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Abstract. Atmospheric aerosol particle size distributions at stable or continental conditions. This reflects the significant
a continental background site in Eastern Germany were exemission of non-volatile material over the continent and, de-
amined for a one-year period. Particles were classified uspending on atmospheric stratification, increased concentra-
ing a twin differential mobility particle sizer in a size range tions at ground level.

between 3 and 800nm. As a novelty, every second mea-
surement of this experiment involved the removal of volatile
chemical compounds in a thermodenuder at8)T his con-
cept allowed to quantify the number size distribution of non-1  Introduction

volatile particle cores — primarily associated with elemental

carbon, and to compare this to the original non-conditionedAtmospheric aerosol particles have been recognized to play
size distribution. As a byproduct of the volatility analysis, a key role in the balance of global climate, notably through
new particles originating from nucleation inside the thermod-their direct and indirect radiative effect$igywood and
enuder can be observed, however, overwhelmingly at diameBouchey 2000. Anthropogenic aerosols shift the natural
ters below 6 nm. Within the measurement uncertainty, everypalance of radiation in the atmosphere, and rapidly chang-
particle down to particle sizes of 15nm is concluded to con-ing and spatially diverse patterns of anthropogenic emissions
tain a non-volatile core. The volume fraction of non-volatile make future projections of aerosol-driven climate effects a
particulate matter (non-conditioned diamete800 nm) var-  true challengeRamanathan et al2001). The aerosol par-

ied between 10 and 30% and was largely consistent with thdicle size distribution is one of the key variables involved in
experimentally determined mass fraction of elemental carthe analysis of radiative aerosol effects, and consequently,
bon. The average size of the non-volatile particle cores wagiumerous works have examined the spatio-temporal charac-
estimated as a function of original non-conditioned size us-teristics of particle size distributions under marine or arctic
ing a summation method, which showed that larger parti-baseline conditions (e.gHeintzenberg et 312004 Covert

cles 200 nm) contained more non-volatile compounds thanet al, 1996 Koponen et al.2002, and in the continental
smaller particles €50 nm), thus indicating a significantly atmospheres of Central EuropBirmili et al., 2001, the
different chemical composition. Two alternative air mass Alps (Weingartner et a.1999, ScandinaviaNlakeh et al,
classification schemes based on either, synoptic chart analy200Q Tunved et al. 2003, and Northern Italy Rodiiguez

sis (Berliner Wetterkarte) or back trajectories showed that theet al, 2005 with respect to the distribution of anthropogenic
volume and number fraction of non-volatile cores dependedsources.

less on air mass than the total particle number concentration. Particular efforts have been directed towards studying
In all air masses, the non-volatile size distributions showedthe relevance of atmospheric carbonaceous aerosols (e.g.,
a more and a less volatile (“soot”) mode, the latter being lo-Krivacsy et al. 2001). Black carbon is a strong absorber
cated at about 50 nm. During unstable conditions and in maref visible light, whose radiative effect in mixed-phase par-
itime air masses, smaller values were observed compared ticles and during cloud activation are uncertain to predict
(Ackerman and Toon1981 Heintzenberg and Wendisch
Correspondence toV. Birmili 1996 Jacobson200]). Due to their insolubility, carbona-
(birmili@tropos.de) ceous aerosols, particularly elemental carbon, have also been
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associated with respiratory effects in animals and humansneasurements at Melpitz with other European sites shows
(Oberdrster 2001, Donaldson et al2001). that Melpitz observations are within the concentration range
Apart from volcanic activities and natural forest fires, of the more anthropogenically influenced background sites
black carbon stems overwhelmingly from anthropogenic(van Dingenen et 812004 Putaud et a).2004.
sources, such as industrial and domestic combustion, and ve- Particle number size distributions upstream and down-
hicular traffic sources@gren and Charlsqri983 Andreae  stream a thermodenuder were measured using a flow-
and Merlet 2001, Bond et al, 2004. Modelling the emis-  regulated twin differential mobility particle sizer (TDMPS)
sion, dispersion, and removal of carbonaceous aerosol regBirmili et al., 1999. This instrument consists of two
guires spatially resolved emission inventories, which are usudifferential mobility particle analyzers (Vienna type), con-
ally difficult to obtain. nected to a condensation particle counter (model 3010, TSI,
Atmospheric measurements using cost-efficient tech-St. Paul, Minnesota, U.S.), and an ultrafine condensation par-
nigues are therefore desirable to obtain information on thdicle counter (model 3025, TSI), respectively, which together
distribution, sources, and processes determining the life-timgncompass a total particle size range between 3 to 800 nm.
of carbonaceous aerosol components. A standard metho@heath air was supplied at a humidity below 5%. The aerosol
to determine atmospheric elemental carbon concentrations iglet was equipped with an Andersen Pdvhead.
filter collection followed by thermal treatment and detection ~ For the volatilization of sample aerosol, a thermodenuder
of CO, in a EC/OC analyzerTurpin et al, 2009. Photo-  (TD) following the design ofVehner et al(2002 was used.
metric measurement techniques, such as the aethalometer, Briefly, this TD consists of a heating section to remove the
the PSAP Bond et al, 1999 have the advantage of higher volatile material at a temperature of 3@) and a cooling
time resolution, but are typically not designed to distinguish section where the evaporated gas-phase compounds are ab-
particles according to particle size. sorbed by active carbon in order to minimize re-condensation
An alternative method to investigate carbonaceousOn the particles.
aerosols is volatility analysis. A basic experimental approach A measurement cycle of the TD/TDMPS combination
involves heating the sample aerosol, thereby causing volatilg€onsisted of a size distribution scan upstream the TD, fol-
fractions of PM to evaporate, and subsequent removal of théowed by a scan downstream the TD. A scan duration of
evaporated material. Such devices have been known as “thef0 min allowed for a time resolution of 20 min for both the
modenuders” Burtscher et a).2001), which allow to dis-  non-conditioned and thermally conditioned distributions. On
tinguish bulk portions of chemical species that are less orcondition that the aerosol population fluctuates only moder-
more volatile, respectively. Early applications of the ther- ately with time, the measurements of non-conditioned and
modenuder in atmospheric studies involved the separatiofion-volatile size distributions can be compared against each
of the volatile and non-volatile fractions of accumulation other, as will be shown later in Se@&t3
and Aitken mode aerosoC{arke 1991, Smith and O’Dowgl An aerosol conditioning device like the thermodenuder
1996. causes particle losses during transport, notably due to Brow-
During this work, we have applied a combination of a twin nian diffusion or thermophoresis. To account for these ef-
differential mobility particle sizer (TDMPS) and a thermode- fects, the measured size distributions were corrected for size-
nuder (TD) to examine the change in particle size distributionresolved transmission factors that were determined in the lab-
due to the removal of volatile species. Tropospheric aerosoPratory using silver test particles for a range of particle sizes
samples were thus analyzed for a period of 12 months, an3—50 nm).
distinguished according to air masses. We also discuss the Apart from these loss mechanisms, a thermodenuder may
potential of our experimental methods to provide a surrogatedlso produce new particles through homogeneous nucleation.

measurement of the number concentration of primary anthroSuch nucleation inside the thermodenuder may occur if the
pogenic particles. desorbed vapour phase is cooled down to rapidly before their

complete adsorption by the tube wall. The relevance of this
homogeneous nucleation process for our experiment will be
2 Experimental discussed in detail below.

Atmospheric measurements of non-conditioned and non-
volatile particle size distributions were carried out over a pe-3 Meéthodology
riod of 12 months between 1 July 2003 and 30 June 200%

. . o ince this work relies on the relatively unexplored technique
at the atmospheric research station Melpitz in Eastern Gerbf article volatilization in a thermodenuder, several aspects
many (87 m a.s.l.; 82 N; 12°54 E). The station is sur- P ' P

. of non-volatile particulate matter, such as external particle

rounded by flat grass lands, agricultural pastures and wood- . .
C . ) mixture are now established.

lands within several tens of kilometers, and neither obsta-

cles nor larger sources of pollution lie within the immediate

vicinity of the station. The comparison of previous aerosol
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3.1 State of mixture of non-volatile particulate matter o
3 st
When measuring non-volatile size distributions, the ques- 0
tion arises whether this non-volatile material originates from 2 10 T "'1'(')0 T '%'0'00
an entirely separate particle type (external mixture), or D [nm]
p

from chemically mixed particles (internal mixture). Tan-

dem d'ﬁ_erent'al mobility analyzer_(V—TDMA) measuremgnts Fig. 2. Particle size distributions measured by the TDMPS up-

at Melpitz showed that non-volatile particulate matter in angyream and downstream the thermodenuda):number, (b) vol-

aged continental aerosol occurred as two types of particlesyme. Green lines represent the distribution simulated from TDMPS

either as entirely non-volatile particles, or as the non-volatile(upstream) and V-TDMA external mixture information at sizes of

particle cores of chemically mixed particlé3hilippin et al, 30, 50, 80, and 150 nm. The data refer to a 6 h measurement period

2004 Rose et al.2006. Figurel illustrates such decom- between 06:00 and 18:00 h on 24 August 2003.

position of a monodisperse particle population into a “non-

volatile”, and a “partially volatile” mode in the V-TDMA-

system. A comparison of the simulated non-volatile size distribu-
To establish a better understanding of the size distribution and the experimentally determined TDMPS distribution

tions of non-volatile residues, V-TDMA data frolRose = downstream the thermodenuder is shown in RigA very

et al. (2006 were revisited and combined with concurrent good agreement between both methods can be seen for the

TD-TDMPS measurements from this work. While the TD- particle number concentration in the diametér,f range

TDMPS measured complete size distributions, the V-TDMA >20nm, and for particle volume in the ran@g, <200 nm.

provided information on external particle mixture for a range This indicates that V-TDMA and TD-TDMPS data are con-

of monodisperse particle sizes. In the V-TDMA, particles sistent, and exhaustive in describing the volatilization pro-

were heated to 30C like in the TD-TDMPS. cess of the measured size distributions in the range 20-
The combination of TD-TDMPS and V-TDMA data in- 200nm. Divergences between simulation and measurement

volved a simulation of the non-volatile size distributions outside this size range are ascribed to the non-availability of

from both the non-conditioned TDMPS size distribution (3— V-TDMA information.

800 nm), and V-TDMA decomposition information for the  The knowledge of external particle mixture allows to de-

monodisperse particle sizes 30, 50, 80, and 150nm. Viermine which non-volatile particles measured in the TD-

TDMA decomposition spectra were first interpolated over TDMPS derive from entirely non-volatile particles, and

the entire TDMPS size, and then used to map all size binsvhich from originally larger, internally mixed particles. Fig-

of the non-conditioned TDMPS distribution onto a resulting ure 3 shows how the simulated non-volatile number distri-

size distribution corresponding to the state downstream of thédution can be decomposed into these two particle types. In-

thermodenuder. terestingly, the non-volatile particles measured above a size
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6000 - Table 1. Boiling points (BP) and volatilization temperaturegyl’
of various compounds in pure form.
1000 ~ N Species name BPC] Tyo [°C]
— - NaCl sodium chloride 1465  >300.cd
5 \ NapSOy sodium sulfate >300@  >300°
gm 100 L= ~TDMPS upstream T \ NaHSQ, sod!um b!sulfate - >30$
2 E' Simulation of non-volatile \ NaNG; sodium nitrate - >30
% [ distributions: (NH4)2SO4  ammonium sulfate d 26205
Total . .
_ Entirely non-volatile \ NH4HSOy, ammonium bfsulfate d 26o20A
e Non-volatile residues from NH4NO3 ammonium nitrate 210 754
10 | mixed particles NH4CI ammonium chloride 338 139
0 T T T I1(|)0 T T T T 1'0|00 HoSOy sulfuric acid 33% 139, 125
D [nm] CcasQ calcium sulfate - >300P
P CaNO3),  calcium nitrate - >300°
Fig. 3. Decomposing simulated non-volatile particle number dis- Cacl caluum chlc?rlde 1935 >300°
tributions into externally mixed non-volatile particles (“primary ~ KNO3 potassium nitrate 460 -
soot”), and the non-volatile cores of internally mixed particles. The
curves refer to the same data set as those inZig. 3L ide (1996 bpinnick et al.(1987 °Schmid et al.(2002

djohnson et al2004 Sweast and Astl€1980
d: decomposes before boiling
of approximately 140 nm belong overwhelmingly to the type
of entirely non-volatile particles, whereas below 140nm,
they are predominantly the non-volatile residues of origi-
nally larger particles. Also note that the distribution of en-
tirely non-volatile particles has its maximum concentration
at about 100 nm, which is similar to the emission profile of
diesel sootifarris and Maricg2007).
By associating entirely non-volatile particles with primary
soot particlesRhilippin et al, 2004 Rose et al.2006 and

partially yolatile par'ticles with thosg that have und'ergone at\we now discuss the classes of chemical compounds that may
mospheric processing, we summarize our results in the shapgs associated with the measured non-volatile size distribu-
qf the_foII_0W|_ng paradigm for atmospheric non-volatile par- ions. Rose et al(2006 proposed primary sources of soot,
ticle distributions: such as diesel engine emissions as responsible for the type
of entirely non-volatile particles over a range of atmospheric

1. Non-volatile particles larger than a certain size ¢gnditions.

(~140nm) belong mostly to the type of entirely non-  gecondary particulate mass in the European rural tropo-

volatile particles, which are associated with primary gphere, in contrast, is dominated by sulfate, nitrate, and sec-

soot particles from combustion sources. ondary organic compound$®(taud et a).2004. From a
compilation of known boiling points and experimentally de-

2. Non-volatile particles smaller than a certain size termined volatilization temperatures in Talilét can be seen
(~140nm) are mostly residues of originally larger, and that the salts of ammonium are completely volatile at°8)0
chemically mixed particles; these particles have underhereas the salts of Na, K and Ca are non-volatile.
gone phySicaI and chemical transformation in the atmo- For organic CompoundS, the situation is more Comp"-
sphere, such as coagulation and the heterogeneous agated since the myriad of individual organic species is dif-
dition of ionic and organic secondary aerosol. ficult to measure, and knowledge on the volatility properties

of atmospherically relevant species remains scattered. An

3. Although the distribution of entirely non-volatile par- agreed convention to separate “organic” and “elemental” car-
ticles has its maximum concentration at about 100 nm,bon has been the thermal treatment of filter-based samples at
these particles are still outnumbered at that size by a fac340°C over the duration of two hour€achier et al.1989
tor of approximately 2.5 by the residues of chemically Kuhlbusch et a].1998. While it may be safe to assume that
mixed particles. airborne elemental carbon will be preserved during passage

This paradigm is presumed to be valid for observations at
a rural background site in an anthropogenically influenced
troposphere, such as over Central Europe.

3.2 Relation between non-volatile particle volume and
chemical particle composition

Atmos. Chem. Phys., 7, 5785802 2007 www.atmos-chem-phys.net/7/5785/2007/
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through our thermodenuder at 3@ it is not evident which  non-conditioned patrticle size distributions. Next, the ratio of
fractions of organic carbon will eventually be removed dur- the mean particle size of two corresponding particle number
ing the transit time of several seconds. segments is calculated. This diameter ratio is interpreted as
To scrutinize the connection between the non-volatile par-a particle “growth factor” in the case of humidification, or

ticulate fraction and classes of chemical compounds, im-a particle “shrinking factor” in the case of particulate matter
pactor samples that were collected over 24 h each at Melpitzoss due to volatilization. The output discussed in this work
in July and August 2003 were analyzed with regard to chem-are continuous size-dependent functions of particle shrink-
ical particle composition, with sampling being concurrent to ing factor that relate the residual size of non-volatile particle
the TD-TDMPS measurements. The impactor stage used foecores to the particles’ original non-conditioned size.

a comparison with the TD-TDMPS encompasses the accu- |t must be stated that the output of the summation method
mulation mode with aerodynamic particle sizes between 14Q:an only be interpreted usefully on condition that the total

and 420nm. lon-chromatography served to determine theyumber of aerosol particles is conserved during the volatil-
mass concentrations of GINO;, SG;~, Ca#, K, Mg?*, ity analysis. (Otherwise, particle number segments in both
Nat, and NH;, whereas a thermographic carbon analysisdistributions cannot be associated in an unambiguous way.)
was applied to determine the mass concentrations of organiThis prerequisite has therefore been carefully examined on
and elemental carbon, respectively. Briefly, organic carbornthe basis of the one-year experimental data.

(OC) was VOl,at,'“Zed at6sw under pure nitrogen, and sub- Figure4 shows the ratio of total particle number measured

sequently oxidized catalytically at 830. Elemental carbon i and without the thermodenuder, i.e. downstream and up-
was defined as the remaining matter detected from completgy o, the device, respectively. For the calculation of this
combgstlon at 65&3 under pure oxygen. More details of the number concentration ratio it is suggestive to use different
analytical techniques can be found elsewhétievka et al. lower cut-off sizes for the size distributions with and without

2009. ! _ _ the thermodenuder, because the particles undergo a certain
In afirst calculation, the mass fractions of the salts of am-o\yme as well as diameter loss during volatilization. For

monium on the one hand, and Na, K, Ca, and Mg on the othefne cgiculations in Figs we assumed that ambient particles

hand were determined by distributing the pool of anions to-j, he size range concernee25nm) collapse on 40% of

wards the cations according to their ion charge. Then, thgpeir original diameter. This assumption is taken from re-
chemical mass fractions were converted into volumetric masg it derived later (FigslOf and 11f) and considered reli-

fractions using bulk assumptions on the density of the differ- ;1o since the TD-TDMPS and V-TDMA shrinkage factors

ent classes of compounds. Finally, the total non-volatile mas%greed for the short-term campaign measurements described
fraction was calculated by considering elemental carbon, an¢,'rose et al(2008.

the salts of Na, K, Ca, and Mg non-volatile, and compared
to the non-volatile volume fraction determined from the TD- . . N
8.0 nm (without TD) and 3.2 nm (with TD), individual four-

TDMPS. .
hour averages may reach values up to 40, i.e. the thermod-

For eight samples, the non-volatile volume fraction cal- enuder produces new particles at concentrations many times
culated from the TD-TDMPS measurements was between P P y

0.04 and 0.12, whereas the volume fraction of non-volatileabove the initial particle number. After increasing the lower

chemical compounds amounted to values between 0.03 an%ut-offs to 13nm/5.2nm and 25nm/10nm, the peak values

0.2. Although being far from a precision closure experiment,Of the concentration ratio disappear, anq the remaining val-
these results suggest that the non-volatile fraction detected bk}es are centered around the value of unity.

the TD-TDMPS is accounted for by EC and the non-volatile  The effect of the lower size cut-off is explored in more
inorganic salts of Na, K, Ca, and Mg. In the continental accu-detail in Fig.5, which shows the number ratio of particle
mulation mode aerosol ana'yzed, EC and the mentioned inconcentration with and W|th0ut the TD as a fUnCtion Of that

organic salts were found to occur in a ratio of approximatelycut-off. At the lowest size cut-off combination (with TD:

Figure 4 also shows that for the cut-off combination

1:5 in non-volatile PM. 8.0 nm/without TD: 3.2 nm), the average ratio is well above
1.0, since the particles that nucleate inside the TD are in-
3.3 Summation method and nucleation inside the TD cluded. Also, the scattering of the values is significant, as

indicated by the bars of plus/minus one standard deviation.
In some of our former work, we developed a method to in- Above the size cut-off combination (14 nm/5.6 nm), the scat-
terpret dual size distribution data with regard to the changegering of the values reaches moderate values of the standard
occurring in a distribution after being conditioned, more pre- deviation below 0.10. With increasing size cut-off, the num-
cisely, humidified Birmili et al., 2004. This method is  ber concentration ratio slowly decreases further until the fi-
used here to relate non-conditioned and conditioned (nonnal ratio 1.06:0.05 is reached at the size cut-off combination
volatile) particle size distributions. Briefly, the approach of (25nm/10 nm). In conclusion, choosing higher size cut-offs
the summation method is to associate segments of equal pawill minimize the effects of new particle production in the
ticle number concentration under both, the conditioned andhermodenuder.
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Fig. 4. Ratio between the total particle number concentrations measured with and without the thermodenuder, based on the indicated lower

cut-off sizes and an averaging period of four hours. Shown is every fifth value of the entire measurement campaign.

30 thermodenuder, which is of statistical significance below

[ —&— Mean . . .

A Median the size cut-off combination (20 nm/8.0 nm), and amounts
to a median ratio of 1.23 at the size cut-off combination
(8.0nm/3.2nm) (Fig5). As shown later in Figl2 this
weakly size-dependent behaviour is similar for most sub-sets
of the one-year data. Our conclusion is that choosing a rel-

»\ atively high size cut-off combination of (20 nm/8.0 nm) will

[N
2
T

N
o
T

avoid the adverse effects of the particle number balance in the
thermodenuder, while selecting a lower size cut-off combi-
nation (14 nm/5.6 nm) will still limit the errors in the particle
number balance by 10%.

/

Ratio N(without TD)/N(with TD)

g '
=}
T T T

| S Unfortunately, our attempts to pinpoint the nucleation in-

side the TD to an instrumental, meteorological, or aerosol

05 [ . ; . . — parameter failed. The variables examined include TDMPS

3 6 10 flow parameters, ambient temperature, relative humidity, to-
Lower cut-off D, [nm] for TD distribution tal particulate mass, and even the daily mass concentration of

organic carbon. Neither of these parameters correlated sig-
Fig. 5. The effect of the lower size cut on the ratio between the parti- nificantly with the homogeneous nucleation inside the TD, so
cle number measured upstream and downstream the thermodenudgtat we currently do not know which are its governing factors
(TD). Note that the lower cut-off sizes for the distributions with and dyring the analysis of environmental aerosol.
without the TI? were kept_ at_a ratio of 0.40 ir_1 order to account for ¢ is, however, evident that the impact of the newly formed
the average diameter shrinking factor of partice20 nm. particles inside the TD on shrinking factor calculations can
be minimized by ignoring the size distribution below a cer-

. . . ) tain cut-off.
The results in the Figel and5 specify the two main ther-

modenuder effects for small particles: First, the nucleation3 4  Ajr mass classification

process inside the thermodenuder is of a fluctuating nature,

and restricted to particles in the TD size distribution that areSynoptic scale air masses are a useful concept to clas-

predominantly smaller than 6 nm. As the particles are rathesify aerosol populations that are shaped by regional aerosol

small we assume that they result from homogeneous nucleemissions, or during long-range transport. We classified

ation in the cooling section of the thermodenuder. Under cer-aerosol populations at Melpitz using the daily weather chart

tain circumstances, volatilized particle material is apparently“Berliner Wetterkarte” Gely 1981, Institut fiir Meteorologie

not transferred quickly enough onto the walls of the cooling 2004, an analysis which takes into account back trajectories

section, so that the generated vapors nucleate and form neand the thermal properties of air masses. The Berliner Wet-

particles. terkarte analysis distinguishes different regions of climatic
Second, there is a slight excess of particles after theorigin (A — arctic, P — subpolar, S — subtropic, T — tropic)

Atmos. Chem. Phys., 7, 5785802 2007 www.atmos-chem-phys.net/7/5785/2007/
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and air mass character (m — maritime, x — mixed type, ¢
continental).

Figure6 illustrates a selection of typical back trajectories
arriving in Central Europe as well as transformations becaus A
of energetic conversions, like the warming of arctic (A) air
into subpolar (P) and further into heated subpolar (Ps), o
changes in character. The Berliner Wetterkarte classificatiof
addresses continental influences in that a conversion from th
maritime (m) to the mixed (x) type usually occurs after a res-
idence time of 24 h over the continent, and further conversior]
into the continental (c) type after 3-5 days.

For our analysis, the synoptic maps of the 850 hPa-leve
were analyzed and the air masses over the sampling site we
determined. In addition, the exact times of frontal passage
were identified using time series of locally measured mete;
orological data (temperature, humidity, rainfall) at Melpitz,
which led to a distinction between subsequent air masses as
fine as possible. Particle size distributions were subsequentliiq g Trajectories of air masses on their way to central Europe

averaged over the data sets corresponding to each air mags well as transformations because of changes in heat content and

type. character. AfteiGeb(1981), supplement ofnstitut fur Meteorolo-
gie (2004. Reprodced fronBirmili et al. (2001) by permission of
3.5 Cluster analysis the American Geophysical Union [Copyright 2001].

Back trajectories have been recognized as a valuable tool to

investigate the origin of air pollutantS{ohl 1999. Conse- | is the dimension of the vector to be clustered, which in-
quently, back trajectory cluster analysis was applied in thiscludes the three variables of geographical latitude and lon-
work as an alternative method for an air mass classificatiorgitude (both in Cartesian coordinates), and pseudopotential
of particle size distributions. Some major advantages of theemperatureq; are the weights required to create three vari-
cluster method are that it can be automated, and provides ables of equitable magnitudez, a», andaz were chosen
higher degree of objectiveness than the synoptic classificaas 1.25 degree, 0.8 degreel, and 10K 1. Notably, the

tion described above. choice ofas required prior test runs because temperature is a
We applied a k-means cluster algorithm, which was devel-variable entirely dissimilar from geographical position.
oped closely following the approach first reportecduyling In practice, the cluster algorithm was run for a range of

et al. (1992, and divided the entire dataset into a predeter-cluster numbers between 3 and 14. Selecting a small number

mined number of trajectory clusters. The groundwork of theof clusters will generate larger, more representative sub-sets

cluster analysis were back trajectories calculated using thef data. On the contrary, using a higher number of clusters

HYSPLIT4 (HYbrid Single-Particle Lagrangian Integrated will resolve more features of different aerosol types. The

Trajectory) model Praxler and Hess2004). decision, how many clusters to use for the final discussion
In addition, vertical profiles of pseudopotential tempera- of the size distribution data reflected a compromise between

ture calculated from regular radiosonde ascents at the Stasimplicity of display (low n) and a more visible separation of

tion Oppin, 50 km distant to Melpitz were used. Profiles of the data clusters, and yielded the two optionsef7 (with

pseudopotential temperature have been incorporated in thg;=10) andn=11 (withaz=1).

variables to be clustered because vertical temperature profiles

characterize the degree of vertical atmospheric stratification,

which is of elementary importance to any surface measurez1 Results

ment of atmospheric constituents. The following Euclidian

distances were computed to express the spatial separation be- i . N
tween two back trajectorigsand 4.1 Berliner Wetterkarte air mass classification

3 First, the results obtained from a segregation of the 12-month
Lij = 1 Z Z ar(ui — x1)2. (1)  Size distribution data set into the various air mass types after
K <=\ the Berliner Wetterkarte are discussed. The frequency of oc-
currence of the air mass types can be seen in Tablegen-
Here,K is the number of trajectory point& =144 was cho-  eral result is that pronounced continental air (“c”) was only
sen to represent hourly back trajectory positions over 6 dayssampled on about 15 % of the time.
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Table 2. Frequency of occurrence (FO) of the different air mass
types at Melpitz between July 2003 and June 2004.

maritime (m) mixed type (x) continental (c)
name FO[%] name FO[%] name FO [%]
mA 5.1 XA 1.9 cA 0.0
mP 26.8 xP 7.8 cP 2.9
mPs 7.5 xPs 14.0 cPs 5.4
mSp 4.4 XSp 8.5 cSp 2.4
mS 5.0 xS 45 cS 3.8
total 48.8 total 36.7 total 14.5

Figure 7 shows the the typical (median) values of the
non-conditioned particle size distributions in each of the air
masses. Tabl& contains quantitative multimodal lognor-
mal size distribution parameters (number concentration, ge-
ometric standard deviation and mean geometric diameter for
each of the three lognormal modes) for the size distributions
shown in Fig.7. It can be noted that the overall differences in
size distributions between the maritime (“m”) and the mixed
(“x”) type air masses were relatively minor. A possible ex-
planation is the location of the Melpitz sampling site in east-
ern Germany, i.e., surrounded by populated areas with an-
thropogenic aerosol sources. Clean maritime air, e.g., is re-
quired to cover a distance of at least 400 km over land before
arriving at Melpitz, leaving enough time for the uptake of an-
thropogenic emissions. Maritime type air masses have, per
definition, spent less than 24 h over land, but the continen-
tal influence is already visible in an increased total particle
concentration.

In subpolar air masses, however, the difference between
the maritime and mixed type on the one hand, and continental
air on the other hand is significant (Figp). In maritime air,
Aitken and accumulation mode were separated by a concen-
tration minimum at most times. This minimum (sometimes
also referred to as “Hoppel” minimum) is thought to result
from the activation of Aitken particles in non-precipitating
clouds. In mixed-type and continental air masses, only one
broad particle mode is usually observed with a concentration
maximum between about 70 to 90 nm.

Figure7f aggregates the air masses into only character cat-
egories, and again points out the different modal features of
the size distributions in the air mass types “m”, “x”, and “c”
Another relevant observation is the gradual increase in accu-
mulation mode concentration from maritime (3500 chto
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continental (6200 cmP) air masses. Fig. 7. Non-conditioned particle size distributions at Melpitz (me-
In contrast to the previous text, Fig.concentrates on the dian values) for different air mass character and origin following the

non-volatile particle size distributions, i.e., those measuredBerliner Wetterkarte air mass classification.

downstream the thermodenuder. Tablshows on the mul-

timodal lognormal size distribution parameters for the size
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Table 3. Lognormal parameters of the non-conditioned median number size distributions, separated after different air mass types: Number
concentration (N), geometric standard deviatieh §nd geometric mean diametergDfor the three modes (nucleation (1), Aitken (2) and
accumulation (3) mode). The lognormal modes were fitted using a Levenberg Marquardt least squares fitting routine, which was also used
to fit size distributions during previous worBigmili et al., 2007).

armass N[ecm™3 o3 Dgilnm] Np[em™3] o Dgo[nm] Nzfem™3] o3 Dg3[nm]

m 910 1.62 12.9 3550 2.18 51 762 1.43 218
X 1320 1.77 18.6 4190 1.99 68 1090 1.49 205
c 2650 1.97 28.3 5500 1.82 90 885 1.47 244
mA 1050 1.68 15.2 3080 221 52 785 1.42 237
mP 650 1.54 11.6 3640 2.21 48 795 1.42 213
mPs 1090 1.62 11.9 3320 2.2 48 675 1.38 223
mSp 1940 1.89 21.7 3000 1.9 91 510 1.38 320
mS 1650 1.76 15.1 4000 2.07 60 674 1.47 218
XA 210 1.21 6.9 4520 2.29 42 460 1.38 218

xP 1990 1.89 22.3 3210 2.02 73 591 1.39 240
xPs 960 1.68 16.0 4180 1.96 61 1261 151 198
XSp 1290 1.79 18.8 4290 1.9 72 1268 15 201
XS 1340 1.75 214 4690 1.86 69 1920 1.55 192
cP 3690 2.12 37.8 4220 1.76 105 753 1.39 305
cPs 3370 2.05 33.5 5170 1.79 100 967 1.44 272
cSp 1150 1.68 15.6 5420 1.89 60 3012 1.65 145
cS 1700 1.76 19.4 5430 1.88 78 932 1.46 226

distributions shown in Fig8. Generally, the non-volatile type only (Fig.8). The latter observation confirms that the
size distributions show overall variations between differentanthropogenic source contributions (associated with the non-
air masses of a magnitude similar to the unconditioned sizevolatile PM contribution) are similar in all wind directions
distributions. Likewise, the highest total concentrations werefrom the Melpitz observation site. However, the concentra-
observed in pronounced continental air masses. tion of mode “A’ appears to be the most sensitive with re-
The non-volatile size distributions are marked by one com-gard to different air mass types. The highest concentration
mon feature: the original, nearly monomodal distributions in mode “A” occurred in air masses “cPs”, which represent
(Fig. 7) tended to evolve into bimodal distributions after ther- aged and dry continental air masses originating from Eastern
mal conditioning (Fig8). This bimodal shape is caused by Europe (cf. Fig6).
the split-up of the non-conditioned distribution maximumbe-  njode “B”, the non-volatile particle mode 30 nm was, in
tween 50 and 100nm in the thermodenuder: Entirely non-contrast, less influenced by different air mass types. This
volatile particles will remain at approximately the same size,gggests that these non-volatile cores of originally larger
whereas partially volatile particles will appear in the secondpon-conditioned particles are more homogeneously emitted,
non-volatile mode, around 10-20 nm (F&). or generated in the wider area around the Melpitz site. The
Entirely non-volatile particles were found to be scarce in chemical composition of the non-volatile residues of these
the size range<30 nm (cf. Sect3.1). Therefore, the particle  particles is unknown; while their evaporated material con-
mode “B” in Fig.8 (<30 nm) consists overwhelmingly of the tained the inorganic substances with evaporation tempera-
non-volatile residues of originally larger particles, whereastures below 308C (cf. Table1), little is known about the
the particle mode “A’ &30 nm) is composed of both entirely thermal behavior of organic atmospheric particulate species.
non-volatile particles and non-volatile residues of larger par-Wehner et al.(2005 previously analyzed particle forma-
ticles. It is therefore mode “A’, which is sensitive towards tion events at Melpitz and found that particle80 nm that
variations in the concentration of entirely non-volatile par- were newly formed from gaseous species always had a non-
ticles, and it is this mode which we associate with primary volatile core at 308C. A hypothesis raised iWehner et al.
emissions from combustion, such as soot, in a rural aerosol (2005 was that organic aerosol species might polymer-
The typical modal diameters of mode “A’ are between 70 ize within the particle phase, thus generating non-volatile
and 90 nm, and show a minor dependency of the air masparticle material. Support to this hypothesis was recently
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Table 4. Lognormal parameters of the the non-volatile median number size distributions, separated after different air mass types: Number
concentration (N), geometric standard deviatieh énd geometric mean diametergDfor the three modes (nucleation (1), Aitken (2) and
accumulation (3) mode). The lognormal modes were fitted using a Levenberg Marquardt least squares fitting routine, which was also used
to fit size distributions during previous worBigmili et al., 2007).

armass N[ecm™3 o3 Dgilnm] Np[em™3] o Dgo[nm] Nzfem™3] o3 Dg3[nm]

m 3500 1.67 7.5 2660 2.27 33 8 1.25 550
X 3510 1.79 7.4 3500 2.19 37 9 1.24 547
c 5400 1.74 9.5 4350 2.17 47 16 0.96 645
mA 3250 1.67 7.6 2320 231 34 11 0.77 490
mP 3360 1.66 7.4 2730 231 31 8 0.80 558
mPs 3360 1.67 7.6 2430 2.28 30 5 0.78 527
mSp 3250 1.69 7.6 2880 2.21 43 7 0.86 594
mS 4310 1.67 7.4 2980 2.24 37 6 0.83 581
XA 4020 1.79 8.6 2480 2.47 29 5 0.83 548
xP 2790 1.6 7.1 3100 251 30 4 0.99 563
xPs 2880 1.64 6.6 3730 2.39 30 4 0.99 563
XSp 2820 1.68 6.3 3970 231 32 4 0.99 563
XS 4000 1.68 9 3970 2.21 38 4 0.99 563
cP 4200 1.58 10 4660 2.32 41 4 0.99 563
cPs 4200 1.58 8 5690 2.33 39 4 0.99 563
cSp 5460 151 10 5030 2.35 35 4 0.99 563
cS 5460 2.28 11 2490 2.07 57 4 0.99 563

obtained by laboratory experiments using atmosphericallyobservations, and is interpreted as increasing fractions of el-
relevant organic specieKélberer et al.2004). emental carbon, as well as crustal material with increasing
Figure9 shows the diameter shrinking factors (SF) due to particle size.
particle volatilization at 300C. The shrinking factors SF rep- The air mass-related differences demonstrate an increased
resent an average ratio between particle diameters after armimount of non-volatile material especially in continental
before conditioning in the thermodenuder. The larger the SF(“c”) air. The feature is best seen for particled00 nm in
the more non-volatile material was contained in the aerosothe air mass type “cPs” in Fi§c, and reflects an enrichment
under investigation. In contrast to the size distributions, SFof the chemical compounds associated with non-volatile PM,
is an intensive variable that depends on the chemical comsuch as elemental carbon (see S&@). Below 70 nm, only
position of the particles, not on their absolute concentrationminor differences in SF were found for different air mass
Since the summation method described in S&&does not  types; this implies that nucleation mode and young Aitken
resolve external mixture, each value of SF corresponds tgarticles — which are typically only a few days old, tend to
the average over the more and less volatile subfractions ofollow a more uniform spatial distribution regarding chemi-
particles at a given non-conditioned size. As also describedal composition than accumulation mode particles.
in Sect.3.3, the nucleation of new particles inside the ther- It is interesting to note that in maritime air masses, the
modenuder affects the number of particles downstream th@unctions of SF are not monotonous with particle size, but of-
thermodenuder. In order to ensure shrinking factors that caiken have a minor maximum around 100 nm and a minor min-
be interpretEd with Conﬁdence, the dISpIay of Shrinking faC-imum at diameters above (F|@ This points towards a size-
tors was generally limited to diameters above 25nm in thesegregated chemical Composition, with a maximum amount
following. of volatile material in particles of the size range 150-200 nm.
The principal observation for rural Melpitz aerosol was The relative fraction of volatile material, such as ammonium
that accumulation mode particles contained more non-sulfate and nitrate is expected to be especially large in par-
volatile material (SE0.55 at 400 nm) than Aitken and nu- ticles that were activated the first time in a non-precipitating
cleation mode particles (§F0.37 at 30nm). The two ex- cloud Hoppel et al. 1994 Birmili et al., 1999, and it is
amples correspond to non-volatile volumetric fractions of 17 exactly the corresponding particle size range where we see
and 5%, respectively. This trend is systematic through allthe minor minimum in SF. In conclusion, our size segregated
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Fig. 8. Particle size distributions downstream the thermodenuder afig. 9. Diameter shrinking factors (SF) as a function of non-
Melpitz (median values) for different air mass character and originconditioned particle diameter after volatilization at 300 The dif-
following the Berliner Wetterkarte air mass classification. ferent curves correspond to different air mass types.
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Fig. 10. Back trajectory cluster analysis for 7 air mass typ@g:back trajectories(b) vertical profiles of virtual potential temperature,
(c) number of trajectories in the respective cluster, each corresponding to a time period (d)lj2dnticle size distributionge) non-volatile
size distributions(f) diameter shrinking factors SF.

SF data are consistent with the picture of secondary aerosdtation, and meteorological parameters that are representative
formation in non-precipitating clouds, a process that is morefor each of the clusters of the analysis7. Quantitative log-
likely to occur in the humid air masses belonging to the char-normal size distribution parameters are given in T&ble

acters “m” and “x” than to “c”. , Generally, the largest differences between different trajec-

Thg state of external mixture of rural gerosol'partlcles attory clusters could be seen in the accumulation mode range
Melpitz has been shown to be roughly bimodal in S8 ;70 1nm) of non-conditioned particles (Figod). The
Moreover, a relatively fixed diameter ratio could be seen be,igeqt concentrations occurred in cluster No. 5, which cor-
tvvec_an the sub-populations (_Jf_ no_n-volatlle and more V°|at'|_eresponds largely to the air mass type “cPs” reported before
particles after thermo-conditioning. We made use of thisj, y,o Berliner Wetterkarte analysis. The lowest concentra-
knowledge to retrieve the relative number fraction of thesetion occurred in cluster No. 2, which corresponds to a fast
tV_VO p(.)pu'lati(')ns in 150 nm particles frqm the 12—m0nth dualmoving, maritime air mass. In cluster No. 2, the average
size distribution data. The corresponding calculation showed,« gistribution is evidently bimodal, showing the accumu-
that on annual average ca. 17 % of the 150 nm particles wergyion mode D,~200nm) as a shoulder to the Aitken mode
entirgly non—volatile, ie., associgted_ with externally mixed (D,~40nm). ‘Ilzhe diameter shrinking factor for cluster No. 2
soot in air masses “c”, and 6.5 % in air masses ‘m". shows a minimum between 150 and 200 nm, which indicates
a high fraction of volatile compounds in the accumulation
mode (see Figl0d), probably caused by liquid phase forma-
tion in non-precipitating clouds (cf. discussion above).

4.2 Back trajectory cluster analysis

As an alternative to the Berliner Wetterkarte air mass ana
lysis, a cluster analysis based on back trajectories and tem- An important factor determining the observed accumu-
perature profiles was performed for the entire dataset. Idation mode concentrations is vertical atmospheric stabil-
this section, the corresponding results are presented for thity: Fig. 10b displays the average vertical profiles of vir-
cluster numbers=7, andn=11 and compared to the former tual potential temperature for each cluster, obtained from ra-
analysis. FigurelO and Table5 give an overview over the diosonde ascents. The atmosphere was vertically most stable
particle size distribution, back trajectories, trace gas concenin cluster No. 4 and most unstable in cluster No. 1. The three
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Table 5. Back trajectory cluster analysis for 7 air mass types: General air mass properties, frequency of nucleation events, mean trace gas
concentrations/fg/m3], temperature (T)IC] and wind speed (WS) [nTd].

Cluster # Origin Stratification  Trajectories Nucleationdays NO 3 OSO, NOy T WS
1 North Sea very unstable 100 41 12 845 35 80 18.0 3.0
2 Atlantic unstable 126 14 13 542 26 93 105 3.8
3 Western Europe stable 85 1 33 264 37 224 75 17
4 North Sea, Germany  very stable 29 1 50 185 55 246 34 17
5 Eastern Europe stable 35 6 19 356 6.0 166 42 18
6 Baltic states unstable 61 7 19 507 37 130 64 1.8
7 North Sea neutral 132 6 20 379 29 152 92 15

Table 6. Modal parameters from fitting the non-conditioned and non-volatile median number size distributions according to the cluster
analysis for 7 air mass types: Number concentration (N), geometric standard devigtant(geometric mean diametergDfor the three

modes (nucleation (1), Aitken (2) and accumulation (3) mode). The lognormal modes were fitted using a Levenberg Marquardt least squares
fitting routine, which was also used to fit size distributions during previous wRirkn{li et al., 2007).

cluster N [ecm™3] o1 Dgilnm] Na[em™3] o, Dgolnm] Nz[em™3] o3  Dggz[nm]

non-conditioned

1 4100 1.95 15.7 3330 1.98 59 1300 1.57 180
2 2460 1.88 14.3 3255 1.72 46 1395 1.67 154
3 2200 2.01 24.5 4595 1.86 85 875 1.52 246
4 2390 2.0 25.3 4350 1.86 90 970 1.49 269
5 2740 1.94 22.4 5935 1.86 82 1305 1.49 258
6 2500 2.3 26.1 2820 1.92 74 1440 1.54 221
7 1680 1.94 21.2 4360 1.89 73 1005 1.55 229
non-volatile
1 6000 1.96 7.0 2690 2.1 43 - - -
2 4300 1.96 8.0 1950 2.28 39 - - -
3 4600 1.8 10.4 3600 2.18 49 - - -
4 3800 1.9 10.4 3700 2.22 55 - - -
5 4300 2.0 10.5 4310 2.18 55 - - -
6 4300 1.9 9.3 2950 2.18 50 - - -
7 4600 1.85 10.5 3250 2.17 46 - - -

clusters with the highest atmospheric stability (4, 3, 5) were Differences between different air masses can also be seen
also associated with the highest accumulation mode concerfor nucleation mode particlesD(, <30 nm): The highest
trations. Conversely, the clusters with the highest instabil-number concentrations (median values) were related to clus-
ity (1, 2, 6) were associated with the lowest accumulationter No. 1 (Fig.10d). The periods of cluster No. 1 were ac-
mode concentrations. A key result in this context is alsocompanied by the the highest frequency of new particle for-
the increased fraction of non-volatile chemical compoundsmation events (Tabl8). Cluster No. 1 is representative for
(SF=0.50) under stable atmospheric conditions (Hiff). very unstable air, originating from the North Sea, and low
The explanation for both increased particle numbers and Skevels of pollutants like N@Q (Table5). In this weather, the
is that under inhibited vertical mixing, anthropogenic emis- sky is usually clear which leads to the likely photochemical
sions from the ground remain trapped in a shallow groundproduction of aerosol precursors. The meteorological situ-
layer, and cannot be removed vertically. These findings emation corresponding to cluster No. 1 appears to be the most
phasize that stable atmospheric stratification is the most imfavorable for atmospheric new particle formation in Melpitz,
portant meteorological condition to cause high aerosol conand emphasizes the great degree of meteorological control
centrations in the ground layer, even in rural areas. on new particle formation events. Interestingly, these find-
ings appear to have an equivalent in the Finnish boreal forest,

www.atmos-chem-phys.net/7/5785/2007/ Atmos. Chem. Phys., 7, 5883-2007



5798 C. Engler et al.: Size distributions of non-volatile particle residuals and relation to air mass origin

2000l ® ; ; ; ] 5100f@ .
E
| 2500 ] E 8ol N !
— 2000 i E
.§. / 3 60+ H
| E 1500 175
% g 401} i
£ 1000 1 ®
500 y 1 ® 20F 1
Qo
]2 € o
0 5 10 15 20 25 5 1234567 8 91011
virtual potential temperature [’C] < cluster #
; 0.65
7000}(e) 1 ®
0.60 | 1
6000 1
0.55 1
4~ 5000 1
£ 0.50 1
S, 4000 1
a L 045} .
% 3000 | ,
= 0.40 F )
S 2000 1
= 0.35} 1
1000 :
0.30 - 1
1000 0r 10 100 1000 10 100
D, Inm] D, [nm]

Fig. 11. Back trajectory cluster analysis for 11 air mass typ@3:back trajectories(b) vertical profiles of virtual potential temperature,
(c) number of trajectories in the respective cluster, each corresponding to a time period (d)lj2dnticle size distributionge) non-volatile
size distributions(f) diameter shrinking factors SF.

where new patrticle formation was also observed most fre-highest concentrations in both the non-conditioned and the

quently with the outbreak of cold air massé$l§son et al, non-volatile size distribution, but no clear splitting up into
2001). two modes was observed.
It can be seen in FiglOe that the newly formed parti-  Similarly to Sect3.3 eventual differences in the balance

cles, which have non-conditioned sizBg <30nm, tend to  of total particle number upstream and downstream the ther-
have non-volatile cores smaller than 10 nm. As already menmodenuder were examined, this time as a function of the
tioned, it is a current subject of speculation what the compo-aerosols belonging to the different trajectory clusters. The
sition of these non-volatile remnants of newly formed parti- results are shown in Figl2 and indicate a relatively sim-
cles is. Both sulfuric acid and sulfates are volatile at’8)0 jlar behaviour of the different environmental aerosol types.
so more research will be needed to explain particularly theThe common feature is that the aforementioned nucleation
role of organics during the growth of particles to final sizes of new particles inside the thermodenuder affects the particle
between 20 and 50 nm. concentration downstream the thermodenuder mainly below

An overview of the cluster analysis using=11 clustersis 6 nm. Figurel2 demonstrates that the basic assumptions for
now given in Fig.11, Table7 and Table8. These results are the calculation of shrinking factors are generally valid, espe-
added because the representation using 11 trajectory clusteg&lly when shrinking factors only above particle diameters
explained some features of the dataset more effectively. Onef 20 nm are discussed.

advantage is the increased distinction between the resulting \/5es of the diameter shrinking factor between 0.35 and
11 mean trajectories (Fid-1a) compared to the analysis for g 55 were observed in maritime, unstable air masses (No. 1, 2
n=1. and 3), while stable layered, continental air masses (No. 5, 6,
A defined mode of less volatile particles {850 nm) was ~ 8) showed higher values between 0.40 and 0.57. One single
not found in maritime but in mixed type air masses (No. 4, exception was found in cluster No. 7, which is representing
8, 9 and 11) and was even more distinct in continental aira continental air mass of medium stability. In this cluster,
(No. 5, 6 and 7). In this size range, cluster No. 10 (which isminimum values of the diameter shrinking factor (0.3 to 0.5)
similar to the “xPs” type in the former section) showed the but high values of the Sfconcentration were found. This
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Table 7. Back trajectory cluster analysis for 11 air mass types: General air mass properties, frequency of nucleation events, mean trace gas
concentrations/fg/m3], temperature (T)IC] and wind speed (WS) [nTd].

Cluster # Origin Stratification ~ Trajectories Nucleationdays NO 3 OSO, NOy T ws

1 North Sea unstable 55 7 17 498 23 115 92 29
2 Atlantic unstable 43 4 1.3 532 24 8.5 89 4.0
3 Atlantic, Western Europe unstable 77 9 1.2 540 3.1 10.3 121 3.8
4 Western Europe neutral 67 - 26 297 38 201 77 21
5 Germany very stable 23 1 45 146 6.2 254 33 15
6 Germany neutral 58 3 3.7 314 42 211 93 13
7 Eastern Europe neutral 29 3 21 424 6.1 159 61 1.8
8 Baltic states neutral 21 6 16 501 48 110 24 23
9 Baltic Sea very unstable 59 16 1.7 665 31 109 119 138
10 Scandinavia neutral 34 2 27 321 29 174 70 09
11 North Sea, Germany very unstable 102 25 13 664 3.0 108 146 24

Table 8. Modal parameters from fitting the non-conditioned and non-volatile median number size distributions according to the cluster
analysis for 11 air mass types: Number concentration (N), geometric standard deviatimul geometric mean diametery[pfor the three

modes (nucleation (1), Aitken (2) and accumulation (3) mode). The lognormal modes were fitted using a Levenberg Marquardt least squares
fitting routine, which was also used to fit size distributions during previous v&irknfli et al., 2007).

cluster N [cm™3] o1 Dgilnm] Nz[em™3] o, Dgolnm] Nz[em™3] o3 Dz [nm]

non-conditioned

1 1000 1.51 8.7 5130 2.03 35 1295 1.62 165
2 960 1.45 8.5 3720 2.38 38 645 1.47 194
3 1720 1.71 10.6 3670 2.14 44 930 1.64 184
4 2150 2.07 25.4 3890 1.85 84 1020 1.54 229
5 2230 1.88 22.16 4510 1.88 92 835 1.47 291
6 1410 1.89 21.69 5190 1.88 83 1025 15 256
7 1780 1.83 20.40 5410 1.95 74 1870 1.52 241
8 4010 2.22 23.74 2880 1.70 77 1420 1.56 212
9 3440 2.13 19.75 3810 1.89 75 1065 1.54 218
10 2370 2.41 24.17 5340 1.97 68 730 1.58 220
11 3040 1.88 18.04 3410 1.85 74 1165 1.55 209
non-volatile

1 4430 1.6 7.46 3200 2.72 20 4 0.99 563
2 3320 1.66 6.78 2690 2.52 24 9 1.24 560
3 3320 1.66 9 2580 2.2 34 87 1.90 160
4 3320 1.66 9 3910 2.13 44 87 1.90 160
5 3520 1.66 8 3790 2.26 44 435 1.74 150
6 3520 1.66 11 4070 2.2 48 - - -

7 3620 1.76 125 4220 2.08 64 - - -

8 3900 1.76 7 3690 2.42 38 - - -

9 5600 1.76 7.7 3600 2.3 37 - - -
10 5600 1.86 10 4000 2.42 35 - - -
11 4000 1.96 7 2920 2.16 43 - - -
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14 - 1 ) 3 4 tributions resulted in particle number ratios of 13210,
| \ 5 6 7 8 1.06+ 0.06, and 1.0&0.05, respectively, between the num-
9 10 11 ber concentrations downstream and upstream of the thermod-

=
w

enuder.

By applying the summation method to the particle number
size distributions upstream and downstream the thermode-
nuder, diameter shrinking factors were calculated, which rep-
resent the numerical diameter fraction of non-volatile mate-
rial in an aerosol population. The typical values ranged be-
tween 0.37 and 0.55 for particles between 30 and 400 nm.
The general increase of the diameter shrinking factor with
increasing particle size is interpreted as a change of chemical
particle composition with particle size, i.e., a relative enrich-
0.9 : : : : : | ment of non-volatile compounds such as elemental carbon

and the salts of alkali and earth alkali metals in larger parti-
Lower cut-off Dp [nm] for TD distribution cles

I =
= [N}

Ratio N(without TD)/N(with TD)
5

A classification of the size distributions after synoptic
Fig. 12. The effect of the lower size cut on the ratio between the gcale air masses (“Berliner Wetterkarte”) and back trajectory
particle numbers measured upstream and downstream the TD as@yster analysis showed that both the non-conditioned as well
function of the 11 trajectory clusters presented Eiy. as the non-volatile particle size distributions at Melpitz var-
ied significantly with air mass origin and character. Two dis-

. . . . tinct physical modes (i.e., Aitken and accumulation mode)
is why the aerosol particles of this cluster (especially for . o ; .
were found in maritime air masses only, whereas continen-

D, <100nm) are assumed to consist of a high sulfate frac_taI aerosols showed overwhelmingly a single particle mode
tion, which is volatile at 30TC. aly giep

) . ._around 100 nm. The total number concentrations were higher
The most general result is that continental aerosol emis;

sions and stable atmospheric stratification are the main facl-)y a typical factor of about two in continental air compared

.y . 3 _
tors leading to high particle number concentrations in the ac—to mavitime air (on average 5900 crhand 3700 cm®, re

. . . i . . spectively).
cumulation mode and.hlgh_ fractions of non-volatile chemical The particle size rangd,>50 nm showed its highest con-
compounds in the entire size range.

centration in air masses of continental character. These east-
ern and continental European air masses involve long resi-
5 Summary and conclusions dence timesx4 days) of tropospheric air over densely pop-
ulated land. Besides anthropogenic emissions, the reduced
In this work, a new type of atmospheric data, a combined seatmospheric humidity and, consequently, reduced wet depo-
of non-conditioned and non-volatile particle number size dis-sition is an explanation for these accumulative effects. No-
tributions was explored with regard to the influence of syn-tably, the highest diameter fraction of non-volatile particle
optic scale air masses. Initial measurements by a Volatility-material>50 nm correlated very consistently with the situa-
TDMA demonstrated that aerosol particles with diameterstions of highest atmospheric stability, and therefore confirm
less than 200 nm consist, in the rural Melpitz area, of at leasthe accumulation of primary emissions in these air masses
two externally mixed volatility modes. The non-volatile par- as a dominating effect controlling particle humber concen-
ticle mode was associated with an external mixture of mainlytration.
soot, whereas the more volatile mode is interpreted to repre- Using a combination of long-term TD-TDMPS size distri-
sent all internally mixed particles containing inorganic ions, butions and representative short-term V-TDMA information,
organic compounds, and a non-volatile residuum. Simu-we further estimated the number fraction of non-volatile (i.e.,
lations and measurements of the size distributions of non“soot”) particles of the total number concentration of 150 nm
volatile particle cores using V-TDMA and TD-TDMPS data patrticles. These calculations yielded an average soot particle
agreed well within the size range 20—200 nm, thereby encomnaumber fraction of 17% in continental, and 6.5% in maritime
passing most of the occurring total particle number. air masses over the 12-month observation period.

A byproduct of the volatility analysis were found to be Itis a noticeable result, that the highest particle concentra-
new particles originating from nucleation inside the thermod-tions in the size range50 nm occurred mainly in air masses
enuder. These occurred overwhelmingly at diameters belowrom the North Sea, and Scandinavia, all accompanied by
6 nm, and need to be examined carefully when comparingelatively low levels of anthropogenic trace gases but also by
particle size distributions upstream and downstream of theunstable atmospheric stratification. The origin of these air
thermodenuder. The application of lower cut-off sizes atmasses does not correlate with the centers of anthropogenic
5.6nm, 8.0nm, and 10nm to the thermodenuder size dispollution, so most of these particles are thought to be formed
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by secondary pathways. The noticeable correlation between from 3 to 500 nm diameter in the arctic marine boundary layer
secondary particles and unstable air indicates that the sec- during summer and autumn, Tellus, 48B, 197-212, 1996.

ondary particle formation process is controlled to a consider-Donaldson, K., Stone, V., Clouter, A., Renwick, L., and MacNee,
able degree by meteorological processes, rather than by peakW-: Ultrafine particles, J. Occup. Environ. Medicine, 58, 194—

values of potential gas phase precursors. 199, 2001. _ ) _
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