 Models

The transport pathways and source regions were identified by calculations with the
FLEXTRA trajectory model (Stohl et al., 1995; Stohl and Seibert, 1998) and the FLEX-
PART particle dispersion model (Stohl et al., 1998, 2005; Stohl and Thomson, 1999).
In this study, ten-day backward trajectories were used as the primary tool to visualize5

the altitude of confined air streams that stay in the middle and upper troposphere.
In principle, trajectory analyses are problematic for the investigation of very long

transport pathways due to the neglect of dispersion as a result of turbulence and con-
vection and a decreasing horizontal density (coverage) as one goes backward in time.
As a consequence backward options of the FLEXPART model have been developed10

and successfully applied (e.g., Stohl et al., 2003; Trickl et al., 2003; Huntrieser et al.,
2005) within several subprojects of the German atmospheric research programme At-
mosphärenforschung 2000 (AFO 2000, 2005). The backward plumes yield a much
more complete picture of where the air masses come from. The first product is
a column-integrated emission sensitivity that is proportional to the residence time of15

the particles over a unit area. Longer residence times mean a higher sensitivity to the
local emissions. The emission sensitivities are also displayed for selected altitudes.
Altitudes of 500 m and less, as used in the investigations presented here, are all repre-
sentative of the PBL and, thus, can identify areas of potential emission uptake from the
surface. Turbulence and convection in the PBL as well as moist convection throughout20

the atmosphere are accounted for in the FLEXPART model (Stohl et al., 2005). By
folding the emission sensitivity with emission fluxes from appropriate inventories the
source regions may be highlighted. For the work presented here the EDGAR 3.2 fast-
track inventory for the year 2000 (Olivier and Berdowski, 2001) has been used. For
large parts of North America, the regional inventory of Frost et al. (2006) was used in25

the most recent twenty-day simulations (see below).
The first backward analyses (for Cases 1, 2 and 4 in Sect. 3), as already presented

at several conferences (e.g., Jäger et al., 2004; Kanter et al., 2004), were started in

3120

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3113/2009/acpd-9-3113-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3113/2009/acpd-9-3113-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3113–3166, 2009

High-ozone layers in
the middle and upper

troposphere

T. Trickl et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

specific time-altitude boxes over Garmisch-Partenkirchen and extended over fifteen
days. This was found to be sufficient to identify even contributions from East Asia, as
a consequence of the high speed and coherence of these air streams. In addition,
these calculations provided a special feature not available in the later analyses de-
scribed a few lines below: They highlight the areas where an altitude of 12000 m was5

reached, i.e., where stratosphere-to-troposphere transport (STT) might have occurred
at sufficiently high latitudes.

In order to create a better overlap with East Asia and to identify potential additional
Asian contributions not accessible within fifteen days, further simulations, extended
to twenty days, were added for selected start times above Garmisch-Partenkirchen.10

These simulations also include a full “retroplume analysis” as described by Stohl et
al. (2002). Particles were released in 250-m bins above Garmisch-Partenkirchen, up
to 12 km a.s.l. Both the mean horizontal and vertical position of up to five clusters of the
backward plume for a 250-m bin is given and the fraction of the PBL. The positions of
the individual clusters are marked by a circle with a radius proportional to the number15

of particles in the respective cluster. The colour of these circles represent their altitude
and a number gives the backward time in days. The centroid of the retroplume is also
displayed by a trajectory, but as the plumes get complex backward in time the centroid
may not be very representative of the true position of the most significant part of the
plume.20

The twenty-day calculations also yield vertical distributions of emissions from the
different continents based on the EDGAR 3.2 inventory. Also the fraction of particles
with contact with the PBL or the stratosphere is given for each travel day. The threshold
condition for the stratosphere was chosen as a potential vorticity of 2 pvu polewards
from 30◦. The thermal tropopause was applied in the tropics. In addition, images of the25

sensitivity columns, PBL “footprints” and emission-tracer source regions are provided.
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3 Results

3.1 Case 1: 31 May 1996

The measurements with the ozone lidar in Garmisch-Partenkirchen between 29 May
and 1 June 1996, have been intensively discussed previously. They were carried out
to study a predicted stratospheric air intrusion (Eisele et al., 1999) and have been5

the subject of several modelling efforts including model validation and intercompari-
son (Feldmann et al., 1999; Stohl et al., 2000; Cristofanelli, 2003; Meloen et al., 2003).
This time series yielded the first evidence of significant trans-Atlantic transport of ozone
(Stohl and Trickl, 1999 (Sect. 5); Trickl et al., 2003). High-ozone layers of trans-Atlantic
origin were observed above 4 km almost during the entire period. The North American10

ozone contributions were concentrated mostly above 8 km and in a layer that gradually
descended to 4 km. The most important source regions were Texas, Mexico and, to
some extent, also the south-western United States (US). Some uncertainty exists con-
cerning the impact of a large convective cell in the frontal system lifting the air masses
to the mid-troposphere. Most importantly, significant stratospheric air inflow into the15

troposphere could be excluded over North America and the Atlantic.
A very special situation was found for 31 May. The model simulations showed some

North American influence in the upper troposphere and in the descending layer on all
days (see above), but, on 31 May, they did not yield any evidence of a significant PBL
contribution in a high-ozone layer between 5 and 7 km (later 8 km) during a major part20

of this day. An example of an ozone profile from this period, measured at 19:00 CET
(Central European Time (CET)=UTC+1 h), is shown in Fig. 1 together with a MOZAIC
ozone and a humidity profile for Frankfurt several hours earlier (same profiles as in the
preceding publication). These two measurements show the best mutual agreement
on that afternoon, which reflects the fact Garmisch-Partenkirchen was approximately25

downwind of Frankfurt (distance: roughly 330 km) and the ascent route towards the
Netherlands. The air mass was very dry indicating that a potential stratospheric air
admixture from beyond North America could have created the high ozone values. The
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considerable width of the layer suggested a potentially strong contribution to STT and,
thus, an extension of the analysis.

The backscatter profiles for 313 nm (“off” wavelength of the ozone lidar, not shown)
indicate the presence of aerosol above 8 km in some of the measurements on 31 May.
Due to the strong background noise from Rayleigh backscattering at 313 nm these5

structures just slightly exceed the noise. A better contrast exists for the aerosol lidar
due to the lower Rayleigh background at 532 nm. The NDACC measurement on 31 May
was made after the onset of darkness (as usual), i.e., next to the end of the period
with the highest ozone values. Small aerosol structures observed between 7.3 and
9 km and, again, above 9 km (including a cirrus spike at 12.2 km) indicate long-range10

advection from a remote PBL. No aerosol is seen in the region between 4 and 7.3 km
that includes the 95-ppb ozone hump, in agreement with our earlier conclusion of an
absence of a North American component.

In order to identify the origin of the elevated ozone concentrations, fifteen-day FLEX-
PART backward (“retroplume”) simulations were carried out for two altitude ranges15

above Garmisch-Partenkirchen (5 to 7 km and 7 to 10 km a.s.l.) and a major part
of 31 May (see Figs. 2 and 3). The emission sensitivities are shown for the PBL (also
folded with NOx emissions in the third panel) and 12 000 m, as well as integrated over
the entire column. 12 000 m is taken as a crude guess for a potential transition of air
from the stratosphere into the troposphere.20

The simulation for the altitude range between 5 and 7 km (Fig. 2) confirms the ab-
sence of a significant PBL contribution in this layer. This suggests a dominating strato-
spheric influence. In agreement with our earlier findings no significant stratospheric
influence is seen over North America and the Atlantic (Trickl et al., 2003). This is
quite different over the Pacific. The 12000-m panels of both Figs. 2 and 3 show clear25

sensitivity signatures over the West Pacific between roughly 30◦ and 60◦ N. Some of
the high-altitude air mass travels backward even once around the globe within fifteen
days. 12 km is not necessarily representing the tropopause at low latitudes. However,
a rather big intrusion is seen in Fig. 3 between Kamchatka and about 40◦ N, 180◦ E. The
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existence of this intrusion was verified also by forward trajectory calculations initiated
over that area. It was found that the trajectories mostly stay above 5 km and proceed
towards North America and, in part, Europe.

This interpretation did not change when we recently extended these simulations to
twenty days, in particular for the time of the measurement shown in Fig. 1. As described5

in Sect. 2.2 the new analysis tools even allowed us to generate time-longitude sections
and probabilities for stratospheric input or PBL contact (Fig. 4). The second panel in
Fig. 4 (5500 to 5750 m) shows a pronounced stratospheric influence for the earliest
days: 12% of stratospheric influence can be converted into an ozone enhancement by
up to 60 ppb, assuming ozone values of up to 0.5 ppm within the first few kilometres10

above the tropopause as seen in many measurements.
In the upper troposphere (Fig. 3 and lowest panel in Fig. 4) PBL contributions co-

existed with stratospheric contributions. The air flow in this altitude range is much
faster, with transport times between the Pacific and Garmisch-Partenkirchen of less
than ten days, as already revealed by our earlier trajectory analysis (Trickl et al., 2003).15

Pronounced contributions from various polluted regions around the Gulf of Mexico,
Mexico City and from southern California are seen. Very high ozone mixing ratios
are reported for Mexico City in May 1996. The local station network reports peak
values between 180 and almost 230 ppb between 12 and 18 May, 125 ppb on 19 May,
and between 150 and almost 270 ppb until the end of May (http://www.sma.df.gob.mx/20

simat/home base.php). Again, Asian contributions are almost absent. This can also
be seen from the calculated vertical distribution of the emissions from the different
continents reaching Garmisch-Partenkirchen shown in Fig. 5.

3.2 Case 2: May 1999

The ozone series between 26 May and 30 May 1999, showed the longest persisting25

high mixing ratios ever observed with the ozone lidar in the middle and upper tropo-
sphere above Garmisch-Partenkirchen (Trickl, 2003). The ozone mixing ratio above
4 km reached values between 80 and roughly 150 ppb. The analysis showed sources
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in the North American PBL, but also a some strong, almost horizontal high-altitude flow
from the Pacific to Europe. On 27 May, 70 to 80 ppb were observed also below 4 km
and ascribed to direct input from the eastern US, one of the rare cases in which this
has led to a pronounced rise in ozone at the Zugspitze summit (see Stohl et al., 2003;
Huntrieser et al., 2005 for another example). The NOy mixing ratios at the nearby Wank5

station (1780 m a.s.l.) were just between 1 and 2 ppb which indicates a low European
contribution to this air mass.

During that period a VOTALP II field campaign took place, devoted to the investiga-
tion of the transport of the Munich plume into the Alps, in particular in the Loisach and
Isar valleys (VOTALP II, 2000). The mobile sonde station, operated by the PSI team10

at Krün between 26 and 28 May (see Sect. 2.1), yielded similar ozone profiles as the
lidar, the only major difference being vertical displacements due to orographic lifting of
the sonde. In addition, frequent measurements with the big aerosol lidar were made
during this field campaign, yielding information on potential contributions from remote
boundary layers. Due to the availabilty of all these complementary measurements we15

discuss this period in particular detail. In the following we present four examples from
the period during which all system were operated.

After a final frontal passage on 23 May a long high-pressure zone formed that ex-
tended from the region south of Newfoundland to 30◦ E on 24 May. A stratospheric
intrusion is expected to occur during the transition to high pressure. However, there is20

only a slight indication of an intrusion in the Zugspitze ozone and humidity data. We
assume that the intrusion was shifted to the east in the rapid eastward air flow north of
the Alps.

Due to the preparations for the field campaign no lidar measurements were made
on the first two days of this high-pressure period. The measurements were started two25

days later, in the early afternoon of 26 May, and immediately showed the high-ozone
layer that was observed over many days. Figure 6a shows one example of soundings
on 26 May at about 16:00 CET, when the first PSI ozone sonde was launched. The
principal agreement between lidar and sonde in that obviously spatially rather inho-
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mogeneous ozone plume is not perfect, but acceptable. The lidar data are confirmed
up to 3 km by the measurements at the nearby local monitoring stations, whereas the
sonde should have departed more to the east. For the range above 5 km some uncer-
tainty and range limitation in the daytime measurements was caused during the entire
field campaign by a small light leak in the receiver box. Above 4 km elevated ozone is5

correlated with low humidity and, in part, with aerosol. Both the ozone lidar and the
PSI data, unfortunately, end just above 7 km. However, the aerosol lidar detected sig-
nificant traces of particles between 7.3 km and 11.7 km, the latter value agreeing with
the tropopause levels determined by the Munich radiosonde (11.6 km at 12:00 UTC
and 11.8 km at 24:00 UTC). A closer look at the trajectories calculated for our earlier10

study (Trickl et al., 2003) suggests that at least some of this aerosol could be associ-
ated with an ascending air stream from the mid-west of the US. There, 60 to 80 ppb of
ozone were observed that do not fully explain explain the values at the upper end of
the sounding range. However, there is also a thick, almost horizontal trajectory bundle
above 5 km leading backward to the west coast of North America suggesting potential15

additional sources of ozone.
Figure 6b and c show very high ozone and aerosol values on 27 May 1999, cor-

related with low relative humidities down to 5% (please, note in Fig. 6c the vertical
offset of the lidar and the sonde data above 3.3 km). The aerosol peaks for the 532-
nm measurements reach almost 10−5 (m sr)−1, which is rather remarkable for the free20

troposphere and corresponds to a visual range of less than 10 km. Such values are
almost one order of magnitude higher than typical values for aerosol structures related
to intercontinental transport, even in fire plumes from the US observed during strong
fire years (see Sect. 4). The analysis by Trickl et al. (2003) showed mixed input from
different parts of the US in a rather horizontal air stream, but, again, a number of middle25

and upper-tropospheric trajectories indicate a contribution to the high-ozone air mass
from beyond North America.

The fourth example (Fig. 6d) is from a period on 28 May (not analysed in our earlier
publication) between an early-morning thunderstorm and rain in the afternoon. There
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was much less aerosol, but, still, the ozone values were high and the corresponding hu-
midity was low. Before the thunderstorm the ozone values had reached almost 150 ppb
(03:00 CET). There is not much indication of a PBL contact over North America within
the ten days of trajectory calculation time. Most trajectories end over the subtropical
Atlantic to the north-east or east of Cuba, at altitudes between roughly 3 and 9 km.5

Those in the uppermost troposphere, again, extend from this area further to the west
and reach the Pacific.

As a first step to extend the analysis, a fifteen-day FLEXPART backward simulation
was carried out for the high-ozone layer between 5 and 9 km on 27 May (Fig. 7). The
result looks similar to those in Figs. 2 and 3 and, again, indicates a possibly strong10

contribution from a stratospheric intrusion over the northern Pacific. In addition, some
Asian air pollution was admixed to the air stream. It is interesting to note that the
backward simulations show significant contributions from several source regions in the
entire US not identified by the 10-d backward trajectories studied by Trickl et al. (2003),
in particular California, which demonstrates the better coverage of remote areas by the15

retroplume results.
As for Case 1 we recently also performed twenty-day simulations for all the times of

the examples in Fig. 6a to d in order to obtain a better estimate of the role of the Asian
emissions based on the potentially better overlap with the countries in the Far East.
The new tools, again, yield, additional information on the approximate vertical position20

of the backward plume and the different source contributions.
In Fig. 8 we give an overview of the situation for the altitude range around the high-

est ozone peak revealed by the lidar and sonde measurements in Fig. 6a (26 May).
The column sensitivity plot verifies the rather straight, spatially confined advection from
North America already known from our earlier trajectory analysis. This remarkably nar-25

row main portion of the retroplume does not widen much before reaching the Pacific
Ocean. Most importantly, the twenty-day retroplume analysis verifies significant strato-
spheric influence exceeding that in Case 1. The highest altitude on the third panel
(about 8.5 km) is reached over the central part of Siberia at about 60◦ N, as short as
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eleven days backward in time.
A particularly high stratospheric fraction (up to 23%) is also calculated for the altitude

range above the lidar system between 6.75 and 8.5 km a.s.l. (not shown). However, we
do not possess upper-tropospheric ozone data around this time to judge the impact
of this air mass. The early-morning sonde ascent at Hohenpeißenberg (38 km to the5

north of the lidar) on 26 May shows an ozone rise to 87 ppb above 8 km.
All modelled PBL contributions are at most moderate, less than expected in our ear-

lier study (Trickl et al., 2003). The relative importance of the emissions of the different
continents is summarized in Fig. 9. The two principal layers with potential PBL contact
observed in the measurements (4.6 to 6.5 km and 7.3 to 12 km) are clearly seen in the10

simulated distributions. The Asian influence in the lower of these layers is higher than
in the upper one.

For 27 May, the retroplume analysis (three examples of mean vertical plume posi-
tions for the case in Fig. 6c are shown in Fig. 10; those for Fig. 6b look similar) indi-
cates significant stratospheric influence for altitudes above 6 km. As in the May-199615

case a rather shallow transfer is indicated. In contrast to the simulations presented in
Fig. 7 some pick-up of stratospheric air over Canada and the north-western Atlantic
was found (not shown).

From the “footprints” of the simulations (not shown) it is obvious that PBL contact
with East Asia is mostly confined to air masses arriving over Garmisch-Partenkirchen20

in the range between 7.25 km and 8 km, i.e., in the altitude range of the big aerosol
peak in Figs. 6b and 6c. This is confirmed by the vertical distribution of the emissions
transported to Garmisch-Partenkirchen (Fig. 11). Also some overlap of the backward
plume with the desert regions is found. The aerosol images from the Total Ozone
Mapping Spectrometer (TOMS, http://toms.gsfc.nasa.gov/aerosols/aerosols.html) re-25

veal pronounced dust outbreaks in the Takla Makan and, in part, the Gobi desert dur-
ing the entire month of May. It is, thus, likely that at least the big aerosol peak in Fig. 6b
and c between 7 and 8 km is caused by dust from the Asian deserts.

The retroplume analysis for the example in Fig. 6d (not shown) yields a significant
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(7–15%) stratospheric contribution to the air masses in the vertical range between 7.25
and 11 km, for backward times of typically more than fifteen days (less just for the higher
altitudes due to the higher wind velocities). Again, a rather shallow transfer is indicated.
As to the PBL contributions, there is no relevant Asian influence. Also the import from
North America was shown to be rather limited and confined to minor PBL contact to5

the south east of the US, Cuba and southern California for air masses arriving between
6.25 and 7 km, confirmed by the slightly enhanced aerosol in this altitude range. This
suggests that also on 28 May air-mass transfer from the stratosphere is the principal
reason for the elevated ozone concentrations at higher altitudes.

In summary, we conclude also for the high-ozone layer observed in this case study10

a highly significant stratospheric component, however, mixed with PBL air during cer-
tain periods.

3.3 Case 3: September 2000

The lidar measurements between 8 and 11 September 2000, had also not been fully
understood at the time of our preceeding paper (Trickl et al., 2003). The results for the15

first two days are displayed in Fig. 12. The two layers of principal interest are between
4.5 and 6 km (L2) and between 8 and 10 km (L1). It had been concluded that L1 on
8 September and early 9 September was mainly caused by ozone import from the
south-eastern US, assisted by a number of thunderstorms and possibly influenced by
lightning-produced NOx. The North American influence on L2 is rather small: A 10-day20

FLEXPART retroplume calculation traced most of the L2 air mass back to the tropical
Atlantic, ending not far from the African coast. The high ozone values in L2 contrast
the low values usually found for an advection from the subtropical Atlantic (Eisele et al.,
1999; Carnuth, 2002; Trickl et al., 2003) which are, indeed, seen in the layer below L2.
An extended analysis of this air mass and the clean-air import from this area in general25

will be published separately (Trickl et al., 2009b).
A re-inspection of the trajectory material showed for layer L1 a sudden transition (dur-

ing the early hours of 9 September) from import from the south-eastern US to a fast,
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constant-altitude upper-tropospheric air stream from the Pacific Ocean via California.
This change was accompanied by an increase in ozone mixing ratio.

In order to analyse the origin of this air stream a twenty-day retroplume analysis
was started for 10:00 CET on 9 September. For the altitude range between 7.5 and
8.5 km a.s.l. above Garmisch-Partenkirchen, corresponding to layer L1, a clear strato-5

spheric influence is seen, starting about seven days backward in time and rising to
about 8% towards −20 days (see Fig. 13 for FLEXPART results for a 0.25-km-layer
selected in this range). The stratospheric influence seems to be due to a separate
moderate inflow from Canada and a major part of the Arctic region. This inflow is only
visible in the column images obtained for 7.5 to 8.5 km. The stratospheric influence be-10

tween 8.5 and 9.5 km is less than 5% and rises above this altitude range, in agreement
with the elevated ozone values for that measurement time.

For layer L1, there is rather little PBL contact, mostly over the subtropical Atlantic
from where ozone with very low mixing ratios between 20 and 30 ppb is usually im-
ported. The vertical distribution of emissions (not shown) exhibits rather low values15

above 4 km, with the exception of a moderate peak of North American emissions be-
tween 8 and 9 km, i.e., overlapping with layer L1. A minimum is seen between 4 and
5 km that corresponds to the subtropical air mass.

The main portion of the air mass above 8.25 km is traced back to Hawaii, and, for
higher start altitudes above the lidar, in a separating branch also to Japan, Korea and20

China. However, PBL contact is only found over the subtropical Pacific.

3.4 Case 4: 21 to 24 July 2001

The lidar measurements between 21 and 24 July (Fig. 14) yielded a particularly nice
example of the May-1996 and September-2000 type (Cases 1 and 3), in an analogous
way related to a high-pressure zone moving into Central Europe. An ozone layering25

typical of this kind of weather situation is seen, with stratospheric air (S) descending
towards the PBL in the early phase, low-O3 air from the subtropics above this layer
(SA) and air from beyond the Atlantic above 4 km.
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The temporal development above 4 km starts with the arrival of PBL contributions
from the US. The principal source region was first the north-eastern part of the US,
later there was also input from other regions. Again with a delay of about two days
there was a conspicuous ozone increase between 6 and 8 km, here to values of about
120 ppb. The correctness of the measurements was verified by a comparison with the5

Hohenpeißenberg ozone sonde on 23 July 2001, launched at 05:41 CET (difference at
the ozone peak at 7.5 km: +7 ppb for the lidar). From the ozone structure we distinguish
several layers. The analysis focusses on the three layers labelled as L1 to L3 in Fig. 14.

Because of the spatial confinement of the most relevant air masses a particu-
larly clear picture of the three-dimensional transport path from 140◦ W to Garmisch-10

Partenkirchen is obtained from ten-day FLEXTRA trajectory plots. Two examples for
the period of the layers L1 to L3 are shown in Figs. 15 and 16. An onset of air-mass
import from the Pacific is observed in the afternoon of 22 July, for altitudes above the
lidar between 6 and 8 km a.s.l. The advection pathway covers parts of Canada and
the northern US (see Figs. 15 and 16). For the 01:00-CET calculation (Fig. 15) the15

upper-tropospheric trajectories (layer L2) mostly correspond to air masses ascending
from the PBL over North America and the western part of the Atlantic. The trajectories
for layer L1 stay in the upper troposphere and even slightly ascend backward in time
as they approach the Pacific. The situation changes in the afternoon of 23 July, when
most trajectories above 5 km stay at high altitudes and end over the Pacific (Fig. 16).20

There is some indication of separate trajectory bundles for layers L1 and L3.
Since low humidity had been found in the analogous cases we analysed the MOZAIC

data for Frankfurt and radiosonde data from the surrounding stations Payerne, Stuttgart
and Munich (not shown). The situation is rather complicated due to the strongly
altitude- and time-dependent wind direction. For the layer around label L1 Payerne25

is the most adequate station due to westerly advection and, indeed, shows relative
humidities of 20% and less between 5 and 7.5 km. For the higher altitudes Stuttgart
(north west) is the better choice during the early phase due to north-westerly advection,
with relative humidities between 10 and 20% in the entire troposphere above 5.6 km.
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However, also close to the L3 period relative humidities of down to 11% are seen
above 8 km, presumably because of an advection parallel to that above Garmisch-
Partenkirchen.

Fifteen-day backward simulations with FLEXPART were carried out for all the three
layers. We only show the results for layer L3 (Fig. 17). The simulations for the other two5

layers look similar, but without a clear contact with the East Asian PBL within fifteen
days. In addition, for L1 a pronounced intersection of the particle plume with 12 km is
seen over the Atlantic between 157◦ and 45◦ N that is missing in the case of L2 and L3.

The results in Fig. 17 for 12 km altitude, again, indicate significant STT over the
Pacific. As in the first two cases, intersections with this level are seen all the way back10

between the Pacific and the East Atlantic (more than once around the globe). PBL
contributions from both North America and East Asia are seen.

For three times on 23 July corresponding to L1–L3, 04:00 CET, 07:00 CET and
22:00 CET, twenty-day simulations were contributed, which yielded both a better es-
timate of the potential Asian influence and information on the approximate vertical po-15

sition of the plume. We discuss here just the results for the first and the last of these
three times. The 04:00-CET simulation (not shown) reveals elevated emissions arriv-
ing above Garmisch-Partenkirchen between 7 km and 12 km with two peaks at about
9 km and just below 11 km. In agreement with the fifteen-day simulation this ascending
air mass is dominated by North American emissions, but the vertical distribution of ad-20

vected emissions does not explain why there is so much more ozone in layer L1 than
in layer L2. However, in L1 an elevated single-day stratospheric influence of up to 12%
is seen. The stratospheric contribution diminishes above L1. Up to 11 km there is very
little stratospheric air mixed into the air stream within the preceding twenty days.

In the case of layer L3, where the highest ozone concentration is found, the strato-25

spheric contribution clearly dominates. Figure 18 shows a vertical distribution of the
maximum single-day stratospheric fractions for the backward time intervals five to ten
and ten to twenty days as extracted from the retroplume analysis. These time intervals
cover most of the relevant stratospheric input. The rather pronounced stratospheric
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peaks correlate well with the observed ozone maxima for 22:00 CET on 23 July. The
stratospheric fraction for layer L3 (9 km) is particularly high. Given this high fraction, the
observed peak ozone mixing ratios of about 120 ppb look somewhat low remembering
the findings for the other cases for which lower stratospheric fractions were found. Also
a high-resolution hemispheric Eulerian simulation by our project partner EURAD (not5

shown; for details on the model see ATMOFAST, 2005; Trickl et al., 2009a) significantly
overestimates the ozone mixing ratios in this layer.

The time-altitude plot for layer L3 (not shown) shows four partial clusters of the
plume, the upper three always staying above 6 km and the uppermost one never get-
ting below 10 km. This confirms the tendency seen in the trajectory plot (Fig. 16) and,10

again, suggests rather shallow STT.
The vertical distribution of emissions for layer L3 (not shown) show only half the

mixing ratios calculated for L1 and L2. But they include a much higher Asian fraction,
as already indicated in the fifteen-day simulations. A moderate North American spike
at 8 km is likely to be an extension of layer L1.15

3.5 Case 5: August 2001

The ozone observations between 12 and 15 August 2001, shown in Fig. 19, yielded
particularly spectacular (long-lasting) upper-tropospheric high-ozone layers. This case
is also less complex than those so far discussed, with an almost exclusive stratospheric
source of the elevated ozone, which underlines the importance of STT for this type of20

layers.
Although not that clearly visible, this case yields another example for the “classical”

pattern seen after the onset of high-pressure periods as in the cases shown in Figs. 12
and 14. The characteristic stratospheric intrusion (S) was observed during the first
half of 12 August (see Trickl et al., 2009a, for more details). What is special is the25

rather short presence of the subtropical air stream (SA) as well as an ozone peak at
4 km not associated with the intrusion, but with long-range advection (LA) from high
altitudes above the northern Pacific. The Zugspitze 7Be value on 13 August was above
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8 mBq m−3 which strongly suggests stratospheric influence.
Above 5 km a pronounced rise in ozone is seen starting on 13 August. As in the May-

1999 case this layer persisted for several days, the measurements were stopped in the
evening of 15 August for technical reasons. The peak ozone mixing ratios, observed
between 8 and 10 km, exceeded 120 ppb (up to 140 ppb on 14 August), confirmed5

by the sonde ascent at Hohenpeißenberg on 15 August. The data of the Munich ra-
diosonde show very dry conditions within the high-ozone layer with the exception of
13 August, 12:00 UTC. On 14 August relative humidities down to 7% are listed for the
altitude range between 7.9 and 9.8 km.

FLEXPART twenty-day retroplume calculations were carried out for three different10

times during the observational period. Figure 20 shows as an example the retro-
plume analysis for the simulation corresponding to the most pronounced ozone feature
(14 August, 03:00 CET). The most likely source of the elevated ozone is input from the
stratosphere over the western US and over the Pacific. There is little PBL influence.

This layer is confirmed by an EURAD simulation (Fig. 7 in Trickl, 2009a). However,15

the calculated ozone values do not exceed 80 ppb. The EURAD CO values are 50 to
60 ppb indicating the absence of air pollution.

4 Discussion and conclusions

The backward analyses presented in this paper have added some significant informa-
tion on mid- and upper-tropospheric dry high-ozone layers rather consistently observed20

with the lidar one or two days after the beginning of high-pressure periods (see Trickl et
al., 2009a, for another example). The model-based analysis demonstrates pronounced
stratospheric contributions mostly entering the tropophere over the Pacific and Asia. In
some of the cases simultaneous air pollution import from East Asia, North America
was found. The layers vary considerably in thickness and length from case to case.25

In several cases the stratospheric influence clearly dominated these layers. The
transfer from the stratosphere into the, in part, rapidly traveling air streams is very
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likely rather shallow on average. Some of these air masses travel around the globe at
mid-latitudes within just fifteen days. The ozone-rich air streams were rather coherent
and could be mostly followed from Europe backward to the eastern Pacific even by
trajectories. However, there is a clear gain in information for the long traveling times by
using the FLEXPART analysis tools.5

The fact that the stratospheric component was almost exclusive in some of the cases
demonstrates that these air streams may be associated with a possibly very important
mechanism of STT. The layers, containing 100 to 150 ppb of ozone, are several kilome-
tres thick, may extend over several days and do not exhibit the significant drop in ozone
concentration after a rather short period with enhanced ozone as seen in the case of10

the direct intrusions most commonly observed at the Zugspitze summit. The humidity
in these layers is low, but not negligible, despite their considerable width, which in-
dicates a contribution of tropospheric air. This is obvious for the cases with aerosol
observations.

The existence of aerosol in some of the layers suggests contributions from a remote15

PBL. In the most spectacular case (May 1999) the FLEXPART analysis suggests the
presence of dust from the Takla Makan and Gobi deserts. However, it is difficult to
quantify the impact of East Asian emissions. There are large uncertainties in the emis-
sion inventories (Ma and van Aardenne, 2004). This uncertainty is enhanced due to
the strong positive trend in emissions in that region, with more than a doubling of the20

NO2 peak values from 1995 to 2004 (Richter et al., 2005; see also: Ding et al., 2008).
It would be helpful to obtain more observations with dominating East Asian influence.
However, such cases are obviously difficult to find and we know of just a single, very
recent study of an Asian plume reaching Europe after transport across the North Pa-
cific, North America and the North Atlantic (Stohl et al., 2007). The analysis of our25

measurements shows that most of these air streams contain some fraction of North
American air pollution. However, a few aerosol observations in the free troposphere
in our long-term series (Jäger, 2005) could be traced back to the Pacific area using
FLEXTRA results (ATMOFAST, 2005; Jäger et al., 2006) and will be analysed further.
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We found by trajectory analyses for several years of free-tropospheric lidar mea-
surements that aerosol is a suitable indicator of PBL air, although its free tropospheric
abundance is mostly low (ATMOFAST, 2005; Jäger et al., 2006). This is perhaps due
to washout in the WCBs during convectively lifting the PBL air to the free troposphere,
or due to dilution in diverging air masses. In our free-tropospheric soundings avail-5

able since 1992 the aerosol backscatter coefficients above 3 km or the PBL have rarely
exceeded the Rayleigh background at 532 nm (which corresponds to a visual range
of 300 km at sea level) by more than 50%, even during strong fire years in the US.
Due to the high sensitivity of our NDACC lidar system (free-tropospheric threshold
for aerosols: about 2% of the Rayleigh background) these structures are, neverthe-10

less, clearly visible. Really strong aerosol signatures have only be detected above
Garmisch-Partenkirchen during Saharan dust outbreaks, that reach up to 6 km (Jäger
et al., 1988; Kreipl et al., 2001; Papayannis et al., 2008), and in Canadian fire plumes,
e.g., in August 1998 (Forster et al., 2001) and in July 2004 (during the ICARTT (Fehsen-
feld et al., 2006) campaign (ATMOFAST, 2005)).15

The model results also reveal that there may be problems in quantitatively predicting
the amount of ozone imported from the stratosphere into these rapid air streams. One
possible reason could be the pronounced spatial and seasonal variation of ozone in the
lowermost stratosphere ranging between 100 and 500 ppb (Thouret et al., 2006). This
is confirmed by our lidar measurements that occasionally show strong concentration20

changes above the tropopause on a time scale of one to two hours.
The analysis may be further complicated by lightning. In all cases discussed in the

2003 paper, which are also part of the present study, thunderstorms or large convective
cells have been detected in the areas where PBL air is lifted to the middle troposphere.
Huntrieser et al. (2007) conclude from measurements over South America that the25

outflow from mesoscale convective systems may yield significantly enhanced ozone
mixing ratios (roughly from 35–40 ppb to 60–80 ppb in the case described) at distances
of several hundred kilometres away from the source. A number of recent publications
verify a significant ozone contribution from lightning-generated NOx for the US and
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adjacents marine regions (Beirle et al., 2006; Cooper et al., 2006; Liang et al., 2007;
Schumann and Huntrieser, 2007; Singh et al., 2007; Sioris et al., 2007). Cooper et
al. (2006) conclude from the large data set collected during the ICARTT campaign
that most of the ozone enhancement over the eastern US (excluding stratospheric
contributions) in July and August 2004 was due to lightning-generated NOx.5

In many cases mixing of different contributions within or in the vicinity of frontal sys-
tems over the Pacific takes place. The proximity of the most important WCB inflow
region to East Asia is an important factor (Stohl, 2001, and references therein). The
WCB lifts the Asian air masses towards the North Pacific where many of the air flows
observed above our site pass by. We have started to speculate on a potential impact of10

the rising Asian air pollution on the ozone concentrations in the upper troposphere and
the lower stratosphere (UTLS). Indeed, an analysis of MOZAIC data between 1994
and 2003 has revealed a positive ozone trend in the UTLS (Thouret al al., 2006). This
is confirmed by the analysis of the Hohenpeißenberg sounding record from 1966 to
2007 (Claude et al., 2008), showing a +7.5-%/decade trend after 1994 that is limited15

to a narrow range around 14 km. A preliminary analysis of the Zugspitze CO within
ATMOFAST has yielded a slightly positive trend of CO in stratospheric intrusions since
the beginning of the CO measurements in 1990, opposing the slightly negative trend
for non-stratospheric conditions (ATMOFAST, 2005).

More measurements are needed to harden further the reproducibility of these obser-20

vations. In particular, we plan to intensify simultaneous lidar sounding of ozone, water
vapour and aerosols. Accurate side-by-side H2O measurements are needed as an im-
portant information for quantifying the tropospheric influence in these dry air streams.
Our new high-power water-vapour lidar has yielded humidity profiles for the entire tro-
posphere with just minor restrictions during daytime, as a result of an application of the25

differential-absorption technique (Vogelmann and Trickl, 2008).
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Liang, Q., Jaeglé, L., Hudman, R. C., Turquety, S., Jacob, D. J., Avery, M. A., Browell, E. V.,
Sachse, G. W., Blake, D. R., Brune, W., Ren, X., Cohen, R. C., Dibb, J. E., Fried, A., Fuel-
berg, H., Porter, M., Heikes, B. G., Huey, G., Singh, H. B., and Wennberg, P. O.: Summertime5

influence of Asian pollution in the free troposphere over North America, J. Geophys. Res.,
112, D12S11, doi:10.1029/2006JD007919, 2007.

Ma, J. and van Aardenne, J. A.: Impact of different emission inventories on simulated tropo-
spheric ozone over China: a regional chemical transport model evaluation, Atmos. Chem.
Phys., 4, 877–887, 2004, http://www.atmos-chem-phys.net/4/877/2004/.10
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Karcher, F.: Tropopause referenced ozone climatology and inter-annual variability (1994–5

2003) from the MOZAIC programme, Atmos. Chem. Phys., 6, 1033–1051, 2006,
http://www.atmos-chem-phys.net/6/1033/2006/.

Trickl, T., Cooper, O. C., Eisele, H., James, P., Mücke, R., and Stohl, A.: Intercontinental trans-
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Fig. 1. Ozone measurement at IMK-IFU (Garmisch-Partenkirchen) and MOZAIC ozone and
humidity profiles for the departure of a MOZAIC aeroplane from Frankfurt (Germany); see
Fig. 12 in (Trickl et al., 2003). The ozone mixing ratios of the nearby summit stations Wank
(1780 m a.s.l.) and Zugspitze (2962 m) are also given for comparision. The ozone peak at
11 km is a temporary feature. The times are given in Central European Time (CET).
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Fig. 2. FLEXPART fifteen-day backward (or retroplume) simulation for 31 May 1996, 07:00 to
17:00 CET and 5 to 7 km a.s.l. above IMK-IFU; the PBL source contribution was determined by
folding the footprint emission sensitivity with NOx emissions from the EDGAR inventory.

3148

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3113/2009/acpd-9-3113-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3113/2009/acpd-9-3113-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3113–3166, 2009

High-ozone layers in
the middle and upper

troposphere

T. Trickl et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion
Fig. 3. Same as Fig. 2, but for the altitude range 7 to 10 km a.s.l. above IMK-IFU.
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Fig. 4. Retroplume summaries for three selected altitude ranges above Garmisch-
Partenkirchen initiated at the time of the lidar measurement in Fig. 1. The boxes show the ap-
proximate vertical position (ALT: altitude) of the backward plume during the preceding 20 days
and the relative single-day contributions from the PBL (ABL) and the stratosphere (STR). For
details see Sect. 2.2.
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Fig. 5. Vertical distribution of emission tracers from the different source continents above
Garmisch-Partenkirchen, simulated for the time of the lidar measurement on 31 May 1996,
shown in Fig. 1. Please, note that the numbers in the mixing-ratio scales are just rounded to
the next integer value.
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Fig. 6. Examples of lidar, sonde and station measurements from the VOTALP II “Munich” field
campaign, (a) 26 May 1999, around 16:00 CET; (b) in the morning of 27 May 1999; (c) around
noon on 27 May 1999; (d) before noon on 28 May 1999. Shown are ozone (lidar, PSI sonde,
stations), relative humidity (PSI sonde) and the aerosol backscatter coefficient βP derived from
the measurements with the “NDACC” aerosol lidar at large elevation angles of at least 45◦.
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15:00 CET, corresponding to the measurements in Fig. 6b and c.
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Fig. 8. Twenty-day backward simulations for the lidar measurements in Fig. 6a (26 May 1999),
initiated in the altitude range between 5750 and 6000 m: Column-integrated emission sensitiv-
ity, footprint emission sensitivity and retroplume summary. For details see Sect. 2.2.
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Interactive DiscussionFig. 9. Vertical distribution of emission tracers from the different source continents above
Garmisch-Partenkirchen, simulated for the time of the lidar measurement on 26 May 1999,
shown in Fig. 6a; a pronounced Asian influence is demonstrated for altitudes above 5 km.
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Interactive DiscussionFig. 10. Retroplume time-height sections for three selected altitude ranges above Garmisch-
Partenkirchen initiated at the time of the lidar measurement in Fig. 6c; for details see Fig. 4.
The simulations for Fig. 6b look similar. For details see Sect. 2.2.
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Fig. 11. Vertical distribution of tracers from the different source continents simulated for the
lidar measurement on 27 May 1999, shown in Fig. 6c.
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Fig. 12. First two days from the lidar series 8 to 12 September 2000, during the early phase
of a high-pressure period (full series: Trickl et al., 2003, Fig. 13); S marks a stratospheric air
intrusion, SA air from subtropical Atlantic, the layers marked with the labels L1 and L2 are
discussed in the text. The time scale is given with respect to 00:00 CET on 8 September.
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Fig. 13. Twenty-day backward simulations for 9 September 2000, 10:00 CET, initiated in the al-
titude range between 7750 and 8000 m: Column-integrated emission sensitivity, footprint emis-
sion sensitivity and retroplume summary; there is some indication that the enhanced ozone in
this altitude range is due to STT. For details see Sect. 2.2.
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Fig. 14. Ozone sounding series in July 2001 at the beginning of a high-pressure period;
S marks a stratospheric air intrusion, SA air from subtropical Atlantic, the layers marked with
the labels L1, L2 and L3 are discussed in the text. The time scale is given with respect to
00:00 CET on 21 July.
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Fig. 15. Ten-day FLEXTRA backward trajectories initiated above Garmisch-Partenkirchen on
23 July 2001, 01:00 CET (corresponding to labels 1 and 2 in Fig. 14); the colour code in the up-
per panel describes the altitude at a given time. In the lower two panels it indicates the altitude
at the location of Garmisch-Partenkirchen (t=0). The asterisks on the individual trajectories
mark the 00:00 UTC positions.
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Interactive DiscussionFig. 16. Same as Fig. 15, but for 23 July 2001, 19:00 CET (corresponding to label 3 in Fig. 14);
some of the upper-tropospheric trajectories reach altitudes above 12 km during the earliest
period.
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Fig. 17. FLEXPART fifteen-day backward simulation for retroplumes released between 23 July
2001, 18:00 CET, to 24 July 2001, 03:00 CET, and between 8 and 10 km a.s.l. above Garmisch-
Partenkirchen (layer L3 in Fig. 14).
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Fig. 18. Vertical distribution of the maximum stratospheric fraction in the retroplume calculated
for 23 July, 22:00 CET, for two different backward time periods.
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Fig. 19. Lidar measurements on 12 to 15 August 2001, during the onset of a high-pressure
period; the typical three-layer pattern with a stratospheric intrusion (S) at the bottom, low-ozone
air from the subtropical Atlantic (SA) above it and air of trans-Atlantic origin in the middle and
upper troposphere is, again, observed, but the layers are less clearly distinguishable. LA means
long-range advection from high altitudes above the northern Pacific. The time scale is given
with respect to 00:00 CET on 12 August.
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Fig. 20. Twenty-day backward simulations for 14 August 2001, 03:00 CET, initiated in the alti-
tude range between 8000 and 8250 m: Column-integrated emission sensitivity, footprint emis-
sion sensitivity and retroplume summary. For details see Sect. 2.2.
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