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Abstract. During the ICARTT-ITOP Experiment in sum- 1 Introduction

mer 2004 plumes from large wildfires in North America

were transported to Central Europe at 3-8 km qltitudg aboverpe global climate forcing by black carbon (BC) is still un-
sea level (as.l). These plumes were studied with thecertain in magnitude. Estimates range from 0.1 to 0.5%¢m
DLR (Deutsches Zentrum fuer Luft- und Raumfahrt) re- (sato et al., 2003). One important source of uncertainties is
search aircraft Falcon which was equipped with an extenyne |imited knowledge on BC source strengths and removal
sive set of in situ aerosol and trace gas instruments. Analpechanisms. In particular, the long-range transport of BC
yses by the Lagrangian dispersion model FLEXPART pro-from poreal or temperate forest fires suffers from a lack of
vided source regions, transport times and horizontal exteninowledge on the removal and transformation processes of
of the fire plumes. Results from the g_eneral circulation particles during transport. It is, however, widely accepted
model ECHAM/MADE and data from previous aerosol stud- that Jong-range transport is one of the most important factors
ies over Central Europe provided reference vertical profilesyhich controls the spatial and temporal variability of aerosol
of black carbon (BC) mass concentrations for year 2000 CONproperties and atmospheric particle load from regional to
ditions with forest fire activities below the long-term average. cgntinental scales across the entire tropospheric column. Al-
Smoke plume observations yielded a BC mass fraction of tothough a large fraction of the aerosol remains in the con-
tal aerosol mass with respect to PM 2.5 of 2-8%. The ratioijnental or marine boundary layer (CBL, MBL), particularly
of BC mass to excess CO was 3-7.5mgBC (COEven  forest fire plumes may be lifted into the free troposphere (FT)
after up to 10 days of atmospheric transport, both characterisy, even into the upper troposphere/lowermost stratosphere
tic properties were of the same order as for fresh emissions(.UT/LS) by pyro-convection or radiatively-driven convec-
This suggests an efficient lifting of BC from forest fires to g (Fromm et al., 2000, 2005; Jost et al., 2004; Damoah
higher altitudes with only minor scavenging removal of par- ¢t )., 2006) and transported over long distances (Clarke et
ticulate matter. Maximum aerosol absorption coefficient val- 5| 2007) up to a hemispheric scale (Damoah et al., 2004;
ues were 7-8 Mm! which is about two orders of magnitude Mattis et al., 2003; Mller et al., 2005).

above the average European free tropospheric background According to van der Werf et al. (2004, 2006), the boreal

value. Forest fire aerosol size distributions were characs. - : ;
: . . . fire activities over North America were very strong in 1998
terised by a strong internally mixed accumulation mode cen-

tred at modal diameters of 0.25-0,3th with an average dis- Ezgnioosezggnvzyix?%k g: eZtoetl)IO (ggg 4%?2\/1éstlizoe:tg:jethl:2?-
tribution width of 1.30. Nucleation and small Aitken mode g » =P g : 9

articles were almost completely depleted fect of the fire emissions by means of the Lagrangian particle
P P y dep ' dispersion model FLEXPART (Stohl et al., 2005) and prod-

ucts from spaceborne sensors like the TOMS aerosol index
Correspondence toA. Petzold and GOME data. They report distinct anomalies in CO over
(andreas.petzold@dir.de) Europe while the modification of the tropospheric aerosol
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away from the source regions was not investigated in thisin Canada (Stohl et al., 2006; Pfister et al., 2006) which
study. The impact of wildfire emissions in Russia and East-is more than 10 times as much as the long-term average.
ern Europe in 2002 on the PM2.5 aerosol load over Finland~or the boreal regions of North America, van der Werf et
was discussed by Niemi et al. (2005). The authors reportedl. (2006) estimated an annually averaged carbon emission of
an increase of particle number concentrations in the diame90 Tg C (particulate plus gaseous carbonaceous compounds)
ter range 90-500 nm, but a decrease of Aitken and nucleatiowhich is close to the maximum value of 93 Tg C Vrfor the
mode particles wittD, <90 nm. 1998 fire season in North America. The long-range trans-
Transport processes and particle properties of the Norttport of particles emitted during the fire season 2004 signif-
American forest fire plumes from August 1998 were in- icantly modified the aerosol loading of the free troposphere
tensely studied by several groups. Forster et al. (2001) fo{Damoah et al., 2006) and enhanced UT/LS (upper tropo-
cused on transport processes and reported pronounced hazphere/lowermost stratosphere) aerosol extinction by a factor
layers and considerably enhanced CO mixing ratios abovef four relative to conditions almost unperturbed by strong
Europe after an average transport timesaf days from the  fire plumes. During this burning season the station Bar-
source regions in Alaska and Canada. As part of the Germarow, Alaska, which is approximately 1000 km away from
Lindenberg Aerosol Characterisation Experiment LACE 98,the source, was affected by several smoke plumes with one
Petzold et al. (2002) and Fiebig et al. (2002) studied a bo4eading to an aerosol absorption coefficient of 32 Mrand
real forest fire smoke plume, which was transported froman estimated aerosol optical depth (AOD) of 4-5 (Stohl et
the Northwest Territories, Canada, to Central Europe withinal., 2006). However, forest fire smoke plumes affect atmo-
about 6 days. They observed a pronounced accumulatiospheric conditions not only by adding particulate matter but
mode at 340 nm in diameter, and absorption coefficientsalso by modifying atmospheric chemistry. Measurements in
(A=550 nm) of up to 20 MmL. In a succeeding study, one smoke plume in summer 2004 showed an ozone increase
Fiebig et al. (2003) demonstrated that aerosol ageing proef 17 ppbv over 5 days together with a significant decrease
cesses during transport may increase the solar radiative forén CO (Real et al., 2007). Following Pfister et al. (2006), the
ing of the plume by 20-40%. Similar investigations were fires increased the ozone burden near the surface over Alaska
also conducted for black carbon from biomass burning emis-and Canada during summer 2004 by about 7-9% and over
sions over the Pacific (Clarke et al., 2001), and in the outflowEurope by about 2—-3%.
of Southeast Asia (e.g., Clarke et al., 2004). In a very recent As afortunate coincidence in summer 2004 the experiment
publication Clarke et al. (2007) report results from forest fire on the Intercontinental Transport of Ozone and Precursors
plumes studies over the Atlantic Ocean during the ICARTT (ITOP) was conducted over Europe. ITOP formed the Eu-
experiment. ropean part of the International Consortium on Atmospheric
Observations and modelling efforts have demonstratedResearch on Transport and Transformation (ICARTT) exper-
that long-range and even hemispheric-scale transport of foriment with its main emphasis on pollutant outflow from the
est fire smoke plumes frequently occurs in the atmosphereUS East coast towards the Atlantic Ocean. As part of the
It influences atmosphere’s chemical composition, modifiesl CARTT-ITOP field study, the IGAC Lagrangian 2K4 exper-
the aerosol properties, and may cause significant effects oiment was performed with its aim of making several sam-
the radiative transport through the atmosphere and thus oplings in pollutant plumes transported across the North At-
climate. For instance, the smoke can lead to a significantantic. Airborne in situ measurements on aerosols and trace
cooling at the surface (Robock, 1991). Although BC from gases were performed by means of the German Falcon 20 E-
extratropical biomass burning contributes only 2.9% to the5 research aircraft at the European west coast. Whereas dur-
global annual BC emissions (Streets et al., 2004) its effectsng the LACE 98 study in 1998, one single North American
on atmospheric radiative properties can be significant fromforest fire plume was sampled by lucky coincidence, in the
regional (Hsu et al., 1999; Stohl et al., 2006) to almost hemi-course of the ICARTT-ITOP 2004 study systematic investi-
spheric (Fiebig et al., 2003; this paper) scales. Additionalgations of forest fire plume properties were possible. As one
to these direct radiative effects, BC from industrial sourcesof the most important improvements compared to the 1998
as well as from forest fires may suppress rainfall and modifystudies an extensive combination of aerosol and trace gas in-
the hydrological cycle (e.g., Rosenfeld, 2000; Andreae et al.struments was operated on board of the Falcon so that for
2004). For the quantification of the radiative forcing due to the 2004 plumes aerosol microphysics, aerosol optics, ex-
aerosols, for the assessment of heterogeneous processes witss CO, NQ, and G data are available. In addition to
respect to atmospheric chemical composition changes, anthe airborne in-situ data, data from two long-term monitor-
for the validation of aerosol products from space-borne sening ground sites in Central Europe (Hohenpeissenberg Ob-
sors such as aerosol optical depth, information on the effectservatory: 989 ma.s.l., 428 N, 11°0' E; Jungfraujoch Ob-
of transformation and mixing processes on forest fire aerososervatory: 3580 ma.s.l., 483 N, 7°59 E) were used to in-
properties during long-range transport is urgently needed. vestigate the influence of the forest fire smoke plumes on the
The fire season of summer 2004 set a new record of 2.aerosol properties in the FT and CBL of Central Europe and
million hectare burnt in Alaska and 3.1 million hectare burnt to estimate the conditions of the European FT aerosol in the
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absence of strong forest fire plumes which defined a kind 60 ———
of reference “background” state. Model results using the i
ECHAM/MADE global climate model (Lauer et al., 2005)
added a further view on the European BC background con-
ditions. FLEXPART data (Stohl et al., 2005) were used to
identify fire plumes and to estimate their transport times. i 50
The observations of summer 2004 smoke plumes are pre-3
sented and discussed in this paper. From the extensive datay
set, we quantify the perturbation of free tropospheric aerosol S
above Europe by forest fire smoke plumes from North Amer- &
ica. Particular emphasis is put on the BC load, aerosol size  40[
distributions and optical properties, and particle removal pro- I
cesses during long-range transport. Modifications of aerosol I
properties during transport are discussed on the basis of re- 37" """ ¢ o 5 10 15 20
cent emission data on chemical species (Martins et al., 1996;
Andreae and Merlet, 2001) and particle microphysical and
optical properties for fresh and aged smoke plumes (Reid eIt:ig. 1. Map of ITOP flights and measurement sites: Oberpfaffen-
al., 2005a, b; Deptener et al., 2006). Effects of th_e Sum'hofen (home base DLR Falcon), OP; Creil (operation base ITOP);
mer 2004 forest fire smoke plumes on photochemistry arf4ohenpeissenberg, HP; Jungfraujoch JFJ; open diamonds represent
discussed by Real et al. (2007). forest fire smoke plume encounters. Performed flights are grouped
according to 19 July (dashed), 22—23 July (solid), 25 July, and 26,
30, and 31 July (short dashed).

longitude , deg E

2 Methods

2.1 The ITOP study — research flights 300), and one Particle Soot Absorption Photometer (PSAP;
Bond et al., 1999).

From 19 July to 3 August 2004 a set of research flights was The combination of CPC and Diffusion Screen Separators
conducted in the framework of the ICARTT-ITOP study. The with a DMA instrument and several optical particle spec-
German Falcon 20 E-5 research aircraft was operating fromrometers covered the entire size range from smallest parti-
the airport of Creil (4915.6 N, 2°31'E) north of Paris in  cles in the nucleation mode)(, <0.01,.m) to coarse mode
France. Measurement flights were performed near the Euparticles in the far super-micron size range. The probed size
ropean west coast probing the entire tropospheric colummange included optically active background Aitken and ac-
from the boundary layer to the upper free troposphere atumulation mode particles (0.98n<D,<1-2um), coarse
about 11kma.s.I. Figure 1 gives an overview over all per-mode dust or sea salt particle® (>1 um) and particle sizes
formed research flights. The symbols indicate forest firerelevant for particle formation processed (<0.02 um).
smoke plume encounters. Additional to the Falcon operationThe non-volatile fraction in the sub-micron aerosol and the
bases Oberpfaffenhofen (OP) and Creil, the mountain obseraerosol absorption coefficient were measured as well. Trace
vatories Jungfraujoch (JFJ) in the Swiss Alps and Hohenpeisgas data relevant for this study were CO angDHParticu-
senberg (HP) in Bavaria, Germany, are marked. Table 1 sumiarly CO is a very valuable tracer for smoke plumes emitted
marises information on the conducted research flights. Thdrom fires. The terminus excess CACO) describes the CO
areas in which forest fore smoke plumes were traversed arabove an average “unperturbed” profile. This enhanced CO
given as average latitude/longitude coordinates of the plumebove the “unperturbed” value is associated to fire plumes.
profile. The method for the determination &fCO is described in

On board of the DLR research aircraft Falcon, a compre-the Appendix.
hensive set of instruments was operated for the in situ mea- The use of volumetric units and aerosol modes throughout
surement of aerosol microphysical properties and trace gathe paper requires explanation. If number or mass concen-
mixing ratios, see Table 2 for details. In summary, the aerosotrations or aerosol absorption coefficients refer to standard
instrumentation consisted of six Condensation Particle Countemperature and pressure conditions STP (273K, 1013 hPa),
ters (CPC) set to different lower cut-off diameters (Sctar  they are given as particles per standarc qscnt3), g
and Stbm, 1997), Diffusion Screen Separators (Feldpauschper standard fh (wgsnt3), and absorption per standard
etal., 2006), one Differential Mobility Analyser (DMA), one  Mm (sMm~1, 10 6sm™1). These concentration data cor-
thermodenuder with two channels set t®@0and 250C respond to mixing ratios which do not depend on the re-
(e.g., Engler et al., 2006), two optical particle counters of spective pressure and temperature during the measurement.
types Passive Cavity Aerosol Spectrometer Probe (PCAS®therwise concentration data refer to ambient conditions.
100X) and Forward Scattering Spectrometer Probe (FSSHhe aerosol population is subdivided intro nucleation mode
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Table 1. Research flights performed during the ITOP core phase.

Mission ID Date uTC FF smoke plumes Location of FF encounters
040719A 19 July 2004  09:23-10:47 no
040722A 22 July 2004 09:40 — 10:57 4-9km 48.66 0.37PE
42.42 N 9.83 W
040722B 22 July 2004  15:05-17:03 3-7km 42.883 8.3 W
43.48 N 7.96W
48.48 N 273 W
040723A 23 July 2004  12:11-16:02 3—-6km 48.RD 0.8 E
48.39 N 0.38 E
040725A 25July 2004  13:37-16:40 3-5km 49.8p 212 E
040725B 25July 2004  17:42-19:53 3-5km 49.86 1.2 E
040726A 26 July 2004  15:07-18:50 3-4km 49810 5.0608 W
040730A  30July 2004  15:00-18:35 3-8km 49.00 0.54E
49.33 N 0.87PE
040731A 31 July 2004  12:07-13:55 no

Table 2. Instrumentation on board the research aircraft Falcon during ITOP 2004.

Property

Instrumentation

Aerosol properties
Number concentration;
size distribution of ultrafine particles

Size distributions
Aitken mode

Dry state, accumulation mode
Ambient state, accumulation + coarse mode

Volume fraction of volatile/refractory particles

Aerosol optical properties

Volume absorption coeffA=0.55m
Trace gases

NO/NOy

CO

Ozone

CO

H,O

S,

Atmospheric parameters

T, p, RH (BL, FT), 3D-wind velocity

Condensation Particle Counters (CPC) operated at
lower cut-off diametersDp,i3=0.004, 0.015, and ap-
prox. 0.08um (CPC & Diffusion Screen Separator DS)

Differential Mobility Analyzer (DMA):
0.01<D<0.2um

Passive Cavity Aerosol Spectrometer Probe PCASP-
100X: 0.1um<D<3.0um

Forward Scattering Spectrometer Probe

FSSP 300: 0.3m<D<20um

Thermodenud&=20°C/25C°C) connected to Con-
densation Particle Counters (CPC) operated at lower
cut-off diametersDp,j3=0.004, 0.015, and 0.0&m
(CPC & Diffusion Screen Separator DS)

Particle Soot Absorption Photometer PSAP

Chemiluminescence detector
VUV fluorescence
UV absorption
IR absorption
Tunable Diode Laser Spectrometer
lon Trap Chemical lonisation MS

Falcon standard instrumentation

particles NUC withD, <14 nm, Aitken mode particles AITK 2.2 The ITOP study — mountain observatories
with 14 nm< D, <100 nm, and accumulation mode particles
ACC with 0.1um< D, <3.0um. Details of the data analysis Long-term information on the aerosol loading over Cen-

procedure are given in the Appendix.

Atmos. Chem. Phys., 7, 5105327, 2007

tral Europe in summer 2004 was obtained from two
ground sites. At the GAW (Global Atmosphere Watch
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Program of WMO) observatories Jungfraujochtty:// MODIS fire hot spot detection and daily fire reports. This
gaw.web.psi.ch/ operated by Paul Scherrer Institute PSI inventory was then used to calculate a passive (no deposition
(CH) and Hohenpeissenbergtip://www.dwd.de/de/FundE/ processes, no chemistry) carbon monoxide (CO) tracer for-
Observator/MOHP/MOHP.htjn operated by the German ward intime, which was converted into a BC tracer by using
Weather Service DWD, aerosol absorption is measured conemission ratios between CO and BC taken from Andreae and
tinuously by means of a Multi-Angle Absorption Photometer Merlet (2001).
(MAAP) (Petzold and Sdinlinner, 2004) which provides re- In addition, we ran FLEXPART backward in time (see
liable absorption coefficient data (Sheridan et al., 2005; PetStohl et al., 2003, for a description) from a large number of
zold et al., 2005). The MAAP is operated on Jungfraujochshort segments along the Falcon flight track. The resulting
since March 2003 and on Hohenpeissenberg since springotential emission sensitivity function can be interpreted in
2004. The aerosol absorption coefficient, at a wave-  a similar way as traditional back trajectory calculations but
lengthA=550 nm can be converted to an equivalent BC masss based on a full dispersion model, including parameterised
concentration BE using a mass-specific absorption cross- turbulent and convective transport. Together with the emis-
section of 8 M g~ (Bond and Bergstrom, 2006). The ter- sion inventory, it can also be used to estimate the spatial dis-
minology equivalent BC follows a recommendation by An- tribution of emissions contributing to the measured BC along
dreae and Gelencser (2006), since this BC value is derivethe flight track.
from optical measurements and requires the assumption of
a certain mass-specific absorption cross-section. As is dis2.4 The Aerosol-Climate Model ECHAM/MADE
cussed by Andreae and Gelencser (2006) and by Bond and
Bergstrom (2006), the value for the mass-specific absorptiorTo gain information on the vertical distribution of BC over
cross-section may vary between 8 and 19Dgn? for fresh ~ Central Europe for years with normal to low fire activ-
and aged carbonaceous particles, respectively, B(lues ities in North America an Siberia, we used the aerosol-
may be lowered by a factor of 1.25 if a mass-specific ab-climate model ECHAM/MADE. The coupled model system
sorption cross-section of 109y ~1 is used for an internally ECHAM/MADE consists of two main components, the gen-
mixed and aged aerosol (Andreae and Gelencser, 2006; Borgral circulation model (GCM) ECHAM4 and the aerosol dy-
and Bergstrom, 2006). namics model MADE. Details on the model system and tech-
The high-alpine station Jungfraujoch is the scientific ob-niques used can be found in (Lauer et al., 2005) and the
servatory at highest elevation (3580 ma.s.l.) within Europe references therein. The ECHAM4 GCM ¢Bkner et al.,
probing European background free tropospheric air in fall1996) is a spectral model. The horizontal resolution applied
and winter while in summer air from the CBL can be lifted in this study is T30, which corresponds to a Gaussian grid
up to the Jungfraujoch observatory by means of convectiorof about 3.78x3.75 (longitude by latitude). The atmo-
(Baltensperger et al., 1997; Nyeki et al., 2000). Hohenpeis-sphere is divided into 19 vertical layers from the surface up
senberg at an elevation of 989 ma.s.l. is situated in the CBLto 10 hPa £30km) using a hybrid-p coordinate system.
almost all over the year. Within the GAW network it is de- ECHAM4 uses a semi-Lagrangian advection scheme (Rasch
fined as one Central European background site. The timé&t al., 1990). The ECHAM version applied in this study in-
series ofo,, and BG measured at the mountain observa- cludes two major upgrades compared to the standard version
tories are used in the following (1) for estimating the free of the GCM: extended cloud microphysics (Lohmann et al.,
tropospheric background values gy, and BG, and (2) for 1999) and an aerosol module describing the mass concentra-
answering the question how far the North American foresttions of several aerosol species (Feichter et al., 1996). This
fire smoke plumes penetrated into the European continentsderosol module is used to drive the cloud and the radiation

boundary layer. scheme of the GCM.
Aerosol dynamics are represented by the submodule
2.3 The Lagrangian Dispersion Model FLEXPART MADE (Ackermann et al., 1998) which describes the aerosol

size-distribution by the sum of three log-normally distributed
For investigating the smoke plume transport processes, wenodes, the Aitken (typically smaller than 0.0h), accumu-
used both forward and backward simulations with the La-lation (about 0.07-Lum) and coarse mode (particles larger
grangian particle dispersion model FLEXPART (Stohl et al., than 1um). All particles are assumed to be internally mixed.
1998, 2005). As the model simulations have already beererosol components considered are,S@H4, NO3, BC,
described in detail by Stohl et al. (2006), only a brief de- organic matter (OM), sea salt, mineral dust, and aerosol lig-
scription is given here. FLEXPART releases so-called tracemid water in the two sub-micron modes. The coarse mode
particles at emission sources and calculates their trajectoconsists of mineral dust, sea salt, and aerosol liquid wa-
ries using the mean winds interpolated from the meteorologter. In addition to the mass concentration of the individual
ical input field plus random motions representing turbulence.aerosol components, particle number concentration and the
Moist convective transport is considered. For the boreal for-median particle diameter of each mode are calculated ex-
est fires, an emission inventory was constructed from dailyplicitly, taking into account coagulation, nucleation and con-
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(a) Column-integrated potential emission sensitivity
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Fig. 2. Retroplume results from the backward simulation for flight 040722B from 16:22:02 to 16:23:18 UTC. Shofa) #ne column-
integrated PES an() the footprint PES. Dots identify fire hot spots detected by MODIS, numbers along the plume refer to transport times
in days since emission.

densation of sulphuric acid vapour, size-dependent wet antéand burning in boreal areas were highest in 1998 and 2004,
dry deposition, emission of primary particles, aerosol chem-and lowest in 2000 and 2001 (van der Werf et al., 2006). Year
istry, gas/aerosol partitioning, and cloud processing. In the2000 can therefore considered a reference year with normal
MADE version applied here, the geometric standard devia-to low boreal fire emissions. The ECHAM/MADE runs used
tion (GSD) of the modal size distributions is kept constantyear 2000 emissions for biomass burning (BC, particulate or-
using GSD=1.7 for the Aitken mode, GSD=2.0 for the accu-ganic matter POM, S&) and follow the AeroCom recom-
mulation mode, and GSD=2.2 for the coarse mode. mendations (Dentener et al., 2006). This emission data set
includes large-scale wildfire emissions which are based on
Recent analyses of total carbon emissions from boreathe studies of van der Werf et al. (2004) on the continental-
wildland fires showed that year 2000 emissions were 22%scale partitioning of wildfire emissions for the period from
below average emissions for the period 1992-2003 (Kasis1997 to 2001.
chke et al., 2005; van der Werf et al., 2006). Referring to the
period from 1997 to 2004, emissions from large-scale wild-
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3 Results ‘ DY

3.1 The smoke plume from 22-23 July 2004 ISR = S5 _ s
During two flights on 22 July from Creil (France) to Santi- i
ago (Spain) and back and on July 23 from Creil to the English 5 "‘

Channel and back, an aerosol plume emitted from strong bo-

real forest fires in Alaska was probed at altitudes between 3

and 6 kma.s.l., see also Fig. 1. FLEXPART backward analy- [SSSi SEEEA. . SSSE - —- =

ses are used to estimate the contribution of smoke aerosols t( S

the observed plume. The results suggest a dominant fraction O\%A {
of forest fire aerosol in the sample. For a short sequence of } ; 2 G
the encountered smoke plume, its source region is shown in A (1'\/—//’\/"“; < %%:R
Fig. 2 in terms of a column-integrated potential emission sen- \ |
sitivity from a FLEXPART backward simulation for the anal- — : i IR EEE

ysed Falcon flight track with superimposed MODIS fire hot 0.0 05 10 15 20 28 %0 35 40
spot locations. The value of the potential emission sensitivity

function (PES Stohl et al., 2003) in a particular grid cell in gig. 3. Integral BC columnar load calculated from FLEXPART
units of s kgt is proportional to the plume residence time in analyses for 22 July 2004, 12:00 UTC; the Falcon flight tracks for
that cell. It is a measure for the simulated mixing ratio at theflights 040722A and 040722B are shown by the black solid lines.
receptor that a source of unit strength in the respective grid
cell would produce. The footprint PES corresponds to a layer
extending from 0—100 m above ground. The PES integratedPM 2.5 mass concentration and aerosol size distributions
over the entire atmospheric column (Fig. 2a) illustrates thefrom combined DMA and PCASP data. In both cases, the
pathway of the polluted air mass. The footprint PES plot polluted CBL reaches up to an altitude of 2.0 km and is dom-
(Fig. 2b) suggests that the vast majority of emissions con-nated by high PM 2.5 mass concentrations and high number
tributing to the plume probed by the Falcon on 22 July weredensities in the NUC mode. From 4.0 km to approx. 8.0 km
released from fires in Alaska and Northwest Canada abougltitude, a clearly layered structure is observed which can be
5-8 days prior to measurement. Upstream the fire regions nattributed to forest fire smoke plumes. All polluted layers in
significant contributing source is found. The source regionthe FT are characterised by PM 2.5 values of similar magni-
does not differ significantly, if other sequences of the plumetude as in the CBL. Size distributions of the forest fire aerosol
encounter are analysed. are dominated by a strong ACC mode while the NUC mode is
Figure 3 gives an overview map of the plume event of 22almost entirely depleted. Such an absence of the NUC mode
July based on a FLEXPART forward simulation. We used ais here identified as one of the key properties characterising
constant ratio of BGKCO=5.2 mg BC (qACO) ! for boreal  the aerosol in boreal forest fire plumes after 1-2 weeks of
fire emission conditions (Andreae and Merlet, 2001) in orderatmospheric transport. Details of the size distribution will be
to illustrate the BC columnar loads across the smoke plumaliscussed later.
event. All biomass burning emissions over North America
were taken into account for this simulation, and particles3.2 3.2 The European free troposphere for periods of nor-

were carried in the model for 30 days. It can be taken from mal fire activity
Fig. 3, that the Falcon plume encounters at the northern did
not probe the core of the plume. An assessment of the perturbation of the FT aerosol above

Forward trajectories and BC monitoring data from the Europe by North American forest fire smoke plumes requires
mountain sites indicate that a part of this plume crossed theomparison data for a FT aerosol for periods without strong
high-alpine research station Jungfraujoch about 36 h after beforest fire activities in the northern hemisphere. The ex-
ing probed by the Falcon. In contrast, no plume signaturepected range of BC mass concentrations in the free and upper
were observed in the BC record of the CBL background ob-free troposphere is:1-10 ng nT3 (Hendricks et al., 2004).
servatory Hohenpeissenberg. It can be concluded that nortlThe PSAP with its detection limit of approx. 0.1 shthis
of the Alps the plume was transported in the free troposphereot capable of measuring such low B@vels with a time
over Central Europe without significant downward mixing. resolution required for airborne studies. The recently intro-

Figure 4 demonstrates two examples of the complex strucduced SP-2 instrument (Baumgardner et al., 2004) based on
ture of vertical aerosol profiles encountered during thesehe technique of laser-induced incandescence may be appli-
long-range transport events. Plume ages inferred frontable to this type of measurement. First intercomparison
FLEXPART are 7-9 days for the plume at 22 July and 4—6studies in the laboratory (Slowik et al., 2006) and airborne
days for the plume at 30 July. The profiles contagO, measurements (Schwarz et al., 2006) yield promising results.
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Fig. 4. Profiles of excess CO (left), particulate matter mass concentration for standard conditions PM 2.5 (mid), and particle size distribution
for standard conditions (right) for Creil on 22 July (ascent) and on 30 July (descent).

However, the instrument is not yet widely in use. The ver- ues for cloud-free flight sequences. No further separations
tical profile of the aerosol absorption coefficient and the BCaccording to meteorological conditions were made.
mass concentration for periods without strong fire activities
have thus to be estimated by a different approach. The presented extrapolation approach for a vertical profile
of BC mass concentration at “clean” conditions with normal
During various field studies conducted by DLR Institute of fire activities makes use of the fact that BC is part of the
Atmospheric Physics in Central Europe in the years 2000 tanon-volatile aerosol fraction of the atmospheric aerosol. The
2002 (Minikin et al., 2003), the vertical distribution of non- only necessary key assumption for the FT and the UT/LS
volatile particles was measured for summer (UFA/EXPORTIis that the BC mass concentrations vary with altitude sim-
data) and late fall to winter (SCAVEX data) conditions. The ilar to the number concentration of non-volatile particles,
field experiment UFA/EXPORT was conducted in July andi.e., BG/Nponvo=coOnstant. This key assumption is reason-
August 2000 over Central Europe with flights from Switzer- able for the well-aged free tropospheric aerosol. It does
land to Czech Republic and from Northern Italy to Northern of course not hold for the CBL where continuous input of
Germany. Flights during the SCAVEX experiment took place non-volatile particles from surface sources is active. The
from Oberpfaffenhofen in November 2002 in the vicinity of FT background concentration of B€an be extracted from
the Alps. Both experiments extended over three weeks antbng-term records of BCat the Jungfraujoch observatory
provided data from 20-25 flights hours. The vertical profileswhich is situated in the European FT during winter. Late
of aerosol number concentrations were calculated by statistifall to winter vertical profiles of Nonvol from SCAVEX are
cal methods as median, 10-percentile and 90-percentile valeombined with Jungfraujoch winter time data to get an esti-

Atmos. Chem. Phys., 7, 5105327, 2007 www.atmos-chem-phys.net/7/5105/2007/



A. Petzold et al.: Forest fire smoke plumes in the European free troposphere 5113

mate for BG/Nnonvol. The vertical profiles of Nonvol from 10.0 —~r—rrrrr—

UFA/EXPORT representing Central European summer con- - “%' | extrapolation

ditions are then combined with the constant ratiq. BGonvol -+ € L —€— MADE median
. ) ' : HERRRED MADE P10, P90

for the extrapolation of the BC mass concentration profile R

over Europe for summer conditions. 8.0 )j ‘

Analysing three winter time series (winter seasons I
2003/2004, 2004/2005, and 2005/2006) of Jungfraujoch
data, a minimum 24 h average BC mass concentration of
2.7 ng T3 and a 10-percentile value of 6.0 ngfhare ob-
tained. From airborne data for late fall to winter conditions
the median Nonvol Value at the same altitude as the Jungfrau-
joch observatory elevation of 3580 m a.s.l. is 110ém
with 10-percentile and 90-percentile values of 60¢émand
235 cn13. Table 3 summarises median number concentra- i .
tions for the relevant altitude ranges of FT (5-7km) and ! e . ]
UT/LS (9-11 km) and the statistical analysis of the data used 20t \, y
from field experiments and from the Jungfraujoch observa- - \ .
tory. i e

For the determination of the FT value for B8 onvol the I A
10-percentile value of the BC concentration at Jungfraujoch e R E—
; o 10 10 10 10 10
is assumed to be more robust than the minimum mass con-
centration which may represent a unique event. Combin- BC, ngm
ing the 10-percentile value for BG®f 6.0 ng nT3 with a
median value for Nonvol Of 110 cnm2 at the Jungfraujoch  Fig. 5. Vertical profiles of the black carbon mass concentration (BC)
elevation results in BE&Nnonvo=5.5x 10—17g BC per non-  for unperturbed Central European summer conditions: lines and
volatile particle. Using the minimum BCvalue, a ratio symbols refer to 10-percentile, 90-percentile, and median values
BC./Nnonvo=2.5x 10-17 g BC per non-volatile particle is ob-  from ECHAM/MADE for Central Europe in July/August 2000, hor-
tained. These two ratios are used for the conversion of mea|_zontal bars indicate the BC mass concentration extrapolated from

. . . - Jungfraujoch data and vertical profiles of non-volatile particles over
sured vertical profiles of Ronvol into profiles of BG. The Cen%ral Ejurope in July/August 2000. P
BC mass concentrations obtained by this approach are alsé
compiled in Table 3 for Central European summer and win-
ter conditions. The detailed profile data are summarised irthe assumption that the vertical distribution of B&& shown
Table 4 and plotted in Fig. 5. in Fig. 5 is a valuable reference case for the assessment of

Estimated BC mass concentrations span over a range dhe FT perturbations caused by the summer 2004 forest fire

3-6 ng m~2 at FT (5-7kma.s.l.) and 1-4 ng n¥ at UT smoke plumes.

(9-11kma.s.l) altitude. The obtained B@alues are in

reasonable agreement with values estimated from SP-2 ol8.3 The vertical distribution of aerosols and trace gases
servations (Schwarz et al., 2006) and with results from re- during ITOP

cent model studies (Hendricks et al., 2004). Hendricks et

al. (2004) report a range of 0.1-10ng fnfor BC mass  The vertical distribution of aerosol modes and CO during
concentrations in the global UTLS region and ng n3 ITOP in summer 2004 is plotted in Fig. 6. In Fig. 6a all
at northern midlatitudes, while Schwarz et al. (2006) mea-cloud-free aerosol data measured during ITOP are shown
sured<2 ng nT3 at approx. 6kma.s.l. angl ng nT3 at as 5s averages. CO data are given with 1s time resolu-
10kma.s.l. over Texas in November 2004. tion. Brown symbols represent flights with forest fire smoke

As a final step, the BC mass concentration profile obtainedblume encounters while blue symbols refer to those flights
from ECHAM/MADE for July/August 2000 over Cen- without smoke plume encounters. In-cloud sequences are
tral Europe (model grid section: 5.6-13.FE, 44.5 N- excluded since liquid water clouds may disturb the measure-
52.¢° N) is compared to the profile estimated from FT field ment of particle number concentrations. The white solid
data over Central Europe in July/August 2000. The result islines represent the median number concentrations for con-
shown in Fig. 5. The data from the extrapolation approachditions without fire smoke plumes. The statistical analysis
are shown as intervals per altitude. The bounding values aref the same data set is plotted in Fig. 6b as median, 10-
calculated from the minimum BQlower bound) and the 10- percentile and 90-percentile vertical profiles. In contrast to
percentile BC (upper bound) values for the determination of Fig. 6a, the CO volume mixing ratio is represented\&20.
the BC mass per non-volatile particle. Both BC profiles agreeMedian number concentration profiles for conditions without
reasonably well at FT and UT altitudes. This gives rise tofire smoke plumes are added as broken lines.

60F ¢ .

4.0+ |-‘—| \ 4

altitude , km a.s.l.

-3
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Table 3. Number concentration (N) of non-volatile particles in the upper free troposphere (UT) of the northern hemisphere (NH) and at the
level of the Jungfraujoch (JFJ) observatory, derived from vertical aerosol profiles, equivalent black carbon mass concentyaiolsIBC
and extrapolated to UT concentration levels; P10 and P90 refer to 10-percentile and 90-percentile values.

Summer Winter
June—Aug Dec-Feb
Jungfraujoch, 3.5kma.s.l.
24 h average BG ng i3
Maximum 500 370
P90 278 89
Median 114 185
P10 32.6 6.0
Minimum 5.9 2.7

European FT/UP

JFJ altitude, 3.5km

Nnonvol €m~3, median (P10, P90)

350 (170-870)

110 (60-235)

BC,, ng 3, median (P10, P90) 19.2 (9.4-47.9) 6.0 (3.3-12.9)
Free Troposphere, 5-7 km

Nnonvol cm™3 80-140 60-100

BC., ng m3 4.4-6.9 3.3-5.%9
Upper Troposphere, 9-11 km

Nnonvoh CM_3 50-80 25-40

BC., ngnr3 2.8-4.8) 1422

D summer data originate from the study UFA/EXPORT in July and August 2000, winter data originate from the study SCAVEX in November
2002 (Minikin et al., 2003).

2) Extrapolation uses a ratio of BONponvoE5.5%x 1017 g particle, based on Nonvol (JFJ winter)=110 cm?3 and BG (P10)=6.0 ng m3

of JFJ data.

Table 4. Vertical profile data for the free troposphere (FT) number concentration of non-volatile partjgggNnd equivalent BC mass
concentration BE, derived from field data; reported data are median, 10-percentile (P10) and 90-percentile (P90) values of the analysed data
set; altitude bands are averaged over 750 m thickness.

Nnonvol Nnonvol BC.
continental winter 2002 continental summer 2000 continental summer 2000
altitude median P10 P90 median P10 P90  médian mediar?
kmasl cm3 cm3 cm3 cm3 com3 cm3 ngm3 ng m—3
2625 320 105 395 550 280 1420 30.2 13.7
3375 110 60 235 355 170 870 19.5 8.8
4125 110 55 565 210 75 485 11.6 5.3
4875 100 60 220 195 80 600 10.8 4.9
5625 100 30 285 110 65 195 6.1 2.8
6375 75 40 115 135 40 270 7.4 3.4
7125 75 35 110 90 30 275 5 2.3
7875 60 25 100 85 40 260 4.6 2.1
8625 45 10 55 100 55 215 5.6 25
9375 45 35 60 75 45 195 4.2 1.9
10125 40 30 65 75 35 125 4.1 1.9
10875 35 30 45 50 15 125 2.9 1.3
11625 25 20 30 15 10 50 0.8 0.4

D BC./Nnomvo=5.5x 10717 g BC per non-volatile particle.
2) BC,/NponvoF2.5x10~17 g BC per non-volatile particle.
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Fig. 6. Vertical profiles of aerosol number concentrations and CO mixing ratios measured during @) @Bmber concentrations of Aitken
(AITK), and accumulation (ACC) modes, and CO; flights with (without) smoke plume encounters are shown in brown()lMgdian
number concentrations of AITK and ACC modes, and excess 8&0Q); symbols represent median values, solid lines correspond to P10
and P90 values. White lines in (a) and dotted lines in (b) refer to the median profiles of AITK and ACC for flights without smoke plume
encounters.

Significant differences between smoke plume profiles and Thus, forest fire smoke plumes seem to have only a mi-
non-smoke plume profiles occur in the altitude band betweemor impact on the AITK mode aerosol of the FT. For the
3.0 and 8.0kma.s.l. foACO, and for the ACC mode. For ACC mode aerosol andCO the situation is different. A
the ACC mode, the “unperturbed” median values is close tostatistically significant enhancement of number concentra-
the 10-percentile value of the profiles influenced by smoketions compared to the data for non-smoke plume conditions
plumes, i.e., the deviation is statistically significant. In the is found for the altitude range of 5-6kma.s.l. where the
case ofACO, the deviation is not that strong, but the “unper- median values for non-smoke plume conditions are close to
turbed” median value is still smaller than the 25-percentile P10 values of smoke plume conditions. The increase in me-
value of the profiles influenced by smoke plumes. For thedian ACC mode number concentrations is of the order of one
AITK mode no significant difference is found. magnitude (factor 5—15). An almost similar distribution with

altitude is found forACO where the largest values also occur
at5-6kma.s.l.

www.atmos-chem-phys.net/7/5105/2007/ Atmos. Chem. Phys., 7, 51232007



5116 A. Petzold et al.: Forest fire smoke plumes in the European free troposphere

12.0 f—rrrr——rrrrr——rrrrm N T
A ITOP 2004 ] AR LACE 1998
b \ marine i X \\ continental i
10.0 \ . h \ O averageo, -
:\\ \\ ] :\\ \\ ® o, <LOD
- . \\ 1 L \\ \\ € FF max o,
0 8.0 Y Y 7] C Y i O mountain site ]
< [ \ ] [ \ —— ECHAM 2000 |
E col_n\ ¥ O ® 1 %\ ]
TR ANy %% 1 b\ ]
(] —H—O49 1 § \ \ 1
S 4.0 _‘:0.\\\ \\\Hﬁe“ 7] O =+ \\\ - ”‘_
= L AS N g L N N ]
© | N N N | | ~ N N |
20 > - = AN -
- c I 0\ 4 - ~ 2 ~ < 4
o }_<>_{ ~ L 4 - ON ~N L
0.0- i ....<.>..| ."Wlw......l ] [ o OO T
0.01 0.1 1 10 0.01 0.1 1 10
-1 -1
o, (@550), Mm o, (@550), Mm

Fig. 7. Vertical profile of the aerosol absorption coefficiepp, at A=550 nm from constant-altitude averaged airborne data (open symbols),
forest fire smoke plume maximum airborne data (filled symbols), and data from mountain sites (circles): Jungfraujoch (3580 ma.s.l, av-
erage winter; average summer), Zugspitze (2980 ma.s.l., summer 2000), Kleiner Feldberg (825 ma.s.l., fall 2000) and Hohenpeissenber
(998 ma.s.l., summer 2004). Filled symbols with drop lines identify levels where the PSAP was below its detection limit of 011 sMm

Data of the left panel refer to year 2004 ITOP measurements, data of the right panel refer to years 1998 (LACE 98) and 2000 (mountain
sites). Solid and dashed lines refer to median and 10-percentile as well as 90-percentile values from ECHAM/MADE for continental Europe
in July/August 2000 which were converteddg, values using a mass-specific absorption cross section Sfcth

By far the largest perturbation of the FT aerosol is ob- during the ITOP observation phase. The polluted CBL val-
served for the aerosol absorption coefficiep. Asis dis- ues are also shown in the left panel of Fig. 7. On the
cussed in detail in the data analysis section, the PSAP abether hand, polluted CBL values of,, are in good agree-
sorption coefficient data were interpreted only for constant-ment with the values calculated from ECHAM/MADE so
altitude flight sequences which sum up to more than 50 conthat the model source terms for local pollution seem to match
stant altitude levels during ITOP. The left panel of Fig. 7 the observations. As expected data measured in the clean
summarises aby,, data inferred from PSAP measurements. MBL deviate significantly from the ECAHM/MADE results
Small symbols with drop lines correspond to levels with for Central Europe towards smaller values. The data col-
oqp being below the detection limit of the PSAP. We set lected during the LACE 98 experiment (Petzold et al., 2002)
Oap,min=0.1 sMnT ! (see Appendix). The conversion of stan- south-east of Berlin, Germany, and from several mountain
dard to ambient conditions used measured pressure and tersites as Jungfraujoch, Zugspitze and Hohenpeissenberg sup-
perature data. The error bars for levels with > o, min rep- port the ECHAM/MADE: on the right panel of Fig. 7, FT
resent one standard deviation of the variabilitygf for the  data agree with the background vertical distribution from
analysed flight leg. Full symbols refer to 95-percentile val- ECHAM/MADE, while the forest fire smoke plume observed
ues for the respective flight legs. Thg, values measured during LACE 98 is of similar intensity as the plumes encoun-
at Jungfraujoch observatory during the forest fire plume en-tered during ITOP in summer 2004. This in turn means that
counter and averaged over the period of May—July 2004 aresuch strong forest fire smoke plume events as observed in
added to Fig. 7. The values fit well into the picture of air- 2004 are not that uncommon.
borne observations.

In the altitude range from 4 to 7 km, the forest fire smoke 3.4 Forest fire aerosol properties

plumes enhance,, by a factor of 100 compared to year

2000 conditions simulated by ECHAM/MADE. Again, a Table 5 compiles a sub-set of the analysed constant-altitude
mass specific absorption cross-section of rmg~1 was  sequences which contains all flight sequences with forest fire
used for the conversion of BC mass concentration to aerosadmoke encounters, all free-tropospheric flight legs at clean
absorption. Inside the smoke plumeg, reaches maxi- and almost unperturbed conditions and a representative set
mum values of similar magnitude as have been measuredf flight legs inside the polluted CBL near Creil. Forest
in the urban pollution outflow from the greater Paris areafire smoke plumes were also encountered during ascent or
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Table 5. Properties of probed atmospheric layers inferred from constant-altitude flight seqﬂefncd!srest fire smoke plumes (FF), clean
or almost unpolluted free troposphere (FT) and polluted continental boundary layer (CBL) levels.

Layer ID Start Time, Stop Time, Altitude, ¢,, g HoO ACO, aap, MM -1 BC,, PM 2.5, BC/CO, BG/PM 2.5,
UTCsofday UTCsofday kmasl (kgaty nmol mor? (550 nm) ngsm3 pugsm3  mgBC (gcoyl %

FF

peak data

040722alL5 11:39:15 11:40:25 3830 0.82 179 8.1 1609 21 7.5 7.7

040722aL6 11:41:35 11:42:45 3828 0.56 181 6.2 1238 21 5.7 5.9

040722bL4 16:20:20 16:24:20 5730 0.19 212 3.2 782 34 3.1 2.3

040722bL5 16:24:30 16:27:02 5731 0.17 158 3.5 837 27 4.4 3.1

040723aLd 12:58:20 12:59:50 4795 1.04 185 7.7 1659 39 7.4 4.3

040723aL® 13:01:40 13:03:35 4794 1.08 190 7.0 1505 39 6.9 3.9

040723aL6 13:05:20 13:06:00 5418 1.56 146 4.9 1134 39 6.4 2.9

FT

average data

040719aL2 10:23:45 10:31:20 4492 0.44 21 <0.1 n.d.

040722aL7 11:48:15 11:49:25 1938 4.32 6 0.3 44 0.8 5.6

040722bL2 15:58:20 16:01:40 4159 0.27 35 <0.1 n.d. 5

040722bL3 16:05:40 16:10:40 1953 5.02 22 0.8 132 14 4.9

040723aL2 12:44:35 12:47:50 2915 3.98 14 0.5 85 9 4.9

040723aL7 13:22:20 13:42:10 8240 0.274 33 <0.1 n.d. 5

040725aL2 15:05:50 15:11:00 8522 0.206 1 <0.1 n.d.

040725bL2 18:30:00 18:34:10 4788 2.13 6 <0.1 n.d.

040725bL5 18:50:10 18:51:32 8602 0.25 10 <0.1 n.d.

040726aL1 15:19:10 16:15:00 5007 1.79 25 <0.1 n.d.

CBL

average data

040722bL6 16:50:20 16:52:40 1950 9.9 19 2.8 456 175 19.9

040722bL7 16:55:00 16:56:40 1626 10.1 32 4.2 662 18 16.9

040722bL8 16:56:40 17:02:50 830 10.61 27 5.8 853 18 26.2

040723aL0 15:55:50 16:03:45 698 9.8 35 4.5 654 20 15.6

Emissior?) 52425 4.3:25

D The compiled data represent a sub-set of all 54 constant-altitude flight legs probed during ITOP, all forest fire smoke plumes are rep-
resented, FT and BL levels are shown exemplary; equivalent black carbgnisB€alculated fronv,, using a mass-specific absorption
cross-section of 8 ?ng_l; PM 2.5 is calculated from number size distributions assuming a density of 14003<gmd spherical particle

shape; a value of 10#g~1 reduces the ratio BZPM 2.5 by 20%; n.d— not detected.

2) Lagrangian forest fire plume case with DC 8 (18 July) and BAe 146 (20 July) (Methven et al., 2006).

3 Data taken from Andreae and Merlet (2001).

descent of the aircraft. Since for those levels with varying Figure 8 shows the distribution of parameter combina-
pressure, the absorption coefficient is not available, these sdions for all aerosol populations observed during ITOP in the
guences are not considered here. However, size distributiorftlean” FT and UT (filled grey symbols) and for the peak
measured during these smoke plume profiles are added to Téerest fire smoke plumes (black symbols). The forest fire

ble 6. smoke aerosol represents an extreme case for each investi-
_ _ _ gated aerosol microphysical parameter combination when all
3.4.1 Microphysical properties ITOP data are considered:

The properties of forest fire smoke particles can be repre-
sented in a multi-dimensional parameter space. The key
parameter combinations investigated here are (1) the num-
ber concentration of Aitken mode vs. number concentra-
tion of accumulation mode, (2) the mixing state of Aitken
mode vs. accumulation mode expressed as the fraction
of particles containing non-volatile cores for each mode,
(8) ACO vs. [Nonvol ATk/Naitk ] x[Nacc/NToTaL], with
[Nnonvol AITk/Naitk 1 X[Nacc/NtotaL]— 1 for an internally — Figure 8, bottom left panel: Aged forest fire parti-
mixed aerosol which is dominated by the ACC mode, and cles cluster atfnonvolaiTk =1 and fnonvolacc=1. Al-

(4) the thermodynamic properties of the forest fire smoke most all particles contain a non-volatile core even in the
plumes expressed as specific humidityand equivalent po- Aitken mode size range with non-volatile fractions close
tential temperature,. to unity, i.e., all particles are entirely internally mixed.

— Figure 8, top left panel: Forest fire smoke par-
ticles cluster along the 1:1 line with respect to
(NNuctNaiTk ) VS. Nace, while the bulk data set satis-
fies (N\NuctNaitk )>10xNacc, i.e., forest fire particles
are enriched in the accumulation mode while nucleation
and Aitken mode are depleted (top left panel).
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Table 6. Size distribution parameters number concentration N, count median diameter CMD, geometric standard deviation GSD of accumu-
lation and coarse mode forest fire aerosols; data refer to ITOP and LACE 98 observations and near-source size distributions recommendes

for global climate models (Dentener et al, 2006; Reid et al., 2005b); plume figen FLEXPART analyses is added for the ITOP cases.

Type of aerosol N, cms CMD, um GSD Reference

North American Flaming (Einfeld et al., 1991)
Mode 1 10000 0.118 1.6 Fresh emissions
Mode 2 25 1.20 1.8
Mode 3 0.7 3.0 1.8

North American Smoldering (Einfeld et al., 1991)
Mode 1 2681 0.180 15 Fresh emissions
Mode 2 4 1.20 2
Mode 3 1.7 3.30 1.8

North American Young (Radke et al., 1991)
Mode 1 70000 0.010 1.87
Mode 2 160000 0.150 1.62
Mode 3 1.95 1.20 1.85

North American Young (Reid et al., 2005a)
Fine mode 0.140.03 1.40.1

North American Aged (Reid et al., 2005a)
Fine mode 0.26:0.03 1.55%0.2

LACE 98 aged lower layer (Fiebig et al., 2003)
Mode 1 41660 0.050.01  2.0t0.3
Mode 2 25100 0.34:0.03 1.350.1
Mode 3 0.21.0 0.9+0.7 1.9+0.5

LACE 98 aged upper layer (Fiebig et al., 2003)
Mode 1 4050 0.05@:0.01  2.0t0.3
Mode 2 2260  0.23t0.02 1.45-0.1
Mode 3 1.6:1.0 1.6t0.3 1.7#0.3

040722AL5L6 this studyy=6-9d
Mode 1, STP 1600 0.065 1.60
Mode 2, STP 750 0.260.02  1.3@:0.05
Mode 3, STP 15 0.35 1.80

040722BLA4L5 this study;=6-9d
Mode 1, STP 950 0.080 1.60
Mode 2, STP 900 0.270.02  1.3#0.05
Mode 3, STP 15 0.6 1.90

040723AL4L6 this studyy=7-10d
Mode 1, STP 900 0.090 1.40
Mode 2, STP 800 0.300.02  1.3@:0.05
Mode 3, STP 16 0.6 1.90

040725B profile this study,=6-9d
Mode 1, STP 890 0.078 1.56
Mode 2, STP 350 0.26 1.31
Mode 3, STP 6 0.47 1.75

040726A this study;=10-13d
Mode 1, STP 1800 0.065 1.64
Mode 2, STP 500 0.27 1.32
Mode 3, STP 14 0.47 1.82

040730A profile this study;=4-6d
Mode 1, STP 1300 0.085 1.90
Mode 2, STP 850 0.280.02  1.39:0.05
Mode 3, STP 15 0.9 1.70
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Fig. 8. Properties of forest fire aerosols compared to the entire ITOP FT aerosol data set; top left: number concentration of nucleation (NUC)
and Aitken (AITK) mode vs. accumulation mode (ACC); bottom left: non-volatile fraction of Aitken mode vs. accumulation mode; top
right: excess COACO) vs. fraction of non-volatile AITK particles times number fraction of ACC mode; bottom right: thermodynamic
properties of aerosol layers. Free troposphere (FT) data (2—8 km) outside of smoke plumes are neglected since no clear separation from ai
masses inside of smoke plumes was possible.

Smoke plume char- 3.4.2 BC fraction of PM 2.5
acteristics like a dominant ACC mode with
Nacc=ENnuc+Naitk  combined  with  an internal
mixture with fNonvol, ATk = fNonvol,acc=1 are always
associated with high values a8fCO.

— Figure 8, top right panel:
Following a detailed report on the chemical composition of
North American boreal forest fire particles from the SCAR-
C (Smoke, Cloud and Radiation) experiment, BC contributes
5% (smoldering) to 10% (flaming) by mass for freshl(
) _ ) day) smoke aerosol (Martin et al., 1996). Total carbon con-
— Figure 8, bottom right panel: When plotting all mea- yihytes between 50 and 100% to total particulate matter.
sured 5s averaged data in a parameter space spanngdy emperate wildfires, BC and total carbon (organic plus
by specific humidityg, and equivalent potential tem- pjack carbon) contribute 4-10% and 50-90%, respectively,
peraturef,, the forest fire aerosol peak data line up aty pp 2.5 mass (Andreae and Merlet, 2001: Reid et al.,
the lower bound of the, data set (Fig. 8 bottom right 2005a).
panel). The solid line in the bottom right panel of Fig. 8 pring our studies, no chemical data of the smoke par-
represents the mediah—g, line for all flights analo-  ijas were collected. An estimated of the Bftaction of
gous to the median aerosol profiles shown in Figs. 625 mass is obtained from an analysis of the measured par-
and b. Forest fire plumes occur in air that is much drierjc|e size distributions. PM 2.5 mass concentrations are cal-
and colder than the median profile of ITOP observa- ¢ jated from the parameterised particle size distributions as-
tions. Data points with higheACO likely have lower g ming spherical particles of density of 1400 ghiReid et
g since these represent plumes that have experiencegy o00s5a). The results are added to Table 5. The BC mass
less mixing across the Atlantic. concentration is reduced by 20% if a mass-specific absorp-
tion cross-section of 10 fy~! instead of 8rig=! is used
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lines represent multi-modal log-normal size distributions fitted to the measured data, while the dashed line represents a respective size
distribution in the clean UT for the data from 22 July.
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for the calculation of BE from o,,. BC contributes 2-4% most depleted small Aitken mode and an enhanced accumu-
to PM 2.5 mass, except for the two plumes encountered omation mode compared to the FT background aerosol outside
Flight 040722A, where BC contributes 6—8%. For the ITOP of smoke plumes. An example of a representative FT back-
fire smoke plumes which reached Europe on 22-23 July, thground size distribution is shown as dashed lines in Fig. 9.
BC. fraction of PM 2.5 is at the lower boundary of valuesre-  Table 6 compiles the parameters of multi-modal log-
ported for emission conditions. In a very recent publication normal size distributions fitted to measured composite size
on the properties of forest fire smoke plumes measured durdistributions. Size distribution parameters recommended for
ing ICARTT 2004 by the US teams on board of the NASA the use in global climate models by AeroCom (Dentener et
DC8, Clarke et al. (2007) report an average BC mass fracal., 2006) or reported in a recent review paper (Reid et al.,
tion of approx. 3% for aged forest fire smoke particles. Their2005a, b) are added for comparison. Two remarkable dif-
observations which are based on the chemical analysis of paferences between ITOP smoke particles and literature data
ticle samples are in very good agreement with our estimatesequire attention: (1) Radke et al. (1991) and Einfeld et
from size distribution data. al. (1991) propose a weak coarse mode centred at 1.2A3.3
for the representation of smoke particles from temperate for-
est fires, such a mode is not observed in the ITOP cases after
one week of atmospheric transport. (2) The accumulation
Figure 9 shows examples of dry size distributions measurednode observed during ITOP and LACE 98 is located in the
during various ITOP forest fire smoke plume encounters ondiameter range from 0.2 to 0.34m while size distributions

22 July and 30 July 2004. The size distributions originateproposed for the use in in climate models show accumulation
from the combined analysis of CPC, DMA and PCASP 100X modes in the size range from 0.12 to 020

instrument data. Because the air masses were very dry (rela- Since BC only contributes<10% to the total mass, the
tive humidity <20%) no hygroscopic shift was applied to the absorption of visible light by forest fire smoke patrticles is
size distributions. The plumes probed on 22 July were theweak with a characteristic single scattering albedo of 0.83—
densest forest fire plume encountered during ITOP with arD.90 atA=550 nm (Martins et al., 1996; Reid et al., 2005b).
age of 7-9 days estimated from FLEXPART analyses. TheThe ITOP forest fire aerosol probed on 23 July shows a BC
plume probed on 30 July represents a younger plume of amass fraction of 4% (Table 5), resulting in a single scatter-
approximate age of 4-6 days after emission. Unfortunatelyjng albedo of 0.914 (@440 nm) to 0.895 (@600 nm). Opti-
only size distribution data exist since the plume on 30 Julycal properties were calculated by Mie theory for a refractive
was traversed during decent to the airport of Creil, see alsandex of 1.55+0.02and the size distribution 040722AL5L6
Fig. 4. In all cases key features of the size distributions arefrom Table 6 (Real et al., 2007). These values fit well into the
the complete depletion of nucleation mode particles, an al+ange of single scattering albedo values determined for for-

3.4.3 Size distributions and optical properties
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est fire particles. Observed absorption coefficients (@550) 10.0
range from 3 to 8 Mm? which is of the order as the values : o S
observed for polluted urban outflow from the Paris area. [ emission !
. | plume average |
s 8.0l @ plume peak ! i
4 Discussion © I | |
| . . B - B g
In the previous section, the properties of aged forest fire . 6.0 O IC ¢ ! .
smoke layers were described in detail from the observations  @© r +OH ¢
during ITOP in summer 2004. Although the presented mea- S I ek X |
surements are not the first ones reporting on aerosol proper- = L ; ' 4
ties in smoke plumes after long-range transport (e.g., Petzold '© 4.0 L W ‘.}
et al., 2002; Niemi et al., 2005; Reid et al., 2005aiilldr ) ! !
et al., 2005), they add new aspects to the topic. For the first %’ 20 i | | ]
time, smoke plumes of various age were investigated during  — 1 : :
one field study. This permits a good comparability of obser- : :
vations. The measured set of parameters included absorption - ! !
coefficient data, size distribution information covering the 00t .,  Fb—dF—H. . -
entire range of particle sized from10 nm to the supegm 0.000 0.005 0.010
range, and information on the mixing state for several parti- A
cle size fractions. Combining these extensive aerosol micro- gBC e (9 ACO)

physical data with trace gas data particularly for excess CO,

several important scientific questions can be tackled. Firs;:ig_ 10. Ratio of equivalent BE per excess CO; the emission value
conclusions drawn from the observations are discussed ifs taken from Andreae and Merlet (2001), open symbols represent
this section. They emphasise the BC export efficiency fromjayer-averaged values measured during ITOP, filled refer to maxi-
the source regions and the aerosol transformation processesum values inside a plume.
during atmospheric transport.

The first question of relevance arising is: How efficient is
carbonaceous matter transported from fire regions in Nortiebsorption cross-section of 107 instead of 8 rAig,
American boreal forests to Europe? Following Park etthe export efficiencies are70% for the bulk of the investi-
al. (2005), the ratio [B@ ACOJarfield Observed in the far gated plumes, and 24% and 40%, respectively, for plumes
field to [BC./ACO]sourcedetermined near the source can be 040722bL4 and 040723aL6. Concluding, removal of BC
interpreted as a measure for the efficiency of the atmospherifrom boreal forest fires during transport seems to play only
export of BC from a source region. Wet removal processest minor role for the investigated cases. More thamof
mainly influence the particle phase (BC) whit€O remains  the emitted BC has entered the region for intercontinental
almost unaffected. Park et al. report a significant decrease itransport at higher altitudes.
the ratio [BG/ACO¥arfieldx[BCe/ ACOlg ce With altitude This interpretation is supported by the present knowledge
for anthropogenic BC in Asian outflow. The interpretation on injection heights of boreal forest fire plumes. La&a@t
suggests that the removal of BC during uplifting reduces theal. (2000) estimate an injection height®6000 m for boreal
efficiency of the transport of BC to altitudes which are rele- forest fires depending on the frontal fire intensity. The Aero-
vant for intercontinental transport. Com emission data set (Dentener et al., 2006) assumes that

Figure 10 shows the observed emission ratios40% of Canadian boreal fire plumes are injected at heights
[BC./ACO}arsiels for forest fire smoke plumes. The of 3000-6000ma.s.l.. In recent studies of the summer 2004
values are plotted as average values over the analyseiires, (Leung et al., 2006; Morris et al., 2006) injection
flight-sequences and as peak values in the strongedteights of 3000-6000 ma.s.l. are reported from model and
parts of the plumes together with the emission valuetrajectory data analyses. The vertical distribution of injection
from Andreae and Merlet (2001). Almost all values heights for boreal forest fire plumes is given by Turquety et
observed during ITOP fall into the range of uncertainty al. (2006, 2007) as 40% BL, 35% MT (600-400 hPa), and
spanned by the Andreae and Merlet data. The only25% UT (400-200 hPa).
plumes showing [B&ACOJarield<[BC./ACO]lsource The smoke plumes may reach FT altitudes without major
are 040722bL4 and 040723alL6. Interpreting the ratioremoval of particles by precipitation, which results in a high
[BCE/ACO]famemx[BCe/ACO]golurceas an export efficiency, export efficiency for boreal forest fire smoke plumes. For
the majority of plumes is exported with 90% efficiency. smoky clouds over the Amazon, Andreae et al. (2004) pro-
Efficiencies of 30% and 50% can be attributed to plumesposed that the high concentration of potential CCN creates
040722bL4 and 040723alL6. Assuming a mass-specifia high concentration of small cloud droplets and prohibits
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0.40 ; ; ; ; ; ; ; tion modification processes in fire plumes. Figure 11 com-

£ R <’> pop Fiebig piles the size distribution parameters count median diame-
- 035F "~ + O AeroCom ter (CMD) and geometric standard deviation (GSD) for fresh
£ os0f o © e LR and aged boreal forest fire aerosols. Dentener et al. (2006) re-
= > ported a linear relation between CMD and GSD for wildfire
£ oozsf t% ] aerosols. Our data extend the data set to plume ages beyond
S >10d ‘—}&—i one week showing, that the modification of size distributions
2 020r : D ! 1 is still active.
E oasf 6d \n—%— ] As is discussed by Hinds (1999), coagulation will nar-
E o <>\\ row size distributions with time by enhanced coagulation of
g 0.10F 1h ‘\\ 1 smaller particles with larger particles. With the absence of
o AN gaseous precursors, particle nucleation is inhibited resulting

00 T ™12 13 124 15 16 17 18 1o in a suppressed supply of nucleation mode particles to the co-

agulation process. The net result is an increase of the modal
diameter and a narrowing of the size distribution of the ACC
Fig. 11. Count median diameter (CMD) of the size distribution of M0d€. Hinds points out that a self-preserving size distribu-
boreal forest fire smoke aerosol as a function of the geometric stantion which describes a steady state of the aerosol is charac-
dard deviation (GSD) of the distribution; data are taken from Reid etterised by GSD values of 1.32-1.34. This picture is in close
al. (2005a), Fiebig et al. (2003), the AeroCom data set (Dentener eagreement with our analyses. Furthermore, similar obser-
al., 2006), this study, and Martins et al. (1996) for fresh aerosol. Thevations are reported by Wler et al. (2007) who analysed
dashed line AeroCom LR corresponds to the regression analysifidar observations of well-aged forest fire plumes. They con-
for the AeroCom data set with CMD=(837.27-426:33SD)/1000  c|uded that the effective diameter of the smoke particles in-
(Dentener et al., 2006). creases until an approximate plume age of 10-15 days. Then,
a steady state of the aerosol size distribution is reached.

GSD from lognormal fitting

precipitation. Particles are kept in the air and can enter the
long-range transport altitude regime where the particles are
released as aerosol after the cloud droplets have been evap- Conclusions
orated. Combined with the injection of plumes at higher al-
titudes, a similar process may explain the high export effi-During the 2004 ICARTT-ITOP study an extensive set of ob-
ciency for boreal forest fire plumes. servations was collected for boreal forest fire smoke plumes
Plume dilution may shed light on the horizontal and verti- after transport from North America to Europe. The presented
cal spreading of the plume during atmospheric transport. Fotata analysis shows that BC from forest fires can be trans-
the particular flight sequences 040723al4 to 040723aL6 Laported very efficiently on intercontinental scales. Physico-
grangian match conditions are fulfilled with respect to flights chemical properties of aged particles such as/BCO fall
of NASA DC8 on 18 July and BAe 146 FAAM aircraft on 20 into the range of uncertainty spanned by the respective values
July (Methven et al., 2006). Assuming an average CO mix-for fresh emissions. The BC export efficiencies aré0—
ing ratio in the FT of 90 nmol mot!, the measured CO mix-  90% for the bulk of the investigated plumes. Only for two
ing ratios of 448.7 nmol moft (DC 8), 415.4 nmol mot! cases, these efficiencies at60%. The forest fire aerosol is
(BAe-146) and 242.5 nmol mot (Falcon) suggest plume characterised by a strong accumulation mode, an almost de-
dilutions by a factor of 1.1 from 18-20 July and by a fac- pleted nucleation mode, and by an entirely internal mixture
tor of 2.1 from 20-23 July. Trajectory calculations by Real even for Aitken mode particles. Very dry air masses (low
et al. (2007) show a reduction of CO from 450 nmol mol  specific humidity) turned out to be typical for the forest fire
on 18 July to 250 nmol molt on 22 July which suggests plumes observed. While the median diameter of the accumu-
a plume dilution factor of 1.8. Plume dilution by a factor of |ation mode growths with plume age, the size distribution be-
2.0£0.2 over a period of 4 days demonstrates that the plumegomes narrower (GSD decreases). This behaviour of the size
move across the North Atlantic in a very confined mode.  distribution is typical for coagulation in an aerosol without
Another key question focuses on the transformation ofongoing particle nucleation. This finding also agrees with
smoke aerosols during long-range transport. After 1-2 weeksecently published lidar observations {Ner et al., 2007).
of atmospheric transport, the observed size distributions dif-The BC transported in such plumes increases the aerosol ab-
fer significantly from the values recommended for the use insorption coefficient by about two orders of magnitude above
global climate models (Dentener et al., 2006) which consistthe European free troposphere background level. The impact
of particles of larger sizes but with lower number concen- of such strong fire plumes on optical and radiative properties
trations than observed during ITIOP. However, the observedf the free troposphere aerosol above Europe is subject of
size distributions fit well into the picture of size distribu- ongoing work.
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Appendix A the PCASP instrument which has a nominal size range of
0.1um<D,<3 um.

Data analysis procedure For the fast identification of layers of ACC mode-
dominated internally mixed aerosols from time se-

Al PSAP data ries of aerosol number concentrations, the product of

[NnonvolaiTk/Naitk ] x[Nacc/NtotaL] was evaluated. The

The Particle Soot Absorption Photometer PSAP data wergatio NnonvolaiTk/NaiTk  describes the number fraction of
used to infer absorption coefficients, and BC mass con- particles in the AITK mode which contain non-volatile
centrations B in the FT. From previous experience (Pet- compounds. The review paper by Raes et al. (2000) on
zold et al., 2002), only constant-altitude flight sequences outthe formation and cycling of the aerosol in the global
side of cloud were analysed. This reduction of data anal-atmosphere shows that non-volatile particle compounds can
ysis avoids measurement artefacts due to pressure changpg related to salts, soil and dust components and to carbona-
in the sampling line during ascent and descent of the airceous compounds, which are all observed in samples of aged
craft between different flight levels. The limitation to out- aerosols. During long-range transport coagulation processes
of-cloud sequences excludes measurement artefacts due 9e expected to cause a complete internal mixture of these
humidity-effects on the filter transmission function (Arnott et components. Fresh nucleation mode particles will most
al., 2003). The scattering and filter loading correction func-|ikely occur in an external mixture. The factopdt/NToTAL
tion proposed by Bond et al. (1999) was applied. Since noreflects the contribution of ACC to the total aerosol by num-
direct measurement of the aerosol light scattering coefficienber.  Schioder et al. (2002) reported different aerosol
was available, the scattering coefficient was calculated fromstates which are observed in the northern-hemispheric
the particle size distributions using an estimate for the com-mid-latitude FT aerosol: Active particle nucleation cor-
plex refractive index which matched the observations. Thisresponds to a depleted ACC mode andchk&«NroTAL
approach is described extensively by Fiebig et al. (2002).  ([Nponvolarmk/Nairk 1 x[Nacc/NTtotaL]—0)  while  well

The data analysis used a 20 s moving average for smoothaged FT aerosol is characterised by suppressed particle
ing the scattered PSAP raw data. This averaging time wasiucleation and a strong ACC mode witha®:=NtoTAL
found to smooth the data sufficiently while keeping the time- ([Nnonvolark/Naimk 1 X [Nace/NtotaL]— 1).
resolution at a reasonable level. The detection limit of the
method was set empirically to 0.1 sMrhbased on experi- A3 Size distribution data
ence from earlier applications during airborne studies (Pet-
zold et al., 2002). Similar to the MAAP data from the moun- Size distributions were inferred from a combined analysis of
tain sites, the aerosol absorption coefficiens(A=550 nm)  DMA and PCASP-100X data. The DMA was operated in the
was converted to an equivalent BC mass concentration BCstepping mode at diameters 0.015, 0.023, 0.035, 0.053, 0.08,
(Andreae and Gelencser, 2006) by applying a mass-specifif.12, and 0.2«m at ambient pressure. At each diameter, the
absorption cross-section of 82rg—! (Bond and Bergstrom, instrument was kept for 10 s which gives a total measurement

2006). cycle of 70 s for one size distribution. For the data analysis
the first 5 s of data per diameter were skipped to avoid relax-
A2 Number concentration data ation effects during the variation of the DMA set-diameter.

The data analysis used the algorithm described by Reischl

The number concentrations of NUC, AITK and ACC mode (1991).
particles were determined from CPC data and from PCASP- Time series of the accumulation and coarse mode aerosol
100X data. Although all instruments report 1 Hz data, thevolume were calculated from PCASP-100X data, assum-
time series were calculated for a time resolution of 5 sing spherical particle shape. Outside of forest fire smoke
to avoid instrument response time effects. CPC instru-plumes, PCASP-100X (operation wavelength632 nm)
ments were operated at nominal minimum threshold diam-=ize distributions were determined using a refractive in-
eters (50% response probabilit), s00=5 nm, 14 nm, and  dexm=1.53+0.@ (ammonium sulphate) for tropospheric air
approx. 80 nm. The latteD, 509 Was achieved by operating masses ane=1.40+0.0 (sulphuric acid) for the tropopause
one CPC withD, 509=14 nm and equipped with a diffusion- region (Petzold et al., 2002). In the case of forest fire smoke
screen separator consisting of 3 screens, which shiftsoss ~ plumes, complex refractive indices of 1.53+0f6r the scat-
to 80 nm at FT conditions of approx. 300 hPa (Feldpausch etering component (Haywood et al., 2003) and 2.00+0.63
al., 2006). for the absorbing component (Ackerman and Toon, 1981)

Nnuc is defined as the difference of the number con-were considered reasonable assumptions. Using the volume-
centrations detected by the CPCs wilh, 500,=5 nm and  weighting of refractive indices method (Chylek et al., 1981),
D, s00=14 nm, Ny7k is defined as the number concentra- an aerosol containing 5% (10%) of BC by volume is de-
tion detected by the CPC with,, 500=14 nm, and Mcc scribed by a complex refractive index of 1.553+0.032
is defined as the total number of particles counted by(1.577+0.068). Both refractive indices were used for the
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size distribution inversion in forest fire plume probes. PM 2.5 profile for every flight. In general, minimum CO mixing ra-
time series were inferred from the aerosol volume by assumtios varied between 70 and 90 nmol mbiin the free tropo-

ing unit particle density of 1400 kg nf which is typical for ~ sphere. Occasionally, subtropical air masses with very low
particulate organic matter (Reid et al., 2005a). The FSSPCO mixing ratios (50-60 nmol mol) reached the operation
300 data were mainly used for the identification of in-cloud area.

sequences. If the number concentration in the cloud mode o )

(D,>3 um) exceeded 1 ci?, sequences were labelled in- A6 Thermodynamic air mass properties

cloud. . . - -
While the PCASP and the FSSP 300 instruments were Op_EquwaIent potential tempgratuﬂg and specific hum@ty
» were calculated according to the procedure described by

erated at wing stations outside the aircraft cabin, the CP
instruments and the DMA were operated inside the aircraft olton (1980) and Methven et al. (2003). In genedl,

cabin. The used aerosol inlet is described by Fiebig (2001)yar|es slowly with height and a positive gradient indicates

The aerosol inlet contains two sampling lines. The line uset}St"’lb'l'ty to moist and dry convection. In contragt, varies

for sampling NUC and AITK mode particles samples directly across several orders of magnitude. Following Methven and

from the atmosphere without deceleration of the probe. FromCO'WOrkers and the references given thégeandy, are ap-

previous work we know that the maximum cut-off diame- proximately anserved for reversible adiabatic processes in
ter of this line is approx. 0.Am at 8000ma.s.l. (Fiebig, unsaturated air MAasSes. These parameters may thus serve
2001). The DMA and the PSAP were connected to an isoki-23 good thermodynam_lc markers for air masses and de;pnbe
netic sampling line behind a deceleration cone which ha the|rthermodynam|c hlstor){. The th.ermodynamlc classifica-
an approx. cut-off diameter of @n (Petzold et al., 2002). stlon bgcomes.relevant particularly in those cases when La-
These inlet features justify the definition ofyik =N(CPC, grangian studies are performed (Methven et al., 2006). Our

D, s0%=14 nm) and Mcc=N(PCASP-100X), since the in- o_hscussmn mainly focuses_ on the questlon whether for_est
' > . . fire smoke plumes show distinctly different thermodynamic
struments have only a limited overlap region with respect to

detection diameters properties than air masses not affected by forest fire plumes.
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