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Abstract. The volatility of sub-micrometer atmospheric 1 Introduction

aerosol particles was studied in a rural background environ-

ment in Finland using a combination of a heating tube andAtmospheric aerosols play a key role in the balance of global
a scanning mobility particle sizer. The analysis focused onclimate, notably through their direct and indirect effects on
nanoparticles formed through nucleation which were subseincoming solar radiationHoughton et al.2001; Haywood
quently observed during their growth in the diameter rangeand Boucher2000. Aerosol particles are directly injected
between 5 and 60 nm. During the 6 days of new patrticle for-into the atmosphere through a variety of mechanisms includ-
mation shown in detail, the concentrations of newly formeding combustion, sea-salt, and dust emission, which are com-
particles increased up to 10000Tf The number of nu- monly termed as primary aerosol generation mechanisms.
cleation mode particles measured after volatilization in theSecondary particle formation, in contrast, includes the for-
heating tube at 28@ was up to 90% of the total number mation of new atmospheric nuclei through the nucleation of
under ambient conditions. Taking into account the absolutesupersaturated vapors. This process generates high number
accuracy of the size distribution measurements, all ambientoncentrations of new particles10 nm, part of which will
particles found in the rural atmosphere could have a noneventually grow further by condensation and reach particle
volatile core after volatilization at 28C. As the regional sizes of about 100 nm where they become effective light scat-
new particle formation events developed over time as a reterers and cloud condensation nuclei.

sult of further vapor condensation, the newly formed parti- New particle formation has been experimentally observed
cles grew at an average growth rate of203nmtrt. Im-  in many parts of the world, such as the free troposphere
portantly, the non-volatile cores of nucleation mode parti- (Clarkg 1992, the marine boundary layeCpvert et al,

cles were also observed to grow over time, however, at a992, the coastal environmen©(Dowd et al, 2002, and
lower average growth rate of G®.3nmh™. One impli-  the continental boundary layeWpo et al, 2001 Birmili
cation of the volatility analysis is that the newly formed par- et al, 2003 Dal Maso et al.2005. Kulmala et al.(2004
ticles, which have reached ambient diameters of 15nm, argeviewed over 100 ground-based and aircraft observations of
unlikely to consist of sulfuric acid, ammonium sulfate, and new particle formation, and provide the most comprehensive
water alone. A relatively constant ratio between the growthsummary of experimental efforts to date.

rate Of the ambient partiCIeS as We” as their non'VOIatile Despite the intensive experimentai efforts reported' the ex-
cores indicates that non-volatile matter is formed only gradu-act nucleation mechanism and contributing compounds have
ally in the growing particles. The non-volatile fraction of the stjll not been determined. However, activation theory re-
particles showed some correlation with the ambient temperagently developed bitulmala et al.(2006) can, to a large ex-
ture. The composition and formation mechanism of this non-ent, explain the observed formation rates based on measured
volatile material in nucleation mode particles are, to date, notsy|phuric acid concentrations. Due to the minuscule amounts
known. of mass contained in nanoparticles, it has been extremely dif-
ficult do develop methods for their chemical speciation. The
most recently developed direct speciation method is aerosol
mass spectrometry, which has been used to derive informa-
Correspondence tavl. Ehn tion on the chemical composition of hanoparticles as small
(mikael.ehn@helsinki.fi) as 6 nm in Atlanta $mith et al, 2005. Instead of direct
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678 M. Ehn et al.: Non-volatile residuals of newly formed particles

speciation methods, indirect approaches have alternativelyneasuring in parallel, one optimized for small particles (3—
been pursued, notably hygroscopicity and volatility analy- 50 nm) and the other for larger sizes (10—1000 nm).

sis (e.g.,Sakurai et al.2005. The basic experimental ap- For the volatility analysis a Volatility-Scanning Mobility
proach of volatility analysis involves the heating of a contin- Particle Sizer (V-SMPS) was built. A SMP®/&ng and Fla-
uous stream of sample aerosol, thereby evaporating volatilgan 1990 is similar to a DMPS except that it does not sepa-
matter from the particles. These devices used are known asately measure the number concentration of a certain amount
“thermodenuders”Burtscher et a).2007), and have mainly  of size ranges. Instead it does a slow continuous scan of the
been used to remove the volatile fractions in particles fromentire size range. The V-SMPS used in our study contained
engine exhaust. The heated sample is often cooled in a tuba 10.9 cm long Hauke-type DMANinkimayr et al, 1997
consisting of activated charcoal to remove the desorbed maand a TSI model 3025 butanol condensation particle counter
terial and prevent it from re-adsorbing onto the particles.  (Stolzenburg and McMurry1991). The particles were neu-

Wehner et al(2005 applied volatility analysis to the num-  tralized with a 370 MBq Nickel-63 beta source. To mini-
ber size distribution of sub-micrometer particles at a ruralmize losses of small particles, the DMA was operated with
observation site in Melpitz, Eastern Germany. The studyhigh flowrates (sample flow of 4 liters per minute (LPM),
demonstrated that atmospheric particles originating from tro-sheath flow of 20 LPM). The system measured the dry size
pospheric nucleation bursts contain non-volatile residualglistribution from 3 to 40 nm every 5 min alternating between
which are not volatile at 30, which is a temperature where ambient air and air that had passed through a heating tube.
usually the overwhelming mass fraction of organic and ionic This was a stainless steel tube of outer diameter 10 mm and

compounds relevant in tropospheric aerosols has evaporatd@ngth approximately 0.5 m heated to 280 All species that
(Turpin et al, 2000. evaporate below this temperature should be removed from
As the new particles grew in total diameter, the size frac-the aerosol phase in the heating tube. Species that do not
tion of the non-volatile core increased as well, but at a slowerevaporate at this temperature are referred to as non-volatile.
rate. Wehner et al(2005 concluded that the formation of a The alternating SMPS measurements will henceforth be re-
non-volatile core, together with the condensation of sulfu-ferred to as “ambient” and *heated”.
ric acid, could explain the growth of the new particles up ~ 1"€ V-SMPS was placed inside the same temperature con-
to 10-20nm. On the composition of the nano-sized non-trolled cottage as the twin-DMPS. The aerosol sample was
volatile cores, however, only hypothetical conclusions couldi@ken from a height of 9 m above the ground through a large
be made. One hypothesis included the gradual formation ofUP€ with a flow rate of 100LPM, from which smaller sam-
organic polymers inside the newly formed particles, amechaPle flows were distributed to the twin-DMPS and V-SMPS.
nism which has been observed in chamber experiments usinﬁ” the times mentioned in this study are in Finnish winter

photo-oxidation products of aromatic compounkslperer ~ tme (UTC+2). ) _
et al, 2004. To ensure that volatile compounds are removed satisfac-

In this work we conducted a volatility analysis of newly torily in our system, the_ performance O.f the heating tube
was compared to a previously characterized thermodenuder

formed atmospheric particles in the rural background at-', =" o)
mosphere of Finland, with the objective of quantifying the design, t.he Leipzig thermodenudéNe_hner et a.2002). .
The design was developed at the Institute for Tropospheric

volatile and non-volatile size fractions during particle forma- hin Leipzia. G d ists of a 500
tion and subsequent growth. We discuss the relationship Oﬁesearc In Lelpzig, ©ermany, and consists of a mm

our observations to former observations, and derive their im-ngi'ang_nse;g?neir;c:bznsc_)r%?210;oc::_r]s%ndgfsggggglssggt'Onn
plications on particle formation and growth in the boreal for- Ining active carbon. i pari W
est. stream the volatilization devices was conducted for urban

background aerosols in Helsinki for the nominal operation
conditions of the heating tube (T=280) and the Leipzig
thermodenuder (T=30C). During a 12-h comparison exper-
2 Measurements iment, the size distributions downstream the heating tube and
the Leipzig thermodenuder agreed within 10% for all parti-
The measurements were performed at SMEARMWSala  cle sizes between 10 and 900 nm, when the concentrations
et al, 1998 Kulmala et al, 200)) in Hyytiald, Southern  were sufficiently high. The absence of an explicit vapor des-
Finland as a part of the BACCI/QUEST-campaign betweenorption section after the heating tube used in this work did
March and May 2005. The SMEAR station is located in a not seem to limit the removal rate of volatilized particulate
boreal coniferous forest and the largest city near the statiomaterial. Thus, the performance of both devices can be con-
is Tampere, about 60 km from the site. Continuous measuresidered equivalent for particle concentrations as low as those
ments of the dry aerosol number size distributions have beefound in rural and urban background air in Finland.
performed at the station since 199@dkeh et al, 1997 Particle losses inside the heating tube due to Brownian
with a twin-DMPS systemAalto et al, 2001). The system diffusion and thermophoresis was determined in the labora-
contains two Differential Mobility Particle Sizers (DMPS) tory by measuring the penetration of silver particles through
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the oven, for a tube temperature of 280 This was accom- 1 B B e
plished by first measuring the detection efficiency of a TSI o
3025 CPC against a TSI 3068 Aerosol Electrometer. After
this, the heating tube was added in front of the CPC, and the; *%
detection efficiency of the CPC and heating tube was mea-£ o7}

sured. By comparing these two results, the losses in the heat;§ 0oL

0.9k ) , i

ing tube were calculated. The results are shown inEighe ¢ T CPC. measured
solid line corresponds to the penetration of particles through g 05 f 77 7CPC + healing tube, measured 1
i —Heating tube, calculated

the tube as a function of particle size. For particles above£,, [/ ,
15 nm the losses are roughly 20%, for 5 nm particles alreadys A
about 50% and for 3 nm:s almost 70%. Considering losses in§ o2 :
the rest of the tubing and the DMA, this means that only very — o2r ;' , ]
few particles of sizes below 5 nm will be detected, leading to
poor counting statistics. We observe particles g3 nm,

but the large fluctuations between two consecutive measure: %
ments suggest 5 nm as a lower detection limit of the V-SMPS.

The inverted size distributions for the heated measurement,aig_ 1. Transport efficiency of a TSI 3025 CPC and the heating

were corrected according to the measured penetration. Thigne (at 286C) used in the V-SMPS setup as a function of particle

is appropriate because size-dependent particle losses occurdiye. The detection efficiency of the CPC (dotted line) is taken into

the region where the overwhelming fraction of aerosol parti-account in the inversion of the data; the penetration efficiency of the

cles is singly charged. heating tube (solid line) is considered in the final size distribution
correction.

o1 |

1 1 1
10 15 20 25 30 35 40
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3 Determination of nucleation mode diameters

S _ ) o longer unimodal. At this point a new mode was started. The
To simplify the analysis of the measured size distributionsfin| positions of the modes were defined as the size where
we fitted modes to each scan. The parameterization of théye modes had their maximum values.

size distributions was accomplished by assuming that the to- The main advantages of the described method are its speed

tal aerosol size distribution consisted of a sum of smallery,q o1 siness. Robustness means that there is a very small
aerosol distributions. With the problem expressed as a SUM, yner of parameters that need to be defined before the anal-
of underlymg variables, factor analysis tools were used toysis. The most important ones, the number and the position
solve it. of the aerosol modes are not predefined or limited. The algo-

Thus, constrained matrix factorizatiofPdaterp 1997 fithm runs in MatLab (The MathWorks Inc. MA, USA).
was utilized. The underlying factors were thought to be ’

log-normal probability distributions of width approximately
1nm. The distributions had fixed area, width and position

and the task was to solve the matrix equation 4 Results

X=GF+E (1) 4.1 Ambient aerosol formation

in a least squares sensk.is a matrix that contains the to-
tal aerosol size distributions, with time in rows and aerosol
size bins in columnsG is a matrix containing the number
concentrations of particles in small size ranges, with time in
rows and the weights of the small distributions in coluntas.
is a matrix with log-normal probability distributions in rows
and aerosol size bins in columns. Finalyis the residual of
the fit, so the only unknown in the equatiorGs

The total aerosol size distribution at a certain tinig

New particle formation occurs frequently in Hygt, and
continuous measurements have been conducted there since
1996 Oal Maso et al.2005. Both the probability of parti-

cle formation, and the average growth rates are highest dur-
ing spring and autumn. We measured V-SMPS and DMPS
size distributions concurrently between 18 March and 18
May 2005. As newly formed patrticles in Hygta often con-
tained non-volatile fractions, we studied six cases (21 March,
26 March, 31 March, 3 April, 16 April and 12 May) more

f o closely. These days were selected for the following reasons:
X(t,:) = ZG(r,z)F(z,:). 2)

i=1 1) New particle formation occurred, with a substantial
where: denotes a whole row of andF, respectively. f is fraction of total particle numbeg20 nm.

the number of probability distributions.
The modes in the total aerosol size distribution were found 2) The new particles formed a clear mode that could be
by increasingf from two until the resulting mode was no followed over a long period of timex10 h).
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Fig. 2. The particle number size distribution during 26—27 March 2006. The top figure shows the DMPS data, the middle figure the ambient
SMPS data, and the bottom figure the heated SMPS data.

26-27 March
T T T T I I
4 x DMPS
10+ x  SMPS, ambient{
& [ x SMPS, heated ]
£ [ ]
2, ]
- PR, )
o R x|
g B ;
g 10 ? )2%* { E
o >§12‘)S§(
102 i i i i i i i
00:00 06:00 12:00 18:00 00:00 06:00 12:00

Time of day

Fig. 3. The particle concentrations measured with the DMPS, and the heated and non-heated SMPS.

3) Consecutive V-SMPS distributions were mostly coher- trum. In the evening around 21:00 the concentration of the
ent during the mentioned time period, i.e. the data didmode increases and it starts growing more quickly. A short
not fluctuate strongly from one measurement to thewhile later a mode also becomes visible in the heated SMPS
next. distribution. At this point the particles have grown outside

the measuring range of the ambient SMPS, but we can still
The second criteria is also an indicator of particle forma- follow the mode with the DMPS.
tion and subsequent growth happening fairly homogenously
in larger air masses, implying that particle formation can be4.2 Aerosol number concentration
considered a regional event.

Figure2illustrates the particle size distributions measured A comparison of the total particle concentrations measured
with the twin-DMPS and V-SMPS during 26 and 27 March. by the DMPS and the V-SMPS during the previously stud-
New particles are detected before noon during the first dayed days (26—27 March) is plotted in Fi§. During the
with both the twin-DMPS and the ambient SMPS. At this first night and morning almost all the particles contained
point only a background mode can be seen in the heated speaon-volatile cores of sizes between 5 and 40 nm. When the
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Fig. 4. Positions of the fitted modes as a function of time. During the selected days, new particles appeared typically around mid-day and
a non-volatile mode was detected some hours later. The straight line indicates a linear fit to the modes and is used to calculate the averag
ambient and heated growth rates for each day.

particle formation started around noon, only about 10% of4.3 Ambient aerosol growth rates
the particles had non-volatile cores. We assume that the non-
volatile residues, if any exist, would be smaller than 5nm, As described in SecB, modes were fitted to the measured
i.e. non-detectable with the heated SMPS. In the eveninglistributions. In this study the placement of a fitted mode
when the particle concentration and size increased, the corwas defined as the point where it had its maximum value.
centration of non-volatile fractions also increased, less tharmThe mode of new particles could not be followed reliably
an hour later. During the night the concentrations becamewith the ambient SMPS once part of it had grown larger than
almost equal. A similar trend can be seen during the othethe upper detection limit of 40 nm. Therefore the ambient
studied days as well, with the fraction of particles contain- SMPS modes are only fitted up to 30 nm.
ing non-volatile cores increasing throughout the growth of The evolution of the modes of new particles and their
the new particles. The fraction of particles containing non-non-volatile cores during the six studied days is plotted in
volatile cores did not usually reach 100%, but stopped atFig. 4. The DMPS and ambient SMPS agree fairly well,
90%. The ambient SMPS, when compared to the DMPSwithin 2 nm, which defines the accuracy of nucleation mode
seems to slightly underestimate the particle concentratiordiameters determined by these two systems. By the time
when the mode is below 10 nm, and slightly overestimate itthe new particles reached ambient sizes of around 20 nm, the
at larger sizes. non-volatile fractions had formed a stably developing mode
There were small differences between the ambient SMP&s well. This mode continued to grow as the new particles
and DMPS data, but this was to be expected since the sygrew, but at a lower growth rate. Tablegives the aver-
tems have different setups and use different inversion algoage growth rates (GR) for each day, calculated by fitting a
rithms. The particles that contain non-volatile cores largerstraight line to the size distributions in Fiy. As can be seen
than 40 nm will not be detected by the heated SMPS. Alsofrom the figure, the deviation from the straight line is usually
the ambient SMPS showed lower concentrations than themall, especially for the heated SMPS plot. The relative fluc-
DMPS for the smaller sizes, therefore the heated SMPS majuations in particle GR are smaller than the fluctuations for
be underestimating the concentration. This may be an addithe non-volatile cores. The particle GR is on average about
tional reason for the concentration of non-volatile cores al-4 times the core GR. The table also gives the time difference
ways being 10% or more below the total particle concentra-between the detection of the particles and the non-volatile
tion. cores. However, “detection” in this case refers to the time
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Table 1. Time differences between the detection of new particles and their cores, and the corresponding growth rates (GR). Particle GR were
calculated from the DMPS data, and the core GR from the heated SMPS data.

21 March 26 March 31 March 3 April 16 April 12 May Mean

Time between detection [h] 4.19 4.26 4.40 1.93 5.29 6.72 +4.6
GR of particles [nm/h] 2.48 2.64 2.59 2.69 2.05 211 208
GR of non-volatile cores [nm/h] 0.86 0.50 0.51 0.60 0.74 0.23 +0.8
21-22 March 26-27 March
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Fig. 5. The diameter ratio of non-volatile substance to the particles as a function of time. As the temperature increases in the morning, the
ratio also increases.

when a mode could be reliably fitted to the correspondings Discussion
data.
Although the GR are fairly stable, some differences canwehner et al(2005 have previously performed volatility

be detected. This can be illustrated by closer examininganalysis similar to ours in Melpitz where they made four

the diameter ratio of the non-volatile cores to the particles.case studies of days with new particle formation. Their re-

In Fig. 5 the diameter ratios, both compared to the DMPSsults agree very well with ours. They were able to follow

and the ambient SMPS, are plotted together with the ambienthe modes of new particles and the non-volatile cores start-

temperature. During most of the days when the modes coulthg from about 4 nm each day, whereas our experimental

be followed long enough, there is a steady decrease in thenethods only allow detection of nucleation mode growth

ratio during the night and an increase in the morning aroundrom above 6 nm. In Melpitz the particles formed around

05:00 a.m. Interestingly, the same behavior is observed fo08:00 a.m. and the non-volatile mode was detected at around

the ambient temperature. Especially during 22 March, 1710:00 a.m. In Hyytla, we could start following the non-

April and 13 May the similarities are clearly noticeable. Dur- volatile mode in the late afternoon or evenigehner et al.

ing the other studied days the modes of new particles could2005 focused only on the day of nucleation, but our analy-

not be followed until the time when the temperature startedsis extends through the night and morning as long as we can

increasing. follow the modes. They stated that all new particles in Mel-
pitz contained non-volatile cores, and based on our measure-
ments, this is also the case in Hyaj#i. The average diameter
ratio of the non-volatile residuals to the particles in Melpitz
was 0.3, with a corresponding value of 0.31 in Hidi This

Atmos. Chem. Phys., 7, 67884, 2007 www.atmos-chem-phys.net/7/677/2007/



M. Ehn et al.: Non-volatile residuals of newly formed particles 683

value, however, showed some variation during the growth,The six studied days were fairly clean with northerly, north-
with a slight decrease during the evening and night, and a inwesterly or westerly air masses.
crease in the early morning. Similar behavior was observed
in a concurrent study of the hygroscopicity of new particles
in Hyytiala, implying changes in the condensing vapors dur-
ing different stages of the growtEn et al, 2007). 6 Conclusions
The method used in this study does not give any informa-
tion on what the non-volatile cores consist of. But since theThe particle number size distribution from 3 to 40 nm was

cores grow during particle growth, the non-volatile residual measured after heating to 2&in a boreal forest in South-
must form from the condensing vapors. Earlier studies (e.gern Finland. The measurements were conducted between 18
Kulmala et al, 2001) accredit a large part of the growth to \March and 18 May 2005, with a Volatility-SMPS as part of
organic substancesKalberer et al(2004 showed that or-  the BACCI/QUEST campaign. The size distribution at room

ganics can, with time, form polymers which have very high temperature was measured by a twin-DMPS.
volatilization temperatures. This would explain the observed The analysis focused on 6 days with new particle for-

growing non-volatile cores antehner et al(2009 also mation. During these days, a mode of new particles was

concluded this to be the most probable explanation in Mel'detected around noon, and a mode of non-volatile material

ggé;csmze ar;mpmur:nj sutlfate ih?md V(t)lat'hze ?t aroutr;]d some hours later. The non-volatile cores grew at an average
and sufiuric acid at much lower temperatures, e .o ¢ g g.0.3nm hl, i.e. at about a fourth of the growth

tn erW 23"'?:?5 Criniin n?t :ave\? ?et?liformr? dl b% S‘r“']'fu”cra\c/'id’ Wla'rate of the particles (2:40.3nmt1). By dividing the di-
€r and ammonia alone. - vola tya alysis nas Previously ; eter of the non-volatile cores with the particle diameter,
been performed in Hyyaila for accumulation mode particles

) . i we obtain a value for the fraction of non-volatile material in
© D_OWd et al_, ZOOQ_' All of these particles contained non- the particles. This diameter ratio typically decreased slowly
volatile material, which was thought to be soot carbon.

Exolaining the ob d similarities bet di i during the evening and night, and reached its minimum at the
_ Explaining the observed simrianties between diameteria-g, o e a5 the ambient temperature, whereafter it started
tio and temperature is a difficult task. It is not known if

Co . to increase.
the connection is due to the temperature, or if both the tem- o B .
perature and diameter ratio are functions of a third param- A Similar volatility study was previously conducted at a

eter, such as global radiation. Assuming the temperaturdural site in Eastern Germany\ehner et al.2003. They
to be the influencing parameter, it may either be increas'€POrted on 4 days with new particle formation where new
ing the non-volatile substance in the particles, decreasing th@articles were detected in the morning around 08:00 a.m.

volatile substance, or both. Semi-volatile vapors that have2nd & growing non-volatile mode observed about 1-2 h later.

condensed on the particles during the night would evapo-They calculated an average diameter ratio of 0.3, which

rate once the temperature again starts rising. On the othefn be compared to the corresponding value of 0.31 in
hand, the process or processes forming the non-volatile suddyytiala. Both studies 9oncluded that all new particles grad-
stance may be temperature dependent. Looking solely at the@!ly formed non-volatile cores and that the most probable
small changes in GR for the particles and non-volatile resid-€xPlanation for this was the formation of polymers from or-
uals separately, no clear verifications can be found from thigd@nic vapors condensing on the particles.
limited dataset. Interestingly, the temperature change, and Due to the many similarities during new particle forma-
not the absolute temperature, is the correlating parameter, d#on at the two sites in Germany and Finland, it can be con-
the absolute temperature is about 15 degrees lower duringluded that the compounds and processes involved may also
the particle formation events in March than during the one inbe very similar. Longer lasting measurements of the volatil-
May. This supports the theory of a third influencing parame-ity of nanoparticles, and possibly new measurement meth-
ter. ods, will hopefully shed more light on the topics discussed in
New particle formation events in Hyyia sometimes form  this paper.
a clear mode that grows up to Aitken mode sizes during the

day, evening and night. These days were the ones selected

for this study. Other days the mode of new particles abruptlyAcknowIedgementhe are grateful to personnel at SMEAR Il and
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