Atmos. Chem. Phys., 10, 7388407, 2010 iy —* -

www.atmos-chem-phys.net/10/7389/2010/ Atmospherlc
doi:10.5194/acp-10-7389-2010 Chemls_try
© Author(s) 2010. CC Attribution 3.0 License. and Phys|cs

Single particle characterization of black carbon
aerosols at a tropospheric alpine site in Switzerland

D. Liul, M. Flynn1, M. GyseP, A. Targino?, I. Crawford 1, K. Bower!, T. Choularton?, Z. Juranyi?, M. Steinbacher,
C. Huglin®, J. Curtius*, M. Kampus?, A. Petzolc®, E. Weingartner?, U. Baltensperge?, and H. Coé*

LCentre for Atmospheric Science, School of Earth, Atmospheric and Environmental Sciences, University of Manchester,
M13 9PL, UK

2Laboratory of Atmospheric Chemistry, Paul Scherrer Institut, 5232 Villigen PSI, Switzerland

SEMPA Uberlandstrasse 129 860QiBendorf, Switzerland

4Institute for Atmospheric Physics, Johannes Gutenberg University, Mainz, Germany

SDeutsches Zentruniif Luft- und Raumfahrt (DLR), Institutifr Physik der Atmospire, Oberpfaffenhofen,

82234 Wessling, Germany

Received: 1 March 2010 — Published in Atmos. Chem. Phys. Discuss.: 7 April 2010
Revised: 4 July 2010 — Accepted: 2 August 2010 — Published: 9 August 2010

Abstract.  The refractory black carbon (rBC) mass, to standard temperature and pressure). Overatt, ¥&%6 of

size distribution (190-720nm) and mixing state in sub-the observed rBC particles within the detectable size range
micron aerosols were characterized from late February tovere mixed with large amounts of non-refractory materials
March 2007 using a single particle incandescence method giresent as a thick coating. The growth of particle size into
the high alpine research station Jungfraujoch (JFJ), Switzerthe accumulation mode was positively linked with the degree
land (46.38N, 7.59 E, 3580 m a.s.l.). JFJ is a ground based of rBC mixing, suggesting the important role of condensable
location, which is at times exposed to continental free tro-materials in increasing particle size and leading to enhanced
pospheric air. A median mass absorption coefficient (MAC)internal mixing of these materials with rBC. Itis the first time
of 102+ 3.2 g1 atA =630 nm was derived by compar- that BC mass, size distribution and mixing state are reported
ing single particle incandescence measurements of black cain the free troposphere over Europe. These ground based
bon mass with continuous measurements of absorption comeasurements also provide the first temporal study of rBC
efficient. This value is comparable with other estimates atin the European free troposphere quantitatively measured by
this location. The aerosols measured at the site were mostlgingle particle methods. At the present time there is only lim-
well mixed and aged during transportation via the free tro-ited information of BC and its mixing state in the free tropo-
posphere. Pollutant sources were traced by air mass backphere, especially above Europe. The results reported in this
trajectories, trace gases concentrations and the mass loagaper provide an important constraint on modelled represen-
ing of rBC. In southeasterly wind directions, mixed or con- tation of BC.

vective weather types provided the potential to vent polluted
boundary layer air from the southern Alpine area and indus-
trial northern lItaly, delivering enhanced rBC mass loading
and CN concentrations to the JFJ. The aerosol loadings at thik

site were also significantly influenced by precipitation, which ) . .
led to the removal of rBC from the atmosphere. Precipi- The chemical composition of aerosols plays an important

tation events were shown to remove about 65% of the rBCrOIe in determining their hygroscopic and optical properties,

mass from the free tropospheric background reducing thé(vhich are key factors in determining the cloud activation and
mean loading from 13 5 ng nT3 to 6+ 2 ng nT3(corrected the aerosol radiative effect respectively. The black carbon
(BC) particle fraction is extremely important because it is

insoluble and is a strong light absorber at mid-visible and

Correspondence tdD. Liu near infrared wavelengths (Bond and Bergstrom, 2006). It
BY

(dantong.liu@postgrad.manchester.ac.uk)  has been considered as having the second most important
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warming influence after carbon dioxide (Ramanathan ancever, a recent study by Hendricks et al. (2004) showed that
Carmichael, 2008). BC is produced through a range of com+the contribution from aircraft emissions in the UT/LS is mi-
bustion processes that are not fully completed (Bond et al.nor but that different predicted BC size distributions lead to
2004), e.g. fossil fuel combustion and biomass burning. It isdifferent impacts. Schwarz et al. (2008a) obtained profiles of
refractory and initially hydrophobic (e.g. Weingartner et al., BC from near-ground atmosphere to UT/LS in the tropical
1997), and this combined with its size distribution being bi- US, and observed that BC with a thicker and prevalent coat-
ased towards the fine mode (Harris and Maricq, 2001; Kondang would result in absorption enhancement of at least 30%
et al., 2006; Clarke et al., 2004), means that BC is less effiin the upper troposphere compared to BC that is assumed to
ciently scavenged compared with other more hydrophilic andoe uncoated. These studies highlight the important contribu-
larger particles. After emission into the atmosphere, BC istion of BC from ground sources via vertical transport and the
processed by the condensation of secondary material such aesirability to investigate the mixing state of BC.

sulfates, nitrates or organic matter, increasing the size and To address questions related to the size distribution and
hygroscopicity of the particles (e.g. Dusek et al., 2006a).mixing state of BC in sub-micron aerosols, a study was con-
During atmospheric ageing, the refractory component of BCducted at the Sphinx Laboratory of the Jungfraujoch high-
is chemically quite stable and so is relatively invariant, mak-alpine research station (4638, 7.5 E, 3580 m a.s.l.),

ing BC an tracer of primary pollution, though its mixing state Switzerland. The research station is located at the northern
changes markedly. It has been used to compare the extent &ide of the main central European Alpine area, and provides
which secondary material has formed on a particle populaan ideal site to study aerosols which have been transported
tion, i.e. by comparing with the relative amount of organic to the free troposphere from a large range of sources across
aerosols (Turpin and Huntzicker, 1995). Europe and northern Africa. The site also receives pollu-

The sink of BC is primarily governed by wet deposition tion from local valleys primarily during the summer months.
(Textor et al., 2006; Jacobson, 2004). The atmospheric life-The transported particles contain considerable amounts of
time of BC is particularly controlled by the time scale for secondary material, as well as processed and/or relatively
BC to be converted from its initial hydrophobic state to a hy- fresher primary particles. The refractory BC particles (rBC)
drophilic state. Modelling and observational studies have re4in the accumulation mode were characterized via a single
vealed that BC is more likely to act as a cloud condensatiorparticle soot photometer (SP2), which also measured the op-
nucleus (CCN) at much lower critical sizes if coated (Hen- tical size of both rBC and non-absorbing particles. The in-
son, 2007; Dusek et al., 2006a), but this will depend on thestrument is highly sensitive to low concentrations of aerosols,
composition of the coating material (Petzold et al., 2005a).providing a clear segregation of rBC from other types of
However, due to the systematic limitations of most of the aerosols, and additionally can be used to derive information
current bulk-based BC measurements (Collaud Coen et alregarding the mixing state of rBC on a single particle basis.
2010), direct examination of BC mixing state is not possible. This paper investigates the behaviour of rBC at this site in
Furthermore, treating BC as internally or externally mixed a late winter season, considers the particle lifetime, and de-
can result in large differences in predictions of the global ra-scribes how removal processes relate to the size distribution
diative budget (e.g. Chung and Seinfeld, 2002), due to theof rBC and its mixing state. It was the first time that the be-
enhancement of the mass absorption efficiency when BC ifaviour of BC has been investigated on a patrticle by particle
internally mixed (Bond et al., 2006 and references therein) basis in the lower free troposphere over Europe.

The impact of BC absorption can be further amplified when

deposited on snow (Hansen and Nazarenko, 2004) or incor-

porated into cloud particles (Jacobson, 2006) because of thd ~ Site description and meteorological conditions
high reflectivity of the surrounding material. ) ] )

The BC content of an aerosol layer has great impact on thd he data presented in this paper was sampled during the
positive radiative forcing of the solar-atmosphere system inSixth experiment within the CLoud and Aerosol Character-
the upper troposphere/lower stratosphere (UT/LS) becausi&ation Experiments (CLACEG) programme conducted at the
of its absorption of direct solar radiation (Ramanathan and’ungfraujoch (JFJ) research station in the winter of 2007.
Carmichael, 2008), in addition, it has the potential to be in- ThiS measurement site is surrounded by glaciers and rocks,
volved in ice nucleation, consequently reducing the cloud@nd no local vegetation is present. The location and al-
coverage to weaken the indirect cooling effect (Lohmann,t'tUde make this site far remote from significant pollution
2002). The extent to which BC can be transported from

ground sources to the. UT/LS is highly dgpende.nt onits m'_X'neI of the SP2 (Sect. 3.2) measures the refractory black carbon
Ing statg, as convection and frontal uplift provide the m"?‘“n(rBC) (Schwarz et al., 2010) as opposed to the light absorbing car-
mechanisms for transport from the boundary layer, duringpgy, (suggested by Bond and Bergstrom, 2006), or BC that is most
which the hydrophilic BC can be more efficiently removed often used in models or derived from filter based optical absorption
via wet deposition. Alternatively, BC can be directly injected measurement. Therefore the rBC is used in this paper to consis-
into the UT/LS by aircraft emissions at high altitude. How- tently define the BC properties measured using this instrument.

Iwith respect to the terminology of BC, the incandescence chan-
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sources and the local emissions from the station and the The aerosol data were also analysed as a function of the
tourist facilities are negligible since all heating is electrical synoptic weather types defined by Selpp (1979) in the
(Baltensperger et al., 1997) and other combustion sources alpine Weather Statistic (AWS), which is a synoptic weather
kept at a minimum. type parameterization that describes the synoptic meteorol-

During summer, the local meteorology and topography ex-ogy over the whole Swiss region. The classification is based
ert a predominant influence on the JFJ. The site is influencedn the combination of four key parameters (Wanner et al.,
by a combination of valley-mountain and mountain up-slope1998): 1) speed of the surface wind derived from the surface
circulations, giving a clear diurnal cycle of aerosol concen-pressure gradient, 2) direction and speed of the 500 hPa wind,
trations as a result of the injection of planetary boundary3) height of the 500 hPa surface over the central point of the
layer air into the free troposphere air during the afternoon.system, 4) baroclinicity. This results in 40 weather situations
On occasion, the JFJ site can also be a receptor of polluwhich can be grouped into three basic weather types (convec-
tants from regional sources, for example from the Po Valleytive, advective, mixed) and eight extended weather types (Ta-
caused by ascent of air from the convective boundary layerble 1). For the advective types, the horizontal motion of the
This mainly occurs under subsidence conditions associatedtmosphere is dominant (which in Alpine areas may lead to
with the presence of an anticyclone over the Alps (Lugauerwell marked up-slope and lee phenomena, etinf, while
et al., 1998, 2000). Vertical transport tends to be more fre-for convective types vertical motion is dominant. For the
quent during the summer months but has also been observadixed weather type, both horizontal and vertical wind com-
in wintertime (Zellweger et al., 2003). During the winter ponents are significant. Lugauer et al. (1998, 2000) showed
months, the convective processes are much less vigorous artlat these weather types had a strong influence on the aerosol
aerosol concentrations are mostly controlled by regional andignal at the Jungfraujoch.
long-range tropospheric circulation systems (Baltensperger
et al.,, 1997; Lugauer et al., 1998). The long-term aerosol
measurements from this site have been thoroughly analyzea
and reported by Baltensperger et al. (1997) and Collaud Coen
et al. (2007).

Continuous aerosol sampling was conducted during
CLACES6 from mid February 2007 to mid March 2007. For agrqs0l particles were sampled using an inlet system

most of this time, the high-alpine site was receiving remote ;. inted on a platform above the Sphinx Laboratory. This
continental/marine air masses from the free troposphere, bLgamp”ng inlet was fitted with a heater (25) on its upstream
under the influence of varying anticyclonic air systems, pol-gng 'which was designed to evaporate cloud particles with an
Iut_ants from different regions of Europe and_ Atlantic Ocean aerodynamic diameter smaller than 40 um at wind speeds up
(Fig. 1, A1-AS5) were observed. The dominant local hor- 4 50 m 51 (Weingartner et al., 1999). Larger particles may
izontal wind directions measured by a sonic anemometehanetrate the inlet at lower wind speeds, thus both the parti-
(Metek, manufactured by Lymington, UK) were observed 0 ¢|q5 incorporated into cloud particles and non-activated inter-
be from either the north (N) or southeast (SE) (Fig. 1, B). iitial aerosols can be sampled. The instruments were located
This wind pattern has been observed in other studies and i§ghing the inlet system in the laboratory at room temperature
due to the JFJ location between the Jungfrau (4158 m) and the aerosols were sampled under dry conditions (Rela-
Monch (4089 m) mountains, channelling the local flow in e Humidity < 20%). A separate inlet system close to the

a north-western or south-eastern direction. In the northerly,q s injet was used for the observation of gaseous species.
wind direction, air from the Swiss plateau is advected to the\; -onsists of a stainless steel tube (inner diameter 90 mm)

Jungfraujoch, while in south-easterly winds, the air comes,a5ted to 16C and ventilated at 850 L mitt. a glass mani-
from the southern Alpine area and industrial northern Italy. ¢y 4 (inner diameter 40 mm) flushed with ’250 L mihand

Alfarra et al. (2007) have shown that many rural regions in yef oroalkoxy (PFA) teflon tubes to connect the instru-
the Alps rely on wood burning for home heating during the ,ants to the glass inlet.

winter and this provides a significant source of particulate in

this season. However, the site was subjected to periods a8 2 The instrumentation

heavy precipitation during the first half of the experiment,

resulting in a considerable fraction of aerosols being washed he physical properties of rBC were characterized by a sin-

out. Clouds were present at the site for approximately 60% ofgle particle soot photometer (SP2, manufactured by Droplet

the experimental period. The phase of the cloud varied fromMeasurement Technologies©, DMT, Boulder, USA). The

periods when liquid-water clouds were dominant to periodsSP2 can optically size particles in the diameter range

when the clouds were almost entirely composed of ice parti200 nm-720nm.  An intra-cavity Nd:YAG laser beam

cles. The aerosols sampled at this site experienced a comb{Stephens et al., 2003) (1.064um, TEJvhode, inten-

nation of precipitation and cloud processing. sity ~ 1MW cm~2) is used for particle detection on a single
particle basis (Schwarz et al., 2006). As particles pass

Instrumentation, sampling and data analysis
methodology

3.1 Sampling inlet
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Fig. 1. The experimental site was influenced by air mass history and local wind direction (A1—A5), back trajectory analysis calculated by
NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT; Draxler, 2003). Time periods are classified according to
the history of the air mass over the previous three days. Back trajectories are shown for arrival at 3400 m, 3600 m and 3800 m a.s.l. over the
Jungfraujoch, labelled by the arriving date and are coloured by air pressure. (B) Wind rose plot for the whole experiment period, individual
wind direction measurements are accumulated and the relative frequency is shown as a percentage. The plot is coloured according to th
probability of wind speed.

through the laser beam they scatter the laser light and hencstion of the particle (Schwarz et al., 2006). Incandescence
their optical size can be determined by analyzing the peakadiation is measured using two detectors, one has a broad
amplitude of the scattered light signal. If the particle containsbandwidth and the other is set at a narrow bandwidth close to
strongly absorbing components, such as BC, it also absorbthe maximum of the blackbody radiation emitted by incan-
the laser radiation and is heated, thus exceeding the boilingescing rBC. The ratio of signals from these two detectors
temperatures of any non-refractory coatings, before the reprovides information on the temperature of the incandesc-
fractory absorbing core eventually incandesces and emits signg particle and hence its composition. Two further detec-
nificant thermal radiation. The emitted black body radiation tors characterize the intensity of the scattered laser radiation.
is proportional to the mass of the absorber and the boilingAll detectors record the evolution of single particle-laser
point of the absorbing core is characteristic of the compo-interactions simultaneously with a time resolution of 0.2 ps.

Atmos. Chem. Phys., 10, 7388407, 2010 www.atmos-chem-phys.net/10/7389/2010/
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Table 1. The 3 basic and 8 extended types of the Alpine weather statistics and their dominant synoptic scale motion.

Basic weather Extended Abbreviation  Synoptic motion Occurrence during
type types this study
Convective Anticyclonic CA Subsidence 19%
Indifferent Cl Small-scale o
circulations 18%
Cyclonic CcC lifting
Advective West AW W at 500 hPa 45%
North AN NW-=N at 500 hPa
East AE NE-SE at 500 hPa
South AS S—SW at 500 hPa
Mixed Mixed M Active cyclone or

jet flow or vortex 18%

The particles are classified as rBC or non-BC according tominimum estimation of the surface of the atmospheric soot
the presence of the incandescence signal. particle. This uncertainty is significantly reduced when thick

The mass determination of rBC by the SP2 has been obeoatings are present which restructure the BC by compacting
served to be independent of particle shape (Slowik et al.soot aggregates (Weingartner et al., 1995).

2007) and the coating components of rBC to a large ex- Monodispersed polystyrene latex spheres (PSL, refractive
tent (Moteki and Kondo, 2007). Hence the SP2 can bejndex ~ 1.59, Gao et al., 2007) of known sizes were used
calibrated by absorbing particles whose mass can be detefo calibrate the scattering signal and monitor the laser inten-
mined. The incandescence signal was calibrated using comsity throughout the experiment. Laser power variation was
mercially available standard glassy carbon spheres (supplieféss than 10% during the entire operation period of the SP2,
by Alpha Aesar, Inc., Ward Hill, Massachusetts, with density resulting in variations of optical size of less than 6%. Addi-
1.42 gcnr3), which were size-selected by introducing a dif- tionally, Baumgardner et al. (2007) point out the uncertainty
ferential mobility analyzer (DMA) upstream of the SP2 down in the derived optical diameter is withit 30 nm, assuming

to single particle mass loadings of about 12 fg. Multi-chargedthe coating is sulphate. Overall, the optical diamef@p)
particles were rejected using the scattering signal measuregf non-absorbing particles can be determined from PSL cal-
by the SP2. The calibration between the rBC mass and peafpration with uncertainty about 8% within size range 200—
intensity of the incandescence signal was shown to be lineay20 nm for this study, and the optical size below or above

(R?=0.97) when single rBC mass is below 130fg, agree- the SP2 detection limit will not be triggered or saturate the
ing with the laboratory results by Slowik et al. (2007). The detectors respectively.

composition of the absorbing component of ambient parti- e p, for absorbing particles can be underestimated be-
cles was determined from the ratio of the two incandescenc@gse the particle size will begin to decrease before it reaches

signals, in turn rBC particles were identified and their mass,q centre of the laser beam as the coating material evapo-
was determined from the calibrated peak intensity of the in-ote5  which means the detected scattering signal does not
candescence signal. The diameter of the rBC core is termegorrectly represent the original optical size. An extrapola-

as the mass equivalent diametBifg), since itis determined 4o, technique can overcome this problem by applying a de-

from the mass, and given by: tectable laser beam center position and fixed signal distribu-
Dy = (6M/chn)1/3 (1 tion shape (Gao et al., 2007)._ This needs a hardware modifi-
cation that had not been carried out on the instrument at the
WhereM is the particle refractory mass derived from incan- time of the experiment. The uncertainty of optical sizing of
descence signal with uncertainty5-9%, pgc is used as the rBC is estimated to be about 6-55% by comparing the scat-
average effective density of atmospheric rBC (1.9gém tering signal of rBC and non-absorbing particles of the same
recommended by Bond and Bergstrom (2006). In reality,size in the laboratory study afterwards. This effect is more
BC is likely to be irregular in shape thuBye provides a  significant for larger rBC cores and with higher volatility of

www.atmos-chem-phys.net/10/7389/2010/ Atmos. Chem. Phys., 10, 78892010
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coating materials. In addition, soot aggregation can enhancerere continuously performed as part of the Swiss National
the scattering property significantly (Liu and Mishchenko, Air Pollution Monitoring Network.

2005). The mass fraction (MF) of a rBC core of magsis Precipitation type was measured by the VPF-730 present
calculated by Eq. (2): weather sensor (BIRAL, UK). This instrument primarily de-

termines the precipitation type by the measured ratio of the

ME = ) atmospheric back scattering coefficient to the atmospheric

%nD%pa\, forward scattering coefficient. A ratio greater than a spe-

cific value indicates snow while a ratio lower than a thresh-

The average density of a particlex() used in this study was | value indicates rain. As a secondary approach, the size
1.8gcnr®, following Cross et al. (2007). The uncertainty and velocity distributions of the precipitation particles com-
of the density can vary with coating composition by approxi- plement this primary measurement to provide information
mately 41% from pure sulfate to organic. However, inreality oy gifferent precipitation types. The precipitation particles

the coating is typical multi-component. The overall uncer- gre counted by measuring the amplitude and duration of the
tainty for M resulting from thepay is estimated to be-23%.  |ight pulse created by each precipitation particle as its falls
A significant number of rBC particles are smaller than the through the sample volume. Small numbers of particles with
lower detection limit of the SP2, which is about 190 nm in distributions not indicative of rain or snow are considered not

this study ¢ 6 fg rBC mass), leading to systematic underes-tg be precipitation and are rejected by false alarm algorithms.
timation of rBC mass. To account for this, previous studies

have estimated the total BC by extrapolating the mass size
distribution according to a single lognormal mode (Schwarz4 Results and discussions
et al., 2006). A similar approach is applied to the dataset pre-
sented in this paper (constrained at the modal centre, diamet.1 rBC mass loading and absorption property
ter 190-210 nm, Fig. 8a), where about 40—-60% mass or 30%
number of the entire rBC population has been detected by th€igure 2 presents the time evolution of total rBC mass load-
SP2. The mass or number concentrations of rBC presenteithg measured by SP2 and the light absorption coefficient de-
in this paper have been corrected for these effects, and ang@rmined by the MAAP during the entire experiment, indicat-
quoted at standard temperature and pressure (STP; 273.15 g a general positive correlation between both instruments,
1013.25hpa). The larger rBC particles that saturate the deas Fig. 3a further reveals.
tectors represent about 0.2-0.6% of the total population of Due to the indirect measurement of BC mass by the
rBC, which is of minor importance in influencing the derived MAAP, an empirical converter, which is defined as mass ab-
rBC total mass loading, and this fraction showed little varia- sorption cross section (MAC) (Bond and Bergstrom, 2006),
tion under different conditions during this study. is needed to translate the measured light absorption coeffi-
In addition to the characterization by the SP2, a Multi- cient of bulk aerosols into the estimated BC mass. The ab-
Angle Absorption Photometer (MAAP, Thermo ESM An- sorption coefficient measured by the MAAP is obtained from
dersen) was employed to quantify the aerosol light absorpthe reported mass concentration multiplied by the MAAP in-
tion coefficientoaps The MAAP measured the transmission ternal MAC of 6.6 ¥ g1 (Petzold et al., 2005b). A vari-
and the back scattering of a light beam at a defined waveety of uncertainties can be propagated by this empirical con-
length ¢ =630nm during this experiment) through a fibre version, because the MAC of BC is not a constant, rather
filter, where the aerosol is sampled continuously and simul-t is associated with different sources and combustion con-
taneously. The light absorption coefficient is obtained from aditions (Schwarz et al., 2008b), and is highly influenced by
radiative transfer scheme which corrects for artefacts causethe wavelength, size and mixing state of BC (Bond et al.,
by the interaction of the light with the filter material and off- 2006), i.e. the absorbing efficiency can be enhanced as much
axis detection at multiple angles is used to correct for theas 50% by an internal coating. Because of the capacity of
effect of scattering (Petzold and Setlinner, 2004; Petzold the SP2 to directly measure the rBC mass concentration, the
et al., 2005b). value of MAC can be derived through the following relation-
A Condensation Particle Counter (CPC, TSI 3010 model)ship involving the MAAP measured light absorption coeffi-
measured the condensation nucleus (CN) concentration ofient and the rBC mass concentration (MAGr/Massc).
all sub-micron aerosols with a diameter greater than 10 nmThe distribution of the MAC values for the BC particles mea-
Therefore a measure of the sub-micron/accumulation modsured in this study is presented in Fig. 3b. A median value
ratio can be derived from the ratio of the particle num- 10.2+ 3.2 n? g~ of MAC at A = 630 nm is obtained, which
bers measured by the CPC and the SP2. The rBC numbaes higher than the previously measured results at this site dur-
fraction is defined as the rBC number concentration meaing winter (7.6 n¥ g—1) obtained by Cozic et al. (2008a), but
sured by the SP2 relative to the CN concentration. Addi-lower than that in the summer (11.2gr?1) (Cozic et al.,
tionally, continuous observations of atmospheric trace gase2008a). This discrepancy may partly result from the biases
such as carbon monoxide (CO) and nitrogen oxidesy(NO of the thermo-optical bulk measurements of the BC mass by
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Fig. 2. Time series of total rBC mass loading from the SP2 and ab-
sorption coefficient measured by the Multi-Angle Absorption Pho-
tometer (MAAP) for the entire experiment. The five synoptic pe-
riods classified by back trajectory analysis (Fig. 1, A1-A5) are
separated by dotted lines. The top text line indicates the recog-
nized weather types as detailed in Table 1, with arrows denoting 0 o o1
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respective periods. Particularly, the time periods when the dom- B
inant horizontal wind direction is southeast (SE) are coloured as
yellow columns; the dark blue columns mark the periods of heavyFig. 3. (A) Correlation between absorption coefficient measured
precipitation (heavy snow, precipitation particle concentration overysing the MAAP and total rBC mass loading measured using the
200L~1) as recorded by a present weather sensor. SP2, plotted in logarithmic scale (left) and linear scale (right) re-

spectively. The linear regression line and parameters are shown on

Cozic et al. (2008a), but can also be caused by the diﬁeren@“e linear scale plot(B) Probability distribution of derived mass
aerosol sources and varying mixing state of BC, for exam-20Sorption cross section (MAC).

ple, the median MAC observed in this study falls within the
reported MAC from biomass burning (B33.0n?g~1) by
Schwarz et al. (2008b), whereas the MAC from urban emis

sion was observed to be much lower§®2.0n?g~1). Fig- H Ki q ianal of a rBC il db
ure 3b provides a reference MAC value to translate the mea- e peakincandescence signal of arBC particle measured by

sured absorption coefficient to the BC mass at this site, antﬁhe SP2 can be _dEIayed relative tq the peak scattering signal

gives an estimate of the uncertainty for this conversion. ofthe same particle if the rBC core is surroun_ded by a coatmg
The uncertainties to determine the MAC values could *?ecause the heat ggnerated_by the absorption of laser r§d|a-

arise from the random noise of the filter-based measurelion from the absorbing core is used to evaporate the coating

ments and the systematic error to estimate the total rBCbefore thg onseF of incandescenge. The .time delay betwgen
mass loading by extrapolating the SP2 detected mass siztge pe_ak intensity of the scatterm_g and mcanc_jescgnce SI9-
distribution with the assumption that the lognormal distri- nals gives a measure of the coating evaporation tiffje (

bution could represent the rBC modes outside the SP2 del has been observed to exhibit a significant increase when

tection (Fig. 8a). An inter-comparison study by Slowik et :(BC(;S s;g;?ntiarllly ﬁqated (dSch\c/jv_arz et aI.,h200§; _Moteki andf
al. (2007) shows that the MAAP measurement of optically- Bcén Ig, 4)’ which 1S use to I|agn(f)sgt le m;gng stgtle 0
absorbing mass was higher 5¥50% than that measured by - Figure 4a gives two examples of single rBC particles,

the SP2, and this discrepancy could be further enhanced bgom with the same size of rBC core but with differing abun-

~ 20% when soot was coated, given at this site the aerosol ances of coating components. It can be seen that a thicker

observed have experienced substantial transportation and ifoating has increased the scattering signal Brdr a given

tense cloud-precipitation scavenging. This may contribute tolaser mtensny. o ,
an overestimation of MAC values. In addition, the presence AS the coating on a particle increases, for a fixed rBC mass
of light absorbing organic aerosols may also positively biasth® MF will reduce and it is expected thatwill increase.

the conversion between absorption coefficient and BC masdNis behaviour is indicated in Fig. 4b, showing the 10000
(Lack et al., 2008; Subramanian et al., 2007). rBC particles collected during the experiment. Little varia-

tion in T is observed for particles with a MF above 0.27, be-
cause little time is required to evaporate thin coatings on rBC

=
n
|

Normalised probability
=
)
|

=
=
|

4.2 The determination of BC mixing state
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RN EEREEE by Baumgardner et al. (2007) and Moteki and Kondo (2007)
\ \ hickly coated BC (0-150 nm) using the same approach, but the average is much

2

8
I

2
I

higher because the particles at this site have been transported
a long distance and experienced significant atmospheric age-
A | el ing. However, the complex morphology of BC makes it diffi-

/ \\ cult to define the coating thickness as the condensed coating

— Scaftering signal
= Incandeseence signal

E
I

2
I

2
I

Sginal(*2.44mv)
3
1

signal(*2. 44mV)y

layer may not be evenly distributed on the soot aggregates
w1/ \\ \ / \\ \ and compaction of the particle shape to a spheroid occurs as
4 N AT a result of atmospheric ageing (Weingartner et al., 1995).
“Linprod etz The mixing efficiency (ME) of BC is defined as the frac-
tion of detected absorbing particles which have a thick coat-

50 100 150 0
Elapsed time(*0.2us)

£ 400 | ing (defined as Mk 0.27 as Fig. 4b illustrates). The ME is

8 300 : expected to exhibit pronounced size dependence as itis more
5 200 : i difficult to condense sufficient material onto larger rBC cores
5100+ Aa [Thiniy ovated BC| to obtain a thick coating than it is for small rBC cores. Previ-

<~/ ously, these effects were reduced by investigating the mixing
/ state over a fairly narrow range, i.e. close to the medigg

at 190-210 nm (Schwarz et al., 2008a) where the rBC has a
\ largest population, and assuming that larger and smaller un-
b} derlying core sizes were nearly bare and had thick coatings
. respectively. In this experiment the ME for the total mea-

=S sured particulate was compared with that over the limited

/ size range as conducted previously (Schwarz et al., 2008a;

BV
.gzq.og,oo.

Moteki et al., 2007). Figure 5 shows that the ME at the
rBC median size can represent the mixing trend of the entire
ckly coated BG| group of rBC particles during this experiment, and this ap-
£ P ‘ proach allows coverage of a wider size range at the expense
2 3 4 5 6 71 80 500 of the considerable uncertainty in determining the coating
Coating evaporation time{us) Faricle counts thickness of rBC particles. The slightly lowat derived
from the total rBC compared with that derived from parti-
Fig. 4. (A) Two examples of detected rBC in single particles, both €les close to the median size is due to the reduction in the
having the same size of rBC core but the left one is less or rela-collection efficiency of the SP2 at the lower detection limit,
tively thinly coated compared to the thickly coated one on the right. given small rBC cores are more likely to be thickly coated.
(B) the refractory mass fraction related to the coating evaporation
time, the upper and right lines show the histograms of x-axis and4.3  Attributions of pollutant sources by air mass
y-axis values respectively, units are particle counts. The definitions history, weather type and local wind
of thickly-coated and thinly-coated BC are illustrated.

thapedi

=
I

The entire experimental period was classified into five
phases, each of which has broadly similar local wind di-

cores. These particles have such thin coatings that the definfection and similar back trajectories for the past three days.
tion of T is somewhat uncertain. On the other hand when par-Three arrival altitudes (3400 m, 3600 m and 3800 m) were
ticle MF < 27%, coating thicknesses become substantial an¢hosen for each trajectory calculation, which were run every
more time is required to evaporate them before particle in-6 h using the NOAA Hybrid Single-Particle Lagrangian In-
candescence occurs. Figure 4b shows a dramatic increase iggrated Trajectory model (HYSPLIT; Draxler, 2003). Fig-
T when the coating mass fraction is over 73% (MB.27).  ure 1 (A1-A5) shows that the JFJ sampling site was domi-
The rBC particles within this region are likely to be entirely nated by descending air for about 80% of the experimental
enclosed by relatively thick coatings, delaying the onset ofPeriod. The trajectories show that during each period, the air
incandescence, and the rest of the rBC particles tend to bEasses were transported along broadly consistent pathways.
less or relatively thinly coatedl’ =4.24 0.2 s is observed ~ The back trajectories are named according to the directions
to be a critical point above which is more strongly depen-  Of originating flows corresponding to each period in Fig. 1,
dent on MF. A1-A5. The classified periods are also identified in Fig. 2,
£combined with the coloured columns to indicate the precipi-

The coating thickness can be estimated assuming spheric--’ ; - Lo
tation rate and local wind direction.

ity and will be in the range of 0-180nm and approaches
60+ 15 nm wherT" approaches the critical point. The calcu-
lated thickness falls within the range of urban observations
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The first two periods, from 26th February to the
4th March, were relatively clean, this is reflected in the low
concentrations of CN and absorbing rBC, as shown in Fig. 2,
Fig. 6a and detailed in Table 2. All these days belonged to_. i ) _ _ )
the weather class AW, where aerosol concentrations are typE'g' 6. (A) Time series of aerosol properties during the entire ex-

ically below average during this time of the year (Lugauer etperiment with the classified periods separated by dotted lines, from
y 9 9 y 9 bottom to top: numerical ratio of sub-micron/accumulation mode

al., 1988)' During most of this period, the air masges orlgl'particles as measured by the SP2; BC mixing efficiency; CN con-
nated in the free troposphere over the North Atlantic Oceancentration measured by the CPC; rBC number fraction within the
with rapid transport across north Western Europe and descemyopulation of sub-micron aerosolé) Time series of trace gases,
to the Jungfraujoch. It is possible that on some occasiongrom bottom to top: NQ volume mixing ratio (ppbv); CO volume
during this period polluted air from the industrialized parts mixing ratio (ppbv); BCACO (ng nm 3 ppbv-1).

of Western Europe was transported to the site. There is evi-
dence of frontal passage early in this period. The dominant
local horizontal wind direction was northerly (N). A sharp

enhancement of rBC concentration was observed when thB"€S€Nt during t.he penc_)ds I”’.IV’ and v, mdmatmg the im-
local wind was a southeasterly (SE) direction. This is con-Portance of vertical motion during the remainder of the cam-

sistent with the known regional sources in the densely poppf”‘ign' On thhe gays preO(I:eding;he .5th I\/cljarch t(Eeriod III)Fthe
ulated and highly industrialized Po Valley, north Italy. As air masses had passed over Spain and southeastern France

Seibert et al. (1998) showed, there can be significant adveclr—)rior_to armval atf thehJungfr_alujoch. WT‘t ddejposiltqi_on iﬁ of
tion of the pollutants in the Po Valley to the northwest high ess importance for the particle removal during this phase,

alpine region. Reimann et al. (2008) analyzed 7 years of con®> shown in Fig. 2, and rBC mass loading reached its maxi-

tinuous observations of halocarbons at Jungfraujoch and cor{%ucm durmg the exp?rlment. Th(.adcc(;ns!fgesnltzfllndlrrg yvgs thg
cluded that a strong influence on the halocarbon levels wa%h massllnc(;ease avx:ays cgnc[[he IWI L wi doca V\;m ' ‘;T
found from the Po Valley. In addition, it should be also noted € mass loading was low when the focal wind was from the

that during this period, the site received continuous heav>}\| bringing air to the site from the plateau. ) )
snow fall (Fig. 2), when a large proportion of aerosols were The measurements conducted on 7th March provided evi-

removed. Back trajectory analyses showed that precipitaﬂence that this site can also be a recipient of relatively fresh

tion occurred throughout the previous 3 d during the periogPollutants. As shown by Fig. 6b, both N@nd CO con-
from 26th to 27th February, whereas from 28th February tocentrations were significantly elevated, with Nidcreasing

4th March the precipitation was more likely to be localised. PY Up to five times its mean value. Figure 6a shows that
during this period the observed BC was poorly mixed (low

BC mixing efficiency) and a large number of Aitken mode

T t T T T T !
26/02/2007 03/03/2007 yate and Time

In contrast, convective or mixed type weather types were
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Table 2. A summary of meteorological conditions and aerosol properties categorized by five periods classified by back trajectory analysis
(Fig. 1, A1-A5). The mean and standard deviations are shown for each parameter and the number in brackets is median value.

Periods classified Period | Period Il Period IlI Period IV Period V

by back

trajectories

Date 26 Feb—27 Feb 28 Feb—4 Mar 5 Mar-8 Mar 9 Mar-11 Mar 12 Mar-13 Mar
Meteorological

conditions

Relative Humidity 967+5.9 927+8.84 6274320 532+35.1 4934228

(RH)

Ambient tem- —-138+138 —-10.0£3.0 -984+24 —-131+£2.0 -9.34+15
perature {C)

Precipitation type Heavy snow Heavy snow Weak snow Heavy snow + medium snow Weak snow
Local horizontal SE+N N SE N SE

wind direction

Local horizontal %+28 6.4+3.1 54+37 47+19 88+4.1

wind speed (m/s)

Aerosol based
properties
(median value)

rBC mass #4+45.0(2.25) 38+4.6(1.4) 309+ 20.7(20.5) 111+ 105 (7.0) 329+ 205(19.4)
loading (ng nT3)

rBC number @0+ 0.45 045+1.0 115+1.16 033+0.62 104+0.90
fraction

BC mixing 037+£0.16 042+0.14 041+0.17 042+0.14 042+0.09
efficiency

Sub-micron 30@-182 (252) 256-188 (201) 554t 255 (464) 693 434 (636) 673581 (505)
particles (cnm3)

Sub-micron/ 204% 1914 (1275) 140%1731(783) 6411217 (254) 1433 1302 (1018) 445 387 (311)
Accumulation

mode ratio

particles (high sub-micron/accumulation mode ratio) werefew periods of enhanced rBC were detected, possibly asso-
present. The back trajectory analysis on 7th March revealediated with the convective weather type, but the overall con-
that the air mass was advected from lower altitudes. Thdribution of rBC was small. However, during this period a
presence of NQsuggested that the air mass was relatively substantial number of sub-micron particles were observed,
fresh and the emissions were most likely to have occurred irresulting in a decreased rBC number fraction (Fig. 6a). The
the past day. More tellingly, a fresh plume was clearly ob- sporadic peaks of rBC loading coincided with pulses ofiNO
served around 12:00 noon on 7th March. Around this time,(Fig. 6b). These periods were also associated with low
the BC mixing efficiency was low, and this was associatedBC mixing efficiency and enhanced Aitken mode particles,
with a significant increase in the concentration of N&d  which implied more localized pollutants arising from sources
CO, and enhancement of the loading of smaller particles. on the Swiss plateau (even though the largest peaks in CN did
The synoptic flow brought air to the site from the north not coincide with the rBC peaks).
during period IV from 09 March to 10 March, with the flow
mainly from mid-west Germany and above the Swiss plateau.
SE local winds were rarely observed during this period. A

Atmos. Chem. Phys., 10, 7388407, 2010 www.atmos-chem-phys.net/10/7389/2010/
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The air mass history during period V (11 March-13 rBC mass concentration in the tropospheric background ob-
March) essentially contrasted with the previous days, wherserved in this study is also comparable with the values re-
the air was transported over southern-eastern Europe. Thgorted by Schwarz et al. (2006) in the Northern mid-latitude
strong easterly flow brought persistently pollutants from troposphere (1-10 ngmd). Under SE local wind conditions,
eastern Europe. The back-trajectories indicated descendsubstantial amounts of pollutants were observed from more
ing air masses (Fig. 1, A1-A5). The weather classificationlocalized pollution sources, such as industrial northern Italy.
yielded a convective weather type with subsidence, whichThe importance of vertical transport at the Jungfraujoch was
provides the best situation for thermally driven convection.first observed by Baltensperger et al. (1991), and has been
This is also confirmed by the fact that the increase in theanalysed in detail by Lugauer et al. (1998, 2000). In addition
rBC concentration started around noon on 11 March ando transport pathways, precipitation had a significant impact
12 March. The rBC in this period showed a high degreeon the removal of rBC, reducing the average rBC mass load-
of internal mixing, with low NQ levels and only a small ing to 4+ 2 ngnT3 when precipitation particles were over
proportion of submicron particles were observed to be in the200 L~1. On average, about 65% of rBC mass was removed
Aitken mode. This may be regarded as an indication thaty precipitation compared with the tropospheric background
these rBC particles had experienced long distance transporthen precipitation was not observed at the site (Fig. 7a;

before arriving at the site. Table 2). The mass fraction of rBC was also calculated
by dividing the rBC mass loading with SMPS-determined

4.4 The free tropospheric background under the total aerosol mass assuming an average aerosol density of
influences of ground sources and wet removal 1.5gcnt3 using the method of Cozic et al. (2008b). The

calculated rBC mass fraction has only a weak dependence

The air mass history along with the aerosol and trace gasn SE wind or precipitation, ranging from 0.01-0.07 during
measurements indicates a typical free tropospheric backthis experiment, which agrees with the out-of-cloud results
ground at this site for most of the experimental periods, whernof BC reported by Cozic et al. (2008b).
NOyx and CO concentrations were not enhanced, rBC mass Both CO and BC can act as tracers of primary pollutants
loadings showed little variation. The measured results in thebecause their sources are similar, though their emission ratio
free tropospheric background are analyzed as observed ods highly dependent on the sources and combustion condi-
currence and presented in the first row of Fig. 7. Howevertions (Bond et al., 2004), as well as controlled by meteoro-
pollutants in the background air can be influenced by val-logical conditions. This tropospheric background maintained
ley sources as the SE winds can vent anthropogenic pollua stable median CO concentration of 150 ppbv (Fig. 7b), but
tants from the southern Alpine area and industrial northernwas elevated frequently when influenced by SE wind, cor-
Italy. The convective weather type could also lift the bound- responding to periods of enhanced rBC mass. The loading
ary air from northward when influenced by N wind (Fig. 2), of CO in the troposphere was not largely affected by pre-
however, the pollution sources from this direction were lesscipitation removal unlike BC. The lower peak occurrence of
intense and more infrequent. During transport, aerosols ar€0O concentration~ 120 ppb) in the frequency distributions
processed, being scavenged, and subsequently removed iy consistently observed under different conditions. This is
wet deposition in the form of precipitation. The particles considered to represent the background value and has been
incorporated into clouds that had not precipitated were alsaubtracted from the measured CO concentration to derive
collected by the inlet system. The SE wind direction and pre-BC/ACO ratios, as depicted in Fig. 7c. A strong correlation
cipitation rate therefore govern any perturbation to the meapetween BC and CO has been observed during ground based
sured aerosol loadings in the tropospheric background at thigxperiments under the urban environments (e.g. Baumgard-
site. These conditions have been identified and the frequencyier et al., 2002; Kondo et al., 2006), whereas the BC ex-
distributions of a range of aerosols and gas phase parametehibits less dependence on the CO concentration when away
under these situations are shown in Fig. 7. from the sources and the BC/CO ratio reduces (Spackman

Under the influence of SE wind, enhanced rBC mass loadet al., 2008). These trends are consistently observed dur-
ings were frequently observed to perturb the backgroundng this study. A strong correlation between CO and BC
(Fig. 7a) from 13 5ngnT3to 34+ 14ngm 3 (Table 2). A was observed at this site only when it was influenced by SE
median value 18 ng ¥ of BC mass loading from Jungfrau- wind, and the average B&CO ratio (1.5ngm?3 ppbv -1,
joch site for winter conditions was reported by Petzold et Table 3) falls within the other ground based studies (0.88—
al. (2007), which falls within the results in this study. How- 6.3ngnr3ppbv-1, references above), indicating a strong
ever, the results are lower than the long term averaged B@nfluence by ground sources. However in the tropospheric
mass measurements reported by Cozic et al. (2007) duringackground, there is a larger variation in CO for little change
the winter time in 2004 and 2005 (54.2 ng, which may  in background BC (Fig. 6), leading to the reduced BCO
result from the different techniques for the quantification of ratios (average 0.5 ngm ppbv-1, Table 3), and this ratio is
BC mass, although it may also be due to that the site expefurther reduced during periods when the air masses reach-
rienced fewer strong pollution events during this study. Theing the site have been influenced by significant precipitation
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7400

Free tropospheric
background

Influenced by
SE wind

Influenced by
precipitation

D. Liu et al.: Single particle characterization of black carbon aerosols
A
400
60
300 =
:
E 40
5200 H
£ 2
100 =20
0 - 0
0 40 20 120
25
100
. 80 20
=
5 60 215
ES g
2 40 g
w £
20 5
0 0
0 40
16
200
12
5150 z
@
100 F 8
i 2
50 -4
0 T 0 T T
0 40 80 120 0 2 4 ‘i ?
rBC mass loading(ng/m ) rBC/ £ CO(ngm ppbv )
D E F
500 400 4 400 —
100
=300 300
> 300 .
S300 g g
2 2 200 200
F200 H g
I -~ I
100 100 100 |
° 0 T T
0.0 0.2 04 0.6 0.8 0 500 1000 1500 2000 0 1000 2000 3000 4000
160
400
120 L 300 .
z g 2300
] £ 200 ES
" : S0
= ) w
= 40 100 | 100
0 L N
0.0 0.2 .4 . . 0 500 1000 1500 2000 o 1000 2000 3000 4000
500 4 80
400 1207 0
z 2] 2
g_,aou § 80 g_’m
£200 g g
= Z 40 Z
100 = 20
o T T T 1 o 0
0.0 0.2 0.4 05, 08 i 500 1000 , 1500 2000 o 1000 2000 3000 4000
Non-BC volume{um icm’) CN(em™) Sub-micronaccumulation mode Fig. 7.

Fig. 7. Frequency distributions of aerosol and trace gas properties under free tropospheric background conditions (top row), under
the influence of SE winds (middle row), and when influenced by precipitation (bottom row): cqymBC mass loading; column

(B) CO concentration{C) BC/ACO ratio; (D) volume of non-BC particles (200-720nm(E) CN concentrationyF) number ratio of
sub-micron/accumulation mode.

(0.24ngm3ppbv1). This is due to the different atmo-

The loading of non-BC aerosols in the accumulation mode

spheric removal mechanisms of CO and BC. The lifetimeas optically sized by the SP2 (200—720nm) is shown in
of CO in the atmosphere is principally controlled by oxida- Fig. 7d. This shows a significant enhancement of accu-
tion via OH and is around 3 months (Holloway et al., 2000), mulation mode patrticles in SE wind direction, and about
whereas the atmospheric lifetime of BC is in the order of 5—78% of the total volume was removed by precipitation com-
10 d with the sink dominated by wet deposition (Textor et al., pared with the tropospheric background (Table 3). Periods of

2006).

Atmos. Chem. Phys., 10, 738407, 2010

SE wind and precipitation influenced the CN concentration
(down to 10 nm) in similar ways (Fig. 7e). Accumulation
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Table 3. A summary of the data presented in Fig. 7, including the median value, mean value and 10%, 25%, 75%, 90% percentiles for each
property.

| rBC mass loading (ngf) | CO(ppbv) | rBC/ACO(ng nT3ppbv—1)
Percentiles 10% 25% 50% 75% 90% Mean 10% 25% 50% 75% 90% Mean 10% 25% 50% 75% 90% Mean
Free tropo- 0.62 3.12 8.11 1559 2744 1324 126.2 1409 1495 158.1 1704 1499 0.01 0.09 0.2 0.5 0.8 0.5
spheric background
Influenced by 6.17 1297 24.08 50.63 74.70 34.28 119.3 128.8 1447 173.1 1953 1537 0.03 0.1 0.7 2.2 3.8 1.5
SE wind
Influenced by 045 0.89 2.68 715 1431 6.23 1185 139.3 1541 1644 1778 1542 0.01 0.05 0.1 0.2 0.6 0.24
precipitation

| Non-BC volume (uri/cmd) I CN (cm3) Sub-micron/Accumulation mode ratio
Percentiles 10% 25% 50% 75% 90% Mean 10% 25% 50% 75% 90% Mean 10% 25% 50% 75% 90% Mean
Free tropo- 0.0575 0.0128 0.0286 0.0733 0.1180 0.0523 119 248 377 539 813 454 120 200 597 1392 2822 1177
spheric background
Influenced by 0.0135 0.0433 0.0993 0.1785 0.3468 0.1541 230 341 564 712 1232 669 11 83 248 800 1747 746
SE wind
Influenced by 0.0006 0.0009 0.0031 0.0153 0.0338 0.0168 6 61 144 281 419 214 262 420 1205 2462 4346 1847

precipitation

mode aerosols principally contain secondary species aris- As discussed above, the BC that contains an absorbing
ing via condensation and coagulation processes (Raes et atpre with a mass fraction less than 27% is considered to
2000), whereas anthropogenic primary aerosols are producduk thickly coated, and the mixing efficiency (ME) indicates
predominantly as Aitken mode particles (e.g. Kittelson etthe number fraction of thickly coated BC. As Fig. 9a shows,
al., 2004). Therefore the relative fraction of accumulation about 4Gt 15% of the BC is thickly coated during periods of
mode particles can be an indicator of particle ageing time tropospheric background, agreeing with data from the trop-
As Fig. 7f shows, a relatively large fraction of accumulation ical troposphere (Schwarz et al., 2008a). During SE winds,
mode particles were observed in SE wind direction, indicat-the ME increased to 48 17%, but also contained a consider-
ing that the aerosols transported to this site had been welhble fraction of fresher BC with ME lower than 0.23. The BC
aged. The aerosol present during periods when air massesith low ME largely correlated to the enhancement of NO
were affected by precipitation were biased towards smalleiconcentration (Fig. 9b). As the N(has a relatively shorter
sizes compared to the average particle distribution for theatmospheric lifetime and is more likely to be a marker of
period, suggesting the larger aerosols are preferentially refresher sources, this corresponds to the result in Fig. 9b, in-
moved by scavenging of precipitation (Henning et al., 2002).dicating that the lower ME values are associated with more
recently formed BC. Solid fuel fuel combustion (wood) is
4.5 The size distribution and mixing state of BC the primary source of home heating in central Switzerland
(e.g. Alfarra et al., 2007; Targino et al., 2009) or from the Po
The constructed lognormal size distributions of rBC show valley when the meteorological conditions make transit times
no significant difference under free tropospheric conditions,from northern Italy short (Forrer et al., 2000). Such sources
when influenced by SE wind and precipitation (Fig. 8a). Theare considerably closer to the site compared to regionally
geometric mean MED I§gy) from directly measured size transported sources. Hencg NEbncentrations haye not yet
distribution (190720 nm) is also calculated in Fig. 8b. Theeduced nor have BC particles become extensively coated.
Dgm consistently peaks at 220-240 nm for different condi- However, the source attribution in this study is not conclu-
tions, but shows slightly higher occurrence at larger sizesSive. The BC remaining at the background after precipitation
when this site is influenced by SE wind, indicating that removal exhibited a slight lower ME 86+ 0.14), which
within the detectable size range, the particles with a largeicould be explained by the enhanced scavenging of coated BC
rBC core have a more efficient removal compared to the parparticles.
ticles with a small rBC core. This result suggests the over- Figure 10 shows that throughout the experiment, increased
all wet removal of BC is highly independent of the core size, numbers of accumulation mode particles are associated with
and the different sizes of rBC could have been scavenged folperiods when BC is more highly mixed. The conversion
lowing different mechanisms, i.e. nucleation scavenging byfrom Aitken mode to accumulation mode may be driven
cloud particles to form precipitation, or impaction scaveng- by self-coagulation of primary aerosols under high loadings
ing by dissolving into the precipitation particle or aerosol- or through condensation of volatile or semi-volatile mate-
hydrometeor coagulation (Jacobson, 2004). rials onto solid/liquid aerosol surfaces (Raes et al., 2000).
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Fig. 8. (A) Mean rBC mass size distribution measured (solid lines)

under different conditions. The dotted lines show the lognormalrig. 9. (A) The frequency distribution of BC mixing efficiency un-

fittings on the measured size distributions to derive the total masgjer different conditions as categorized in Fig. 7. The range of values

loadings.(B) The occurrence frequencies of geometric mean MED yeported by Schwarz et al. (2008a) from the northern tropic tropo-

for rBC core under different conditions. sphere is indicated(B) The BC mixing efficiency under the influ-
ence of SE wind, as categorized by different levels ofNOncen-

The coagulation process is of minor importance at ambientration.

aerosol concentrations away from particle sources (Jacob-

son, 2002), hence it is likely that the condensation drives5

the growth of Aitken mode aerosols. This includes the con-

densation onto BC surfaces, making them more internally ) )
mixed. Further evidence for condensation driving the trans-1NiS Paper presents data of continuous aerosol microphys-

formation of BC in the free troposphere in the northern hemi-ical measurements at the Jungfraujoch Research Station, a

sphere is provided from the statistical analysis of §der ~ Mountain site in the Swiss Alps, during the late winter sea-
et al. (2002), and also by Moteki et al. (2007). Particles inSON of 2007. The main thrust of this study was to character-

the accumulation mode are more efficiently removed com-Z& the black carbon mass, size distribution and mixing state
pared to particles in the Aitken mode. This can be seen irjn sub-micron aerosols using a single particle incandescence

Fig. 10, the large circles denoting increased precipitation ard"€thod. Air masses arriving at the JFJ were classified using
increased to the right hand side of the plot, indicating a re-Pack trajectory analysis and air mass characterisation, in ad-

duced population of accumulation mode particles under thesgition to the measurements of rBC, CN and trace gases. It
conditions. is the first time that the physical properties of BC, including

the particle size, total mass loading and mixing state, have

Summary
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complete combustion. This observation indicates the impor-
Fig. 10. BC mixing efficiency as a function of the ratio between tance of surface sources to the burden in the free tropospheric
sub-micron and accumulation mode aerosol number, colored by precipitation removed about 65% of the rBC mass from
rBC mass loading. The size of the markers denotes the intensityy,q feq tropospheric background reducing the mean loading
of precipitation. from 13+ 5ngn 3 to 6+ 2ngnT3, and as CO concentra-
tion was not largely affected by wet removal, the CO/BC in-

been investigated in the free troposphere above Europe usingeased in these conditions. Particle_s in the accumulation
a single particle approach. A median mass absorption coeffi’ode were observed to be preferentially removed by pre-
cient (MAC) of 102+ 3.2 g~L at1 = 630 nm was derived ~ CiPitation compared to smaller particles in the Aitken mode.

by comparing single particle incandescence measurements figure 11 summarizes the differences in rBC mass loading in

black carbon mass with continuous measurements of absorp2E Winds compared to the free tropospheric background and
tion coefficient. This value is comparable with other esti- &S0 compared to the periods of increased precipitation. The

mates at this location. The weather type (advective, convecb@ckground loading is of the same order as has been reported
tive, or mixed) was shown to have a strong influence on thefro_m other tropospheric background stations in northern mid-
vertical transport. Southeasterly winds (SE) associated wittatitudes (e.g. Schwarz et al., 2006).

mixed or convective weather types were observed to have The size distribution of rBC during valley flows or dur-
the potential to vent boundary layer air that is impacted froming periods of wet removal did not vary significantly from
pollution sources. These sources could be influenced by théhe free tropospheric background, indicating that the ageing
southern Alpine area and industrial northern Italy. The pol-and sink of BC are highly independent of the core size. A
lutants at this site were also subjected to considerable influmethod to examine the mixing state of BC has been demon-
ence by precipitation removal. A statistical analysis has beerstrated — particles with an absorbing core that have mass frac-
applied over the data from the entire experimental period tations of less than 27% are considered to be thickly coated.
classify the observation period into different representativeAbout 40+ 15% of the observed BC was thickly coated
types of circulation patterns, weather types and precipitatiorduring the periods when the site experienced free tropo-
regimes, namely the free tropospheric background; periodspheric background conditions. When SE winds vented air
of SE wind; and periods of significant precipitation scaveng-mass from southern Alpine valleys, the BC mixing state was
ing. The free tropospheric background is categorized as freenore variable. Though the majority of BC particles were
of significant precipitation, lack of NPand CO enhance- thickly coated (48 17%) a fraction of relatively fresh BC
ment, during these periods the rBC mass loading, accumueoexisted and was largely correlated to the enhancement in
lation mode particle concentration and CN displayed rela-NOy concentration. The relative abundance of accumula-
tively low variation. The SE wind conditions were largely tion mode particles is correlated with the degree of BC mix-
associated with enhanced concentrations of rBC mass, ining, suggesting the important role of condensable materials
creasing to 180% of the experiment average, during whichin increasing particle size as well as enhancing BC mixing
rBC mass was observed to be highly correlated with CO constate. It is likely that these volatile or semi-volatile con-
centration. This suggests strong sources originating from indensable materials could contain a considerable fraction of
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secondary organic and sulfate at this site during the winterResearch Station Jungfraujoch.
time (Choularton et al., 2008; Sjogren et al., 2008).

BC transportation to the free troposphere is of great im-Edited by: W. Birmili
portance because of its potential ability to act as ice nuclei,
hereafter reducing the lifetime of ice clouds by enhancing
precipitation via ice phase (Lohmann, 2002). BC has the

potential to act as heterogeneous IN, though definitive eVi'AIfarra, M. R. and Prevot, A. S. H.: Identification of the mass spec-

dence remains elusive gcher et al., 2007). In addition, BC 5 signature of organic aerosols from wood burning emissions,
may be incorporated into the ice phase via CCN activation of = Environ. Sci. Technol., 41(16), 57705777, 2007.

BC that has been internally mixed with water soluble com- Baltensperger, U., Gaggeler, H. W., Jost, D. T., Emmenegger, M.,
ponents as a result of the soluble coating, which can subse- and Nageli, W.: Continuous background aerosol monitoring with
guently freeze at temperatures beles85°C — homogenous the epiphaniometer, Atmos. Environ., 25, 629-634, 1991.

ice nucleation. Targino et al. (2009) observed that conditiong3altensperger, U., &geler, H. W., Jost, D. T, Lugauer, M.,
of elevated concentration of BC and other organic and inor- Schwikowski, M., Weingartner, E., and Seibert, P.: Aerosol cli-
ganic species at JFJ during CLACE 3 and CLACE 4, con- matology at the high-alpine site Jungfraujoch, Switzerland, J.
ducted in the winters of 2004 and 2005, respectively, were Geophys. Res., 102, 1970719715, 1997.

. . . . Baumgardner, D., Raga, G., Peralta, O., Rosas, |., Castro,
accompanied by an increase in occurrence of glaciated peri- T., Kuhlbusch, T. John, A. and Petzold, A. Diagnos-
ods. The results suggest that pollution enhancement corre- ;4 piack carbon trends in large urban areas using carbon
lated with ice clouds and gives an indication that an increase monoxide measurements, J. Geophys. Res., 107(D21), 8342,
in anthropogenic emissions may trigger important changes doi:10.1029/2001JD000626, 2002.
in mixed phase cloud microphysics, such as crystal numberBaumgardner, D., Kok, G. L., and Raga, G. B.: On the diur-
habit and size. nal variability of particle properties related to light absorbing

Cozic et al. (2007) inferred that there was a high degree of carbon in Mexico City, Atmos. Chem. Phys., 7, 2517-2526,
BC internal mixing at the JFJ by observing a similar nucle-  doi:10.5194/acp-7-2517-2007, 2007. _
ation scavenging efficiency of BC compared to other speciesBaumgardner, D., Subramanian, R., Twohy, C., Stith, J,
however they did not provide the directly measured values of 2"d Kok, G.: Scavenging of black carbon by ice crystals
mixing state. The findings from this study agree with those g\é?;éhfogg;ggg;nefggg?é 4G2egggys. Res. Lett, 35, 122815,
of Cozic et al. (2007) and show that during periods of pre- . ’ .

o o . L Bond, T. C., Streets, D. G., Yarber, K. F., Nelson, S. M,. Woo, J.-
cipitation, BC exhibited a slightly lower degree of mixing H., and Klimont, Z.: A technology-based global inventory of

(364 14% thickly coated), possibly implying an enhanced  pjack and organic carbon emissions from combustion, J. Geo-
scavenging due to the mixing with volatile/semi-volatile ma-  phys. Res., 109, D14203, doi:10.1029/2003JD003697, 2004.
terials. However, rather than nucleation scavenging, the inBond, T. C. and Bergstrom, R. W.: Light absorption by carbona-
ertial scavenging of BC could play a more significant role ceous particles: An investigative review, Aerosol Sci. Technol.,
when incorporated into ice particles of cirrus (Baumgardner 40(1), 27-67, 2006.

et al., 2008), and the impaction with hydrometeor may alsoBond, T. C., Habib, G., and Bergstrom, R. W.: Limitations in the
be an important contributor to BC removal by precipitation enhancement of visible light abs.,orption due to mixing state, J.
(Jacobson, 2004). More work is necessary to investigate the G€0Phys. Res., 111, D20211, doi:10.1029/2006JD007315, 2006.
role of particle inertia and different mechanisms for BC to Choularton, T. W., Bower, K. N., Weingartner, E., Crawford, |,

. . . Coe, H., Gallagher, M. W., Flynn, M., Crosier, J., Connolly, P.,
be r_lucleatlon activated as I_N. The rem_o_veq BC will pe de- Targino, A., Alfarra, M. R., Baltensperger, U., Sjogren, S., Ver-
posited to the snow along with the precipitation reaching the heggen, B., Cozic, J., and Gysel, M.: The influence of small
surface. This process can darken the snow, accelerating the aerosol particles on the properties of water and ice clouds, Fara-
snow melting, reducing the surface albedo, in turn resulting day Discuss., 137, 205-222, 2008.
in the earth system to receive more solar radiation (HanserTlarke, A. D., Shinozuka, Y., Kapustin, V. N., Howell, S., Huebert,
and Nazarenko, 2004; Ramanathan and Carmichael, 2008). B., Doherty, S., Anderson, T., Covert, D., Anderson, J., Hua, X.,
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