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Abstract. In July 2013 very strong boreal fire plumes were
observed at the northern rim of the Alps by lidar and ceilome-
ter measurements of aerosol, ozone and water vapour for
about 3 weeks. In addition, some of the lower-tropospheric
components of these layers were analysed at the Global At-
mosphere Watch laboratory at the Schneefernerhaus high-
altitude research station (2650 ma.s.l., located a few hun-
dred metres south-west of the Zugspitze summit). The high
amount of particles confirms our hypothesis that fires in the
Acrctic regions of North America lead to much stronger signa-
tures in the central European atmosphere than the multitude
of fires in the USA. This has been ascribed to the prevailing
anticyclonic advection pattern during favourable periods and
subsidence, in contrast to warm-conveyor-belt export, rain-
out and dilution frequently found for lower latitudes. A high
number of the pronounced aerosol structures were positively
correlated with elevated ozone. Chemical ozone formation
in boreal fire plumes is known to be rather limited. Indeed,
these air masses could be attributed to stratospheric air in-
trusions descending from remote high-latitude regions, obvi-
ously picking up the aerosol on their way across Canada. In
one case, subsidence from the stratosphere over Siberia over
as many as 15-20 days without increase in humidity was ob-
served although a significant amount of Canadian smoke was
trapped. These coherent air streams lead to rather straight and
rapid transport of the particles to Europe.

1 Introduction

The increase of tropospheric ozone during the past decades
has been frequently attributed to a growth in anthropogenic
air pollution. However, this development has recently con-
tinued only in rapidly developing regions such as in eastern
Asia. In Europe the ozone precursors considerably dimin-
ished in the 1990s (e.g., Jonson et al., 2006; Vautard et al.,
2006; and references therein).

There is growing evidence that natural ozone sources
cannot be neglected, and there have been hints that, e.g.,
ozone import from the stratosphere could be quite consid-
erable (e.g., Roelofs and Lelieveld, 1997). In fact, measure-
ments at high-altitude stations in Europe such as Jungfrau-
joch (Switzerland, 3500 ma.s.l.) and Zugspitze (Germany,
2962 ma.s.l.) have shown growing ozone concentrations
even more than a decade after the onset of diminishing an-
thropogenic ozone precursor concentrations (e.g., Cui et al.,
2011; Oltmans et al., 2012). Scheel (2003, 2005) identified
an increase of the most important natural source of ozone,
stratosphere-to-troposphere transport (STT), to be responsi-
ble for the increase in Zugspitze ozone (see also Ordofiez et
al., 2007, for the Jungfraujoch station). Scheel (2005) also
found that the role of STT for the Zugspitze site has been
grossly underestimated, with an estimated average STT frac-
tion of about 40 % reached by 2004. Another strong source of
STT previously underestimated was emphasized by Sprenger
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et al. (2003): vertical exchange along the subtropical jet
stream (see also Skerlak et al., 2014).

It is interesting to note that the nearby lidar measurements
at Garmisch-Partenkirchen have rarely shown major ozone
peaks of other than stratospheric origin in recent years, in
contrast to the situation over 1 decade ago (e.g., Stohl and
Trickl, 1999; Stohl et al., 2003; Trickl et al., 2003; Huntrieser
et al., 2005; Roelofs et al., 2003). This could be a sign of
improving air quality in the Northern Hemisphere, except for
eastern Asia.

Another natural source of ozone is biomass burning. Fire
maps obtained from satellite-borne measurements show an
enormous coverage of the globe by natural and anthro-
pogenic fires. The role of biomass burning can become even
more severe on the way to a warmer climate. In fact, the area
burnt in the USA has roughly doubled since the 1990s (e.g.,
Fig. 2 in Trickl et al., 2013). The potentially growing role of
high-reaching fire events occasionally even penetrating into
the lower stratosphere, so-called pyrocumulonimbus plumes,
has been discussed by e.g., Fromm and Servranckx (2003)
and Fromm et al. (2000, 2008a, b, 2010).

The lidar measurements at Garmisch-Partenkirchen, in
particular within the EARLINET (European Aerosol Re-
search Lidar Network; Bdsenberg et al., 2003) project and
during the intense routine measurements in recent years, have
never shown strong fire signatures from the USA. However,
several cases of spectacular plumes from fires in Arctic re-
gions have been observed here and at other places in cen-
tral Europe (e.g., Forster et al., 2001; Mattis et al., 2003;
Damoah et al., 2004; pp. 58-59 in ATMOFAST, 2005; Pet-
zold et al., 2007). This has led us to the idea that the transport
from lower latitudes in North America to Europe is less co-
herent or is implying a partial washout of particles in warm-
conveyor belts (see also Birmili et al., 2010).

There is agreement that biomass burning leads to ozone
formation. Numerous investigations of the atmospheric im-
pact of tropical fires have given clear evidence that elevated
levels of ozone over South America and Africa are due to
the excessive burning of forests and savannah, the rain forest
otherwise acting as an important net sink for ozone (e.g., De-
lany et al., 1985; Browell et al., 1988; Gregory et al., 1988;
Crutzen and Andreae, 1990; Richardson et al., 1991; Kirch-
hoff and Marinho, 1994; Kirchhoff, 1996; Kirchhoff et al.,
1996). A retrieval of satellite measurements has given ev-
idence of substantial ozone export to the tropical oceanic
regions (Fishman et al., 1986; Fishman and Larsen, 1987),
a strong burden to the otherwise clean troposphere in the
Southern Hemisphere during certain periods of the year.
The tropospheric ozone formation is NO, limited, with the
hydrocarbon-to-NO, ratios varying between roughly 15 and
150, the latter value corresponding to boreal fires (Jaffe and
Widger, 2012).

In fact, substantially less ozone formation is expected for
boreal fires. For instance, Alvarado et al. (2010) verified
rapid conversion of NO,. into PAN (peroxyacetyl nitrate) in a
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boreal forest fire plume over Canada. The lower relative NO,
content in boreal fires, together with the lower solar elevation
angle, can be seen as the reason for the much slower build-up
of ozone in fire plumes originating in high-latitude regions.

The build-up of ozone during long-range transport reach-
ing lower latitudes has been ascribed mainly to thermal de-
composition of PAN (e.g., Jacob et al., 1992). For instance,
Real et al. (2007) investigated the role of this mechanism to
understand ozone formation from intense fire plumes from
Alaska and Canada on the way from America to Europe in
a modelling case study based on measurements during the
2004 ICARTT (International Consortium for Atmospheric
Research on Transport and Transformation) Lagrangian field
campaign (Fehsenfeld et al., 2006). During the same field
campaign, Val Martin et al. (2006) observed enhanced ozone
in the boreal fire plumes reaching the Azores Islands.

Another reason for the coexistence of enhanced ozone and
smoke could be the mixing of air from the biomass burn-
ing plume and stratospheric air (Brioude et al., 2007). Also,
parts of the 2004 ICARTT boreal plumes proceeded within a
layer descending from the tropopause region (Methven et al.,
2006; Real et al., 2007). On the other hand, we have rarely
seen strong mixing of stratospheric and tropospheric air in
our lidar results (Trickl et al., 2014).

In this paper, we report on observations of long-lasting
biomass burning plumes from mainly Canada and Alaska
in the Garmisch-Partenkirchen area (German Alps) in
July 2013. The observations comprise lidar measurements
of ozone, water vapour, and aerosol; ceilometers captur-
ing complete time series of information on the particles
around the clock under clear-sky conditions; and measure-
ments of specific chemical tracers at the Schneefernerhaus
high-altitude station.

2 Methods
2.1 Lidar systems

The tropospheric ozone lidar is operated in Garmisch-
Partenkirchen,  Germany  (IMK-IFU;  47°2837”N,
11°3'52” E, 740ma.s.l.). The laser source is a narrow-
band Raman-shifted KrF laser, and two separate receiving
telescopes are used to divide the dynamic range of the
backscatter signal of roughly 8 decades. This lidar was
first completed as a two-wavelength differential-absorption
lidar (DIAL) in 1990 (Kempfer et al., 1994). It was later
upgraded to a three-wavelength DIAL in 1994 and 1995
(Eisele and Trickl, 1997, 2005), leading to a unique vertical
range between roughly 0.3 km above the ground and 3-5 km
above the tropopause, the measurement time interval being
just 41s. It features low uncertainties of about +3ppb
in the lower free troposphere, increasing up to =6 ppb
(under optimum conditions) in the upper troposphere.
The uncertainty further diminished after another system
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Figure 1. Fire spots between 1 and 7 July 2013, as generated by
the FIRMS Web Fire Mapper: A “road of fire” formed west to
east across Canada along the most frequent backward trajectory
pathways initiated over Garmisch-Partenkirchen. The position of
Garmisch-Partenkirchen is marked by a blue asterisk.

upgrading in 2012 that resulted in noise reduction by more
than a factor of 3. For the range covered by the near-field
receiver (below 1.2km above the lidar), the uncertainty is
of the order of 6 pph. Comparisons with the Zugspitze in
situ ozone measurements show no relevant mutual bias, the
standard deviation of the differences being less than 2 ppb.
The upper-tropospheric performance may be degraded in the
presence of high lower-tropospheric ozone concentrations
absorbing a lot of the ultraviolet laser emission and by
enhanced sky light in summer, particularly in the presence
of clouds. Thus, longer data acquisition times, requiring
some technical modifications, are planned for the future.
The vertical resolution is dynamically varied between 50 m
and a few hundred metres, depending on the signal-to-noise
ratio decreasing with altitude. The lidar has been used in
numerous atmospheric transport studies (e.g., Eisele et al.,
1999; Seibert et al., 2000; Carnuth et al., 2002; Trickl et al.,
2003, 2010, 2011, 2014; Zanis et al., 2003).

The OberschleiBheim (“Munich”, station number 10868)
radiosonde data have been used for calculating the atmo-
spheric density and, subsequently, both the 0zone mixing ra-
tio and the Rayleigh optical coefficients. If no Munich data
are available the listings for Stuttgart (station number 10739)
have been taken.

Backscatter coefficients are calculated from the *“off”
channel of the ozone DIAL (313.2 nm). The quality of these
data and the sensitivity for small amounts of aerosol has,
since 2012, also greatly improved due to the lower noise.
Structures in the backscatter coefficients of less than 5 x
108 m~1sr~1, corresponding to an aerosol-related standard
visual range (as defined in VDI, 2004: attenuation of the ra-
diation to 2 %) of more than 1500 km, can be resolved. This
performance motivated us to store the 313 nm aerosol data
in the database of the European Aerosol Research Lidar Net-
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Figure 2. OMI aerosol index for 4 July 2013.

work (EARLINET) since November 2012. The backscatter
profiles are corrected for radiation loss in 0zone. A constant
backscatter-to-extinction ratio Bp = 0.020m~1sr—1 is used
as obtained for average European continental aerosol (Pap-
palardo, 2003; see also, e.g., Mattis et al., 2004, and Amiridis
et al., 2005). This value is also applicable to aged fire aerosol
(Muller et al., 2005 (355 nm); further information in Muller
et al., 2007). Some uncertainties arise from our own assess-
ment for 313 nm: in the past we obtained 0.03m~1sr~1 for
this wavelength from measurements revealing homogeneous
aerosol distributions (Eisele and Trickl, 2005). However, the
difference rarely amounts to more than 10 % for the backscat-
ter coefficients, due to the typical low-to-moderate-extinction
conditions above our site. For clouds Bp was typically var-
ied between 0.03 and 0.10m—1sr~1 for a smooth transition
of the extended Klett (1985) retrieval from above to below
the cloud range. This variability is very likely to be due to
the transient nature of clouds that are frequently just partly
present during the measurement period.

Around aerosol layers the ozone profiles have been cor-
rected as described by Eisele and Trickl (2005). The coeffi-
cients describing the wavelength dependences were varied to
ensure that the correction is robust. In the presence of parti-
cles the wavelength combination 277-292 nm was used for
the ozone retrieval wherever possible. This combination ex-
hibits a rather low sensitivity with respect to aerosol (Volger
et al., 1996; Eisele and Trickl, 2005).

The water-vapour DIAL is operated at the Schneefern-
erhaus high-altitude research station at 2675ma.s.l., about
8.5km to the south-west of IMK-IFU, 0.7 km to the south-
west of and about 300m below the Zugspitze summit
(2962 ma.s.l.). The full details of this lidar system were de-
scribed by Vogelmann and Trickl (2008). This lidar system
is based on a powerful tunable narrow-band Ti:sapphire laser
system with up to 250 mJ (typical choice: 100 mJ) energy per
pulse operated at about 817 nm and a 0.65 m diameter New-
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Figure 3. Range-corrected backscatter signal (P(r)r2; logarithmic colour code) measured by ceilometer over Leutkirch (southern Germany)
from 2 to 23 July 2013. Areas with low signal-to-noise ratio are masked white. On several days the Canadian smoke layers filled a consider-
able part of the free troposphere above the mixing layer (up to 2 km, marked by yellow to reddish colour).

tonian receiver. Due to these specifications a vertical range of
up to about 12 km is achieved, almost independent of the day-
light, with measurement durations of about 15 min. The ver-
tical resolution chosen in the data evaluation is dynamically
varied between 50m in altitude regions with good signal-
to-noise ratio and roughly 260 m in the upper troposphere.
Under optimum conditions the noise limit above 10 kma.s.l.
corresponds to uncertainties of about +1.5 x 102° m~3 (den-
sity) or about 18 ppm (volume mixing ratio). In the lower-
most part of the operating range (3—4 km) we estimate a den-
sity noise limit of +£5 x 102°m~2 or roughly £25ppm for
layers with very low humidity and a relative uncertainty of
about 5% under more humid conditions. Free-tropospheric
measurements under dry conditions clearly benefit from the
elevated site outside or just below the edge of the moist
Alpine boundary layer (e.g., Carnuth and Trickl, 2000; Car-

Atmos. Chem. Phys., 15, 9631-9649, 2015

nuth et al., 2002). After a few years of testing, validating and
optimizing the system, routine measurements were started in
January 2007 with typically 2 measurement days per week,
provided that the weather conditions are favourable. During
this period, successful comparisons with an air-borne DIAL
and a ground-based Fourier-transform infrared spectrometer
(Wirth et al., 2009; Vogelmann et al., 2011, 2015) were also
achieved, verifying average mutual biases of not more than
1%. The lidar is capable of resolving the concentrations in
extremely dry layers of stratospheric origin in the lower free
troposphere of the order of 25 ppm H,O (Trickl et al., 2014).

2.2 Ceilometers
The dispersion and temporal development of the North

American smoke plumes is visualized by ceilometer mea-
surements of the German Weather Service (DWD) network
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(http://lwww.dwd.de/ceilomap). DWD operates more than 60
Lufft (http://www.lufft.com/) CHM15k ceilometers in Ger-
many (Flentje et al., 2010) and provides series of opera-
tional range-corrected particle backscatter profiles (P (r)r?
“quick-look™ graphics, P being the particle backscatter sig-
nal and r the distance from the lidar). Two-dimensional time—
height sections of P (r)r2 show development and dispersion
of the mixing layer, clouds, and aerosols like the Canadian
fire plumes in July 2013. The CHM15k uses a diode-laser-
pumped Nd:YAG (neodymium-doped yttrium aluminium
garnet) solid state laser emitting at 1064 nm and covers al-
titudes from about 0.3 to 15 km above ground (Heese et al.,
2010). A reasonable resolution for aerosol profiles is 100 m
in the vertical and 5min in time. The IR (infrared) wave-
length is more sensitive to particles larger than 1 pm and lim-
its Rayleigh calibration capability, but system stability and
upgraded performance tracking allows for absolute calibra-
tion (Wiegner and Geil3, 2012) to infer attenuated backscatter
profiles (not used here).

The data from three DWD ceilometer stations have been
inspected for this study, Schneefernerhaus, HohenpeilRenberg
(48 km north of Garmisch-Partenkirchen, a DWD moun-
tain observatory (summit: 988 ma.s.l.) outside the Alps),
and Leutkirch (about 85km west—north-west of Garmisch-
Partenkirchen, outside the Alps). Schneefernerhaus was fre-
quently within clouds, the least cloud-affected site during the
period of interest was Leutkirch.

2.3 Insitu instrumentation

On several occasions a fire plume directly hit the Zugspitze
summit and could also be at least partly observed at
the Global Atmosphere Watch (GAW) laboratory at the
Schneefernerhaus research station (UFS; see H»O lidar), op-
erated by the German Umweltbundesamt (UBA,; i.e., Federal
Environmental Agency; 47°25'0” N, 11°58’46" E; air inlet at
2670 ma.s.l.). Species of relevance for this study measured
at UFS are ozone, carbon monoxide, NO,, PMyq, equiva-
lent black carbon and condensation nuclei. The NO, mea-
surements were not reliable during the period discussed here
because of a newly installed NO, gold converter and were,
thus, not included in the analysis.

The inlet for reactive gases — 0zone, carbon monoxide and
nitrogen oxides — consists of a stainless-steel tubing with
diameter of approximately 14cm with an inlay tubing of
borosilicate glass. This prevents the sample from direct con-
tact with the metal surface and, therefore, chemical modifi-
cation. The flow rate in the glass system is 500 L min—1. The
inlet for aerosols consists of stainless steel, which protects
the collected aerosols from side effects due to static electric-
ity, which would occur at glass surfaces. The flow rate in the
steel system supports a laminar flow of 100 L min—1.

Ozone is continuously measured by ultraviolet (UV) ab-
sorption at 254nm (Thermo Electron Corporation, model
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Figure 4. Overview of selected species measured at UFS between
15 June and 1 August 2013: during the fire period in July elevated
CO was observed parallel to the increase in particles, which had not
been the case in June. BC means black carbon, and CN condensa-
tion nuclei.

Ts49i). CO is determined from UV fluorescence excited by a
CO resonance lamp (Aero-Laser, fast model 5002).

Aerosol with an aerodynamic diameter <10pm (PMjg)
is measured with a combination of absorption of 8 radia-
tion for higher concentration ranges and a nephelometer for
lower concentration ranges, integrated in the same instru-
ment (Thermo Scientific, Sharp, model 5030). The increase
of B absorption measured for a time increment, caused by the
increase of PM1g which has settled during this time on a filter
paper, is used in combination with the measured aerosol light
scattering for the determination of the PM1g mass increment,
measured during the same time step. The mass increment of
black carbon (elemental carbon) on a glass-fiber filter belt is
determined by absorption photometry in reflectometric mea-
surements applying various diffraction angles (Thermo Sci-
entific, model 5012). The final measurement of light trans-
mission also takes into account multiple light scattering.

The calibration of the UBA instrumentation is routinely
verified as a part of the GAW quality assurance efforts. The
instruments are controlled daily and serviced on all regular
work days and calibrated at intervals ranging between once
every 3 days, weekly or monthly, depending on the type of
instrument. The calibration standards for NO and ozone are
directly linked to the German standard, which is transferred
by the reference lab for experimental analysis of air quality
of the German Federal Environment Agency via BIPM (Bu-
reau International des Poids et Mesures), Paris, which itself is
adjusted with the NIST (National Institute of Standards and
Technology, USA).

No measurements have been available from the Zugspitze
summit station of IMK-IFU (e.g, Logan et al., 2012; Olt-
mans et al., 2012; Parrish et al., 2012) because the in situ
measurements of IMK-IFU at this station have been discon-
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Figure 5. 313 nm particle backscatter coefficients for 2 July 2013;
the spikes between 11 and 12 km are due to faint cirrus clouds.

tinued since 2013, after the retirement of H. E. Scheel. The
Zugspitze aerosol instrumentation was also not available dur-
ing the period discussed in this paper.

2.4 Analysis tools

For the identification of the transport pathways we have ex-
tensively used HYSPLIT (Draxler and Hess, 1998; http://
ready.arl.noaa.gov/HYSPLIT.php) 315 h backward trajectory
calculations (three-dimensional (“model vertical velocity”),
based on re-analysis meteorological data). Although the re-
analysis data seem to be coarser than other meteorological
data available they have shown a superior performance in the
free troposphere in many of our studies (Trickl et al., 2010,
2013, 2014; Fromm et al., 2010) and the analysis of our rou-
tine measurements. Despite the known limitations of back-
ward trajectories (e.g., Stohl and Seibert, 1998) most specific
free-tropospheric layers in years of observations could be re-
lated to reasonable sources with this operation mode of HY'S-
PLIT , the best investigated transport type being STT. In the
study presented here both normal and ensemble trajectories
have been calculated. Although there is mostly some spread
of the trajectories over boreal North America, those started
in or around a smoke layer detected with the lidar systems
pass over the fire regions described in Sect. 3. Because of the
reproducibility of this behaviour we just give a few examples
of our trajectory calculations for illustration and for clearness
select normal trajectories.

In addition, images of satellite data have been systemati-
cally inspected, such as aerosol maps of the Ozone Monitor-
ing Instrument (OMI) or the aerosol images from the space-
borne lidar CALIOP (Cloud-Aerosol Lldar with Orthogo-
nal Polarization) onboard the CALIPSO (Cloud-Aerosol Li-
dar and Infrared Pathfinder Satellite Observation) satellite
(http:/lwww-calipso.larc.nasa.gov/).

Atmos. Chem. Phys., 15, 9631-9649, 2015

T. Trickl et al.: Stratospheric ozone in boreal fire plumes

104

Altitude [km a.s.l.]

July 2,2013
9:45 CET A
—— 10:51 CET
11:06 CET
I'd —16:290ET‘
ML DL L L B L B LR B AL B T
0 50 100 150 200 250 300

Ozone [ppb]

Figure 6. Ozone mixing ratios for 2 July 2013; please note the mod-
erate mixing ratio in the fire plume ranges between about 5.5 and
8km.

For days without measurements with the water-vapour
DIAL, relative-humidity (RH) data of surrounding ra-
diosonde stations have been inspected (e.g., Payerne, station
number 06610, 315 km to the west; Stuttgart, station num-
ber 10739, 215 km to the north-west; Oberschleiheim, “Mu-
nich”, station number 10868, 100 km roughly to the north;
Kimmersbruck, station number 10771, 210 km roughly to
the north; Graz, station number 11240, 330 km roughly to
the south-east), as well as from others not discussed in this
paper. The choice of the station is based on the trajectories.

3 The North American fire situation in June
and July 2013

The 2013 fires in North America could be conveniently
tracked on a day-by-day basis from the FIRMS (Fire Infor-
mation for Resource Management System, https://earthdata.
nasa.gov/data/near-real-time-data/firms) Web Fire Mapper
(https://firms.modaps.eosdis.nasa.gov/firemap/). The fires
started on 7 June 2013, close to the south-west coast of Hud-
son Bay. By 27 June, a road of fire had formed from Alaska
to Labrador, via Lake Athabaska, the area around the south-
ern end of Hudson Bay and James Bay, first somewhat patchy
then maximizing in early July (Fig. 1). The fires diminished
significantly after 12 July.

Also in the USA a changing number of fires burnt. They
were located more in the southern half of the country, but
in early July large areas in the west and south of the Great
Lakes were covered with fires. In addition, many fires burnt
also in Siberia during that period (not shown).

OMI aerosol maps show quite a few spectacular fire events
along this road of fire. An extreme phase with the aerosol
index even reaching the scale limit was 1-7 July (Fig. 2),
coinciding with the phase of maximum fire activity iden-
tified from the FIRMS images. In this phase very likely
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Figure 7. HYSPLIT backward trajectories initiated above Garmisch-Partenkirchen on 2 July at 11:00 CET (10:00 UTC) within the altitude
range of the mid-tropospheric aerosol layer in Fig. 5; the trajectories pass over the north coast of continental Canada at rather high altitudes,

overlapping with fire regions just above Alaska.

high altitudes were reached and, indeed, a large number of
pyrocumulonimbus bursts have been identified (M. Fromm,
unpublished table of “pyro-Cbh team”, personal communica-
tion, 2015). The plume quickly crossed the North Atlantic,
the strongest features heading mostly for northern Europe.

4 Results

The North American fire plumes were observed in southern
Bavaria from 1 to 23 July 2013, enclosed by two periods of
Saharan-dust advection. During a short intermediate period
the direct inflow from Canada was interrupted and air from
Ukraine, Russia and northern Europe was imported. To the
north of the Black Sea there is a continual fire activity result-
ing in elevated aerosol levels at our site whenever the air is
imported from there.

www.atmos-chem-phys.net/15/9631/2015/

4.1 Ceilometer and UFS overviews

Due to the low cloud coverage, backscatter data from
Leutkirch are used to illustrate the presence of fire aerosol
layers in the free troposphere above southern Germany
(Fig. 3). Starting in early July multiple aerosol layers oc-
curred above the mixing layer at altitudes up to 8km. Re-
gions with low signal-to-noise ratio (e.g., due to clouds or
strong background) are masked white in Fig. 3 to avoid mis-
interpretation. The smoke layers frequently exhibit subsi-
dence, in agreement with our idea about a principally more
anti-cyclonic pathway of smoke travelling from boreal North
America to central Europe.

Figure 4 shows an overview of carbon monoxide, PM1q,
equivalent black carbon and condensation nuclei as measured
at UFS between 15 June and 2 August 2013. Aerosol struc-
tures were seen throughout that period, although there is a

Atmos. Chem. Phys., 15, 9631-9649, 2015
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Table 1. List of the lidar sounding days at IMK-IFU and UFS (Garmisch-Partenkirchen, Germany) during the smoke period in July 2013;
min means the minimum altitude of observation (1000-1200ma.s.l.), P, S, M, K, G the radiosonde stations Payerne, Stuttgart, Munich,
Kimmersbruck, and Graz, respectively. The sonde stations were selected based on the trajectory results. Maximum backscatter coefficients
in brackets could be due to clouds. Sonde RH is listed only if significantly below 10 %. Typical peak ozone values are printed in italics, layer

positions for DIAL measurements in bold.

Date Aerosol Ranges Max. 8 Elevated O3 Low H,O in range
(km) (10 %m=1sr1)  (km) (km)
1July  min-55 2.0 3.6-5.7 4-45,52,58-6.5
7.0-12.5 0.3 8.5-11.0 7-7.6 (P, 00:00 UTC)
(80-100 ppb)
2 July min-5.2 5.3 3.3-5.6 around 4 km (P, 00:00 UTC)
55-8.2 1(5.2) (75 ppb)
8 July min-5.8, E. Europe 9.6 4.8-8
9 July min-2.6, E. Europe 5.1
2.6-4.9,E. Europe 1.7 3.5-9
11July min-3.5 21 (40.5) 1.4-35 layers 3-7 (S)
3.7-6.4 2.8 3.7-8 layers 3-7 (S)
(65-80 ppb)
12 July min-3.4 5.8
3.6-6.1 19.8 3.1-5.0 3.4-4.8 (S, 00:00UTC)
6.1-10.6 1.2 5.0-10.5
both (90-100 ppb)
13July min-3.5 3.6 15-3.3 2.3-2.7 (S, 00:00 UTC)
45-11 6.1 3.6-8.8
15July min-3.6 5 3-5 3.6-3.7 (S, 00:00 UTC)
3.6-6.7 10.3 (44) 5.7-10.5 M missing
16 July min-6.2 11.8 3.2,45 3.2,45 (DIAL)
(8085 ppb)
18 July min-5.9 15 (76) excursion<5ppb 3.2 (DIAL)
19Jly 1.1-47 4.8 2-4 3.7 (G, 18 July, 03:00 UTC)
(70-75 ppb)
22 July  min-3 4.6 (7.3)
34 0.9
43-5.2 3.1-5.3 (K)
(75 ppb)
23 July  min-3.3 29
3.3-4.9 2.0 3.2,4.1(DIAL)
25July  min-5 most likely Saharan dust

specific broad hump during the smoke period in July. This
hump is accompanied by a similar hump in CO, reaching
roughly 125 ppb around 15 July, that is not present during
the second half of June and by the end of July when advec-
tion of Saharan dust prevailed (particle sizes between 1 and
7 um). This suggests at least some descent of the polluted air
from Canada to the altitude range below 3 km. The lidar re-
sults give evidence of a pronounced smoke layer around 3km
only on 3 days.

4.2 Lidar examples
An overview of the lidar measurements at Garmisch-
Partenkirchen during the smoke period in July 2013 is given

in Table 1. We give the range of aerosol layers, maximum
backscatter coefficients, elevated free-tropospheric ozone, as

Atmos. Chem. Phys., 15, 9631-9649, 2015

well as dry layers (also confirmed by trajectory calcula-
tions as done in the four examples presented below). On 8
and 9 July advection from the east took place and no sign
of smoke import from North America was found. Elevated
aerosol in both the lidar and the ceilometer measurements
(including Leutkirch) during that period are more likely due
to widely spread fires north of the Black Sea and in Russia.
On 25 July a transition to a new Saharan dust period started.

In the following we present the data for 4 selected days that
demonstrate the considerable variability of the vertical distri-
bution of the smoke layers. With the exception of 16 July just
brief interpretations are given.

www.atmos-chem-phys.net/15/9631/2015/
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July 12, 2013
—— 11:00 CET
—— 13:30 CET
16:03 CET -
—— 21:40 CET
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Figure 8. 313 nm particle backscatter coefficients selected from the
profiles of 12 July 2013. The peak value is given in the text.

421 2July 2013

The first 2013 observation of small amounts of smoke above
Garmisch-Partenkirchen was made on 1 July 2013. On 2 July
pronounced structures appeared. After a frontal passage with
a thunderstorm during the second half of the night advection
from the Atlantic started, clearing until 08:00 CET (central
European time; CET =UTC + 1h). Figures 5 and 6 show the
313 nm aerosol backscatter coefficients and the correspond-
ing ozone mixing ratios, respectively. The distribution of
ozone shows moderate values for this season (50 ppb) within
the ranges of enhanced aerosol (5.5-8 km) but up to 75 ppb in
the initially aerosol-free intermediate range between 3.5 and
5.0 km. The H20O lidar was not available on that day and we,
instead, examined radiosonde data. Westerly advection pre-
vailed in that vertical range and, as a consequence, Payerne
was the most adequate radiosonde station in this. Between
00:00 and 12:00 UTC the Payerne RH near 4km dropped
from 12 to 6 %. Elevated ozone plus low RH could suggest
the presence of some stratospheric air component.

The daily stratospheric-intrusion forecasts (Zanis et al.,
2003; Trickl et al., 2010, 2014) that identify these descending
layers based on potential vorticity were not available for most
of July 2013. Thus, we used HYSPLIT backward trajec-
tory calculations. For the layer between 3.5 and 5 km, HY'S-
PLIT (09:00 UTC =10:00 CET) indicated some air compo-
nents descending from roughly 7 km above the ground over
Canada (at —315h), slightly north of the Great Lakes, with
some tendency for rising towards earlier times. This confirms
the idea of a stratospheric component in that air mass. There
was no aerosol between 3.9 and 5.0 km in the morning, in-
dicative of potential ozone formation in a fire plume.

In Fig. 7, three HYSPLIT backward trajectories initiated
in the aerosol layer between 5.5 and 8 km at 11:00 CET are
displayed. The air mass travelled in the middle and upper tro-
posphere, over Canada mostly clearly north of the fire zone

www.atmos-chem-phys.net/15/9631/2015/
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Figure 9. Ozone profiles selected from the results of 12 July 2013,
and corresponding to the cases shown in Fig. 5; please note that
the upper-tropospheric uncertainty is of the order of 10 ppb due to
the radiation loss caused by the high, lower- and mid-tropospheric
ozone densities and the aerosol layers.

of Fig. 1. For most of the trajectories just over Alaska or the
Northwest Territories an overlap with the fires reported there
could have occurred. A few trajectories for slightly differ-
ent start times or altitudes (not shown) pass over the north-
western part of the USA but before the onset of the fire period
there. However, the 6300 m trajectory in Fig. 7 hits a strong
fire plume over the central Québec province revealed by the
OMI images around 29 June. Unless there is an influence
from Siberia, this fire is the most probable explanation for
our observations on 2 July. The pattern of Fig. 7 was con-
firmed by HYSPLIT ensemble trajectories.

The O3 mixing ratios of about 50 ppb in that layer are low
for this part of the year and are, thus, not indicative of pro-
nounced ozone production within this fire plume.

Trajectories initiated within the lower aerosol layer passed
eastern France and the United Kingdom at more than 1.5 km
above the ground and reach the boundary layer above the At-
lantic between Iceland and the Canadian coast for backward
times up to the maximum of 315h. No attempt of an inter-
pretation is made.

4.2.2 12 July 2013

The measurements on 12 July 2013 (Figs. 8, 9) show the
presence of smoke plumes up to 7.1km, the most pro-
nounced structures having been limited to altitudes up to
about 5km. The peak backscatter coefficient (13:00 CET)
reached 2.0 x 10> m~1sr~1 (13:00 CET), corresponding to
a very low horizontal standard visual range of just about
4km.

The optically thickest layers travelled below 6 km. Two
layers of elevated ozone persisted around 4 and 6 km. For
most of the day the main part of the smoke stayed above
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Figure 10. 313nm particle backscatter coefficients for

13 July 2013; on this day almost the entire troposphere was
filled with aerosol layers from the Canadian fires.

4 km. However, at 21:40 CET a lot of aerosol was also found
in the lower-lying high-ozone layer. The trajectory analyses
for this layer in the morning yield strong subsidence from
Greenland and the Canadian polar islands but with altitudes
not exceeding 7 km. Nevertheless, the radiosonde station rel-
evant for the direction of air-mass arrival, Stuttgart, shows
minimum RH values of 3% for both 00:00 and 12:00 UTC
between 3 and 4 km, confirming the idea of a stratospheric
intrusion. In the afternoon, import from the fire zone in
Canada is verified but with some indicated subsidence from
beyond North America towards 315 h backward in time. The
Stuttgart RH for 24:00 UTC s, still, 4—6 % around 2.6 km.

The upper ozone peak at around 6 km is most pronounced
in the afternoon. This agrees with the trajectory analysis that
indicates growing stratospheric influence during the second
half of the day.

4.2.3 13 July 2013

High levels of aerosol were observed in discrete layers
throughout the troposphere on 13 July 2013, in the early
morning mostly in the upper troposphere (Fig. 10). This
upper tropospheric air mass was verified having descended
from the region around the fires.

At 04:30 CET the aerosol peak at 3.2 km coincides with
a stratospheric intrusion layer (Fig. 11) anti-cyclonically de-
scending from about 8 km above the Canadian polar islands
and Greenland via Norway. It is interesting to note the max-
imum altitude within 315h is found by HYSPLIT at ex-
actly 3.2kma.s.l. over our site, but locates the import from
the zone of fires when initializing the trajectories 0.2-0.3 km
above this. The midnight sonde data for Payerne, Stuttgart,
and Munich show minimum RH values of 3-6 %, a few hun-
dred metres lower, in agreement with the expectations of the
trajectories.
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Figure 11. Ozone profiles for 13 July 2013, the upper-tropospheric
uncertainty is of the order of 10 ppb due to the radiation loss caused
by the high densities and the aerosol layers.

Figure 12. View from the Zugspitze summit approximately to the
south on 16 July 2013, at 09:00 CET; the Canadian fire plume
fully hits the summit, but the main part m<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>