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Abstract. In the fine-particle mode (aerodynamic diameter from the carbonaceous particles by a characteristic parti-
<1um) non-volatile material has been associated with blackcle volume—size distribution. The paper discusses the uncer-
carbon (BC) and low-volatile organics and, to a lesser ex-tainty of the volatility measurements and outlines the possi-
tent, with sea salt and mineral dust. This work analyzes nonble merits of volatility analysis as part of continuous atmo-
volatile particles at the tropospheric research station Mel-spheric aerosol measurements.

pitz (Germany), combining experimental methods such as a

mobility particle-size spectrometer (3—800 nm), a thermod-

enuder operating at 30C, a multi-angle absorption pho-

tometer (MAAP), and an aerosol mass spectrometer (AMS)1 Introduction

The data were collected during two atmospheric field exper-

iments in May—June 2008 as well as February—March 2009Atmospheric aerosol particles are made of a large variety of
As a basic result, we detected average non-volatile particle-0rganic and inorganic compounds. They affect global climate
volume fractions of 1% 3% (2008) and 1% 8 % (2009). In through direct and indirect radiative forcing (IPCC, 2007),
both periods, BC was in close linear correlation with the non-the ecosystem (e.g., Bohimann et al., 2005; Jickells et al.,
volatile fraction, but not sufficient to quantitatively explain 2005; Molina and Molina, 2004) as well as human health
the non-volatile particle mass concentration. Based on thd€-9., Gurjar et al., 2010; Ostro et al., 2007; Pope, 2000).
assumption that BC is not altered by the heating process, thbloreover, aerosol chemistry and thermodynamic properties
non-volatile particle mass fraction could be explained by the(€-9-, heterogeneous interactions and chemistry, condensa-
sum of black carbon (47 % in summer, 59 % in winter) and tion or evaporation of semi-volatile compounds on the par-
a non-volatile organic contribution estimated as part of theticle phase) directly contribute to modify the chemical com-
low-volatility oxygenated organic aerosol (LV-OOA) (53% Position of both atmospheric gas and particle phases (e.g.,
in summer, 41% in winter); the latter was identified from Kolb and Worsnop, 2012; Péschl et al., 2007). In a worldwide
AMS data by factor analysis. Our results suggest that Lv-0overview of sub-um chemical particle composition, Zhang et
OOA was more volatile in summer (May—June 2008) than in@l- (2007) reported organic mass fractions between 20 and
winter (February—March 2009) which was linked to a differ- 90 % in PM. depending on location and season. This or-
ence in oxidation levels (lower in summer). Although car- ganic fraction is difficult to characterize because it includes
bonaceous compounds dominated the sub-pm non-volatilghousands of organic compounds, many of which have not
particle mass fraction most of the time, a cross-sensitivity toPeen identified analytically. Organic aerosol particles are of
partially volatile aerosol particles of maritime origin could be biogenic and/or anthropogenic origin and can be emitted di-

seen. These marine particles could be distinguished, howevdgctly from these sources (primary organic aerosol — POA),
or formed as a secondary organic aerosol (SOA) by chemical
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reactions of gas phase precursors such as volatile organgtream of a TD allows estimating the non-volatile fraction at
compounds (VOCSs) to form low volatility reaction products the given temperature. In order to investigate the non-volatile
which can partition into particles (e.g., Kanakidou et al., part of atmospheric aerosol particles on a long-term basis,
2005; Hallquist et al., 2009). The aerosol particle composi-continuous V-TDMPS or V-SMPS measurements have been
tion is strongly depending on the gas-to-particle partitioningimplemented at several atmospheric observation sites in Ger-
of their constitutive compounds. many: the rural research site Melpitz (Engler et al., 2007),
In studies related to the atmosphere, volatility analysisthe HGMU urban monitoring site Augsburg (Birmili et al.,
has proved to be useful to differentiate classes of inorgani2010), and six other stations inside the German Ultrafine
compounds, such as particulate ammonium nitrate, ammoAerosol Network (GUAN; Birmili et al., 2009). In all cases,
nium sulfate, sulfuric acid, and sodium chloride (Schmid eta temperature of 30C was selected in the thermodenuder.
al., 2002; Smith and O’'Dowd, 1996). After the evaporation The reason for choosing this temperature is that sulfates, ni-
of high-volatile particulate compounds, volatility analysis trates and most organic compounds would be stripped off
leaves non-volatile particle cores containing material that iswhile the charring of organic matter would be prevented in
non-volatile at the given temperature. Hence, the volatiliza-the presence of atmospheric oxygen (cf. Engler et al., 2007).
tion temperature is, among others, a parameter that can be The motivation to monitor black carbon and other non-
characteristic for certain classes of organic, but also inor-volatile particle compounds in atmospheric networks in-
ganic compounds. In the fine-particle mode (aerodynamicvolves, on the one hand, the necessity to help quantify the
diameter <1 um), non-volatile material has been associatedegional and global effect of light absorption (Cheng et
with black carbon particles and low-volatile organic, and to aal., 2009; Koch et al., 2009; Stier et al., 2007; Bond and
lesser extent with sodium chloride and crustal material (e.g.Bergstrom, 2006). On the other hand, atmospheric soot par-
Engler et al., 2007; Huffman et al., 2008, 2009). While the ticles and non-volatile compounds have been associated with
volatilization temperatures of inorganic compounds are rel-certain adverse health effects by epidemiological and toxi-
atively well known (cf. Engler et al., 2007), there are more cological studies (Attfield et al., 2012; Janssen et al., 2012;
uncertainties for the organic phase; the ratio of more and lesMazzarella et al., 2007; Totlandsdal et al., 2012). A moni-
volatile compounds, in particular, strongly depends on thetoring strategy such as that pursued in GUAN attempts to
source of the particulate matter, and the stage of the aeros@rovide experimental data that can be used to address both
within its atmospheric lifecycle. For example, the chemical issues mentioned above. As an additional issue, volatility in-
composition as well as the thermodynamic properties of SOAstruments have also been used to examine the evolution of
are not constant over time but evolve during the aging pro-the atmospheric nucleation mode. A substantial observation
cesses of the aerosol (e.g., Donahue et al., 2012a). Ther&as been that each particle of the evolving atmospheric nu-
fore, Donahue et al. (2006) developed the volatility basis setleation mode seems to contain a non-volatile core at @00
(VBS) approach, a model where organic aerosols formatioreven though these particles were initially formed purely from
and aging processes is described by their saturation vapagas-to-particle conversion at ambient temperatures (Ehn et
pressure (*). SOA volatility depends on the cascade of re- al., 2007; Wehner et al., 2005).
actions that happen during the aging processes, with func- Recently, an aerosol mass spectrometer (AMS, e.g., Cana-
tionalization leading to compounds with lower volatility, and garatna et al., 2007) was combined with the TD, allowing a
fragmentation contributing to a higher volatility (Jimenez et direct investigation of the chemical composition of the non-
al., 2009). A quantitative relationship betwe€tiand the or-  volatile fraction (Faulhaber et al., 2009; Huffman et al., 2008,
ganic aerosol oxidation state was introduced in an improved009; Wu et al., 2009). These measurements point out that
VBS model (2D-VBS, Donahue et al., 2011, 2012b). the non-volatile fraction is not only made of black carbon
A practical device to investigate aerosol particle volatility and crustal material (which cannot be detected by the AMS),
is the thermodenuder (TD). Here, aerosol particles are evapeven at temperatures higher than 200 but that the pres-
orated in the airborne state inside a heated flow tube at deence of a non-volatile organic fraction has to be considered
fined temperature. See Burtscher et al. (2001) for a surveyws well. These remaining organic compounds represent an
of the design of different TDs. The TD can, in principle, be important description parameter for a better estimation of
combined with most particle sampling techniques and onlinethe atmospheric organic aerosol (OA) since it should be only
particle sizing and classification instruments. Volatility tan- negligibly influenced by dilution and gas-to-particle equilib-
dem differential mobility analyzers (V-TDMA; Rose et al., rium. Improving our understanding on this low-volatile or-
2006; Philippin et al., 2004) have been used to measure thganic fraction is necessary in order to improve the current
shrinkage of monodisperse particles after volatilization. TheSOA models, to better estimate the impact of the OA to the
volatility twin differential mobility particle sizer (V-TDMPS; global aerosol mass loading and to finally better predict the
V-SMPS), in contrast, measures complete particle number-erganic contribution to both climate and human health.
size distributions upstream and downstream of the TD (Ehn In this study, a mass closure study based on parallel TD,
et al., 2007; Engler et al., 2007). Comparing integral particleAMS, and MAAP measurements to identify the composi-
properties such as number and volume upstream and dowrion of non-volatile fraction at 300C during two intensive
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campaigns in May-June 2008 and February—March 2009roperly detected and quantify by the AMS, while Ovad-
at the TROPOS Central European regional atmospheric renevaite et al. (2012) demonstrated the possibility to measure
search station Melpitz (Germany) is performed. A simple sea salt, the AMS is commonly considered to only provide
method will be used to estimate the non-volatile chemicalnon-refractory PM aerosol chemical composition. Different
composition, principally based on laboratory measurementAMS intercomparison exercises (performed by Bahreini et
performed using a similar TD running in comparable condi- al., 2009, Crippa et al., 2013 and Freutel et al., 2013) esti-
tions as well as on comparisons with similar measurementsnated the total AMS variability around 30 % (including 10 %
available in the literature. The influence of the meteorologi-for the different inlets, 20 % for the ionization efficiency cal-
cal conditions as well as of the air mass origin on the non-ibration, and 20 % for the bounce efficiency). Further details
volatile fraction will be discussed. on the AMS data analysis and results for these two measure-
ments periods can be found in Poulain et al. (2011).
) Source apportionment of the organic aerosol fraction was

2 Experimental conducted using the unit mass resolution (UMR) organic
mass spectra and performed using the multi-linear engine
algorithm (ME-2) developed by Paatero (1999). Its results

ere analyzed according to the ME-2 graphic interphase

eveloped by the Paul Scherrer Institute and detailed in
Canonaco et al. (2013). Further details on the factor analy-
§_is results can be found in Crippa et al. (2014).

2.1 The TROPOS research station Melpitz (Germany)

Atmospheric aerosol measurements were performed at th
TROPOS research station Melpitz (51°%4 12.93E,
86ma.s.l.), 50km to the north-east of Leipzig, Germany.
The station has been used since 1992 to examine the e
fect of atmospheric long-range transport on local air quality.
The site itself is mainly surrounded by agricultural pastures
and forests. The atmospheric aerosol observed at Melpitz ¢
be regarded as representative for Central European region
conditions, as confirmed by multiple site comparisons within
the program EMEP: Co-operative Programme for monitoring
and evaluation of the long-range transmissions of air pollu-
tants in Europe (Aas et al., 2012) and the GUAN Network

2.2.2 MAAP

Ihe black carbon (BC) mass concentration was estimated by
a multi-angle absorption photometer (MAAP, Model 5012,
Thermo-scientific, Petzold and Schénlinner, 2004). This in-
strument internally converts the absorption coefficient mea-
sured at a wavelength of 637 nm to the soot mass concen-
(Birmili et al., 2009). tr:ttion rrl:éy f\lppl);]i_ng aI constant mass abs?rption coeffi_cient

All online instruments were set up in the same container® 6'6f . 3 ' les value was determTe: robm a cpmbmaf—f
laboratory and utilized the same air inlet. This inlet line con- tl_on ot Indepen ent measurements of the a sorptlon_ coetli-
sisted of a PMp Anderson impactor located approximately cient using the MAAP. and the soot mass concentration ap-
6 m above ground level and directly followed by an auto- plying a thermogr?pmc method for urban aerosol samples
matic aerosol diffusion dryer to keep the relative humidity (.Petzold and S.chonllnn_er, 2004). However, model calcula-
inside the sampling line below 30 % (Tuch et al., 2009). After tions and experimental literature results suggest that the mass

entering the container laboratory, the sampling flow was di_absorptlon coefficient of atmospheric soot particles is not

vided among the different instruments. For a basic overviewOnstant but may depend on the state of mixture with other

of the physical and chemical aerosol characterization methpompounds (Fuller et al., 1999). The analysis of graphitic

ods see, e.g., Birmili et al., 2008 and Spindler et al., 2010 carbon from MAAP filter samples at various GUAN sites
s B B 'using Raman-spectroscopy yielded an average mass absorp-

2012, 2013). tion efficiency of 5.3 g~ for Germany (Nordmann et al.,

2.2 Chemical particle composition 2013), which differs from the default mass absorption effi-
ciency of 6.6 M g~1. Although this value appears to be more

2.2.1 AMS accurate that the default value; it cannot exclude the fluc-

tuations of this coefficient during measurements due to the
The AMS is an Aerodyne high-resolution time-of-flight present of other absorbing compounds. However, this implies
aerosol mass spectrometer (HR-ToF-AMS) here simply re-a systematic uncertainty of BC derived from the MAAP mea-
ferred to as AMS (DeCarlo et al., 2006). Briefly, the AMS al- surements, depending on which mass absorption efficiency is
lows two alternative detection modes to measure the particleused.
size distribution (particle time-of-flight (PToF) mode) and  An additional source of error is the measurement accu-
the chemical composition of the particle (mass spectrunracy of an individual MAAP instrument. Direct intercom-
(MS) mode). Before being detected by the time-of-flight parison of multiple MAAP instruments yielded a variabil-
mass spectrometer, the particles are flash vaporized by imity of less than 5% around the mean value (Miller et al.,
paction on a heated surface (6@) and the vapors are ion- 2011). Another correction was necessary in this work: at
ized by an electron impact ionization source at 70 eV. Be-Melpitz, the MAAP is operated downstream of a Rj\hlet.
cause soot, crustal material, and sea salt can usually not b@ur subsequent calculations, however, refer to;PMe
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converted BC (PNb) to BC (PMy) by multiplication with 2.4  Off-line chemical characterization

a factor of 0.9, which was obtained by running two MAAPs

at Melpitz side by side with different inlets (cf. Poulain et al., During the 2008 campaign, daily PAg high volume DIGI-
2011). Considering instrumental, mass absorption efficiency[ EL filter samples (Digitel Elektronic AG, Hegnau, Switzer-
density and size cutting uncertainties, a global uncertainty ofand) were collected from midnight to midnight, while during
approximately 15 % on the PMBC mass concentration can the 2009 campaign, daily Pivhigh volume DIGITEL filter

be expected. samples were taken. A 5-stage BERNER impactor (Hauke,
Austria; Berner and Lurzer, 1980) was deployed on indi-

2.3 Ambient and non-volatile particle vidual days (from midnight to midnight) during February—
number-size distributions March 2009. All filters were analyzed according to the same

analytical methods. Filters were weighted for the total par-

Particle number—size distributions (3—800 nm) were contin-ticle mass and water soluble inorganic cations and anions
uously measured upstream and downstream of a TD Usas well as organic carbon (OC) and elemental carbon (EC)
ing a volatility twin differential mobility particle sizer (V-  were determined. Details on the different analytical methods
TDMPS). The TD follows the design of Wehner et al. (2002). and results for these two specific periods can be found in
Briefly, it consists of a heating section (50 cm) followed by Spindler et al. (2010). Water insoluble ions, dust, and metals
a cooling section filled with active carbon to remove evap-were not measured and consequently contribute to the non-
orated material and to cool down the sample to room tem-explained mass fraction of filters. On averaged, a mass recov-
perature. The TD was used at a flow rate between 2.5 an@ry of around 82 % was obtained for the PHilters during
3.0Lmin"* (corresponding to a residence time on the heat-winter time and 62 % for the Pp filters during summer
ing section of approximately 3.8 and 3.1, respectively) andime. The lower recoveries value of the BMfilters com-
at a constant temperature of 3WD. The working temper-  pared to the P might be attributed to a larger contribution
ature is considered, on the one hand, to be high enouglf crustal materials in the Pj size range compared to the
for evaporating the most important parts of the inorganicone in PM
ions (especially ammonium nitrate and ammonium sulfate)
as well as most organic carbon and, on the other hand, as a
temperature low enough to prevent charring of organic com-3 Results
pounds.

A twin differential mobility particle sizer (TDMPS, Bir-

mili et al., 1999) was deployed to measure particle number— . . o
. T - . . Before di ing the volatility m remen h lan
size distributions from 3-800 nm mobility diameter with a efore discussing the volatility measurements, the balance

time resolution of 10 min, changing its sampling inlet be- of PM; particle mass obtained from AMS and MAAP on

tween atmosphere aerosol and this aerosol after assinthe one hand, and the TDMPS on the other hand is exam-
P . P fled. To convert the particle volume concentration from the
through the thermodenuder. The system consisted of twi

differential mobility analyzers (DMA. Hauke-type) and two YDMPS into a mass concentration, we estimated the gravi-

. . metric particle density on the basis of measured chemical
g_%rlldrinzatllc;rggg rt'(_:l_lﬁ Coﬁmif’ (icr: I:VC’ T?rl r’rlwtd %I i?;]01|0 an(;jcomposition using Eq. (1) (Salcedo et al., 2006). In this equa-

ode ). The sheath a was cireu'ate close tion, the density of ammonium nitrate and ammonium sulfate
loops for both DMAs. The evaluation of particle number—

e distributions includes a multiole charge inversion thewas assumed to be 1.75gct(Lide, 1991), the density of
?:IIZDC (;?f'geunlc n;nld dL.Jﬁ sonal Tloslges N tr?e IIDI\\/IIArS:';mc; all ammonium chloride as 1.52 g cr(Lide, 1991), the density
) iciency imusiona | in ' of organic matter as 1.2 g cr (Turpin and Lim, 2001), and
internal and external sampling lines according to the recom

A the density of BC as 1.77 g crd (Park et al., 2004). A dis-
mendations |r.1.W|edensohIer et al. (2912)' The V'TDMP.S cussion on the density of BC can be found in Sect. S1 in the
data was additionally corrected for particle losses due to dlf-S

3.1 Mass closure

fusion inside the TD. The particle volume concentrations are upplement.

calculated from the measured number size distribution 3Syensity— [Totalams + BC] )
suming spherical particles. The volume fraction remaining [NO§]+[3§47]+[NH;] [c] . [ord | [8q
(VFR) was determined by dividing the non-volatile volume 175 t et 1 T

concentration measured downstream of the TD by the tOtaJApplying the density to measured particle composition,
particle volume measured at ambient temperature, i.e., byz  aan density of 1.4gcm for May—June 2008 and
passing the TD. 1.6 g cn 3 for February—March 2009 was obtained, respec-
tively. The reconstructed mass concentrations are presented
in Fig. 1 and show a reasonable linear correlation coefficient
(r Pearson) withr = 0.95 in 2008, and = 0.94 in 2009.
It needs to be noted that the mass concentrations derived
from the TDMPS are on average 20% higher than those
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Figure 1. Measured AMStMAAP mass concentration vs. S PRy S ~
04

TDMPS estimated mass concentration for May—June 2008 (left)
and February—March 2009 (right) periods. Estimation of the

TDMPS mass concentration was made using Eq. (1). Correla-
tion curves were calculated using the least orthogonal distance fit
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date and time

method

(O mean VFR =0.17 +/- 0.08

£ 04 Lo | A I niN
derived from AMS and MAAP (Fig. 1) which is close to pre- 00 1 dhaia® A A T Ay
vious comparisons (e.g., Mensah et al., 2012; Setyan et al — Ambient = Thermodenuder
2012). This deviation is within the range of instrumental un- 30 - 3 3 3 3
certainties provided by the methods used: TDMPS total par-§ s
ticle volume ¢ 10 %), BC PM mass concentration (15%), £.~ 5
AMS mass concentrations (30 %), and density estimation. Ir % m% 15 _N
addition, another source of uncertainties related to the differ-3 § ;|
ent size cut offs of the AMS and TDMPS has to be consid—_§ s M
ered. The transmission efficiency of the AMS aerodynamic” o h-u--..--.--.i--.--mﬁﬁﬁ-‘u--. SIS
lenses starts decreasing towards 700 nm (mobility), so tha R R R S R - T T S R R S S I
the mass concentration of non-refractory compounds mea GG o ST G N S S e
sured by the AMS might underestimate the one measured b, date and time

the TDMPS (upper size range 800 nm mobility). Differences Figure 2. Time series of the ambient and non-volatile volume

due to different amounts of water present in the partlculateConcentration measured during May—June 2¢08nd February—

phase as a result of particle hygroscopicity can be neglectegya e, 2009(b) periods. The volume fraction remaining (VFR) for
because the relative humidity in the sample aerosol was ala;ch time period is also presented on the top panel of each plot,

ways below 30 %. including the mean valuet{(1s ) for each measurement period.

3.2 Ambient and non-volatile particle volume
concentrations in the following, a constant density of 1.6 g cAwas applied

) ) ) ) to convert the TD measurements into mass concentration.
Figure 2 shows the time series of the ambient and non-

volatile particle volume concentrations obtained from the3 2.1 Black carbon contribution to the non-volatile
TDMPS, in conjunction with the VFR at 30C. The VFR is mass concentration

higher in the February—March 2009 period @8 %; mean

=+ standard deviation) compared to the May—June 2008 peBlack carbon is considered a major non-volatile compo-
riod (11+ 3 %). It can also be seen that the VFR shows con-nent in sub-um PM (e.g., P&schl, 2005). During the GUAN
siderable variations with time, although to a lesser extentproject, Birmili et al. (2009) found linear relationships be-
than the total particle volume concentrations. Such seasontween the BC mass concentrations and the non-volatile vol-
ality may be due to a change in the aerosol chemical comume concentrations for five different atmospheric measure-
position as discussed in the following sections. In order toment sites. It is therefore a strong hypothesis that BC consti-
directly compare the non-volatile particle volume concentra-tutes a major part of the non-volatile mass concentration.
tion (NVVC) measured after the TD with the aerosol chemi- Detailed correlations between non-volatile particles and
cal composition, it is essential to convert it into non-volatile BC are shown in Fig. 3a and c. The correlations between the
mass concentration (NVMC). As discussed above, the parealculated non-volatile particle mass concentration and the
ticle density directly depends on its chemical composition.BC concentration yield slopes well below 1, as well as cor-
However, in contrary to ambient particles, the chemical com-relations () of 0.93 (May—June 2008) and 0.90 (February—
position of the non-volatile fraction is unknown. Therefore, March 2009). Similar slopes were obtained for the 2008
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(@ () It can be thought that other inorganic compounds, such
May / June 2008 line 1:1 May  dune 2008 fing 1:1 as chloride, sodium, calcium, potassium, or magnesium re-
o using dpa e . . . .
iope <038 £ 001 dope 0545001+ main in the particulate phase at 3@D. However, their con-

r=0.93 r=0.90

o centrations were rather low compared to the concentrations

of ammonium sulfate and nitrate, as suggested by DIGITEL
%- y/ filter samples taken simultaneously with our study (Daily
5 PMy 5 filter samples were taken during May—June 2008,
o 1 2 3 4 5 ¢ o 1 2 3 a4 s s  whiledaily PM filter samples were taken during February—

2

-3,
BC (ug m"®)
o - N w » 3] (-2}
-3,
BC (g m”)
o - N w » [, (-}

0 1 2 3 4 5 6

NVMGCigq, up to 800 nm (ug m”) NVMC e USinG vy (g ') March 2009). Specifically, chloride, sodium, calcium, potas-
© @ sium, and magnesium accounted for around 8 % of the total

e oot 'T.%” Feb. | March 2009 ‘"’Tﬁv‘” identified inorganic PMs concentration and for around 4 %

slope =0.36 +0.01 sope - 0472001 of the identified inorganic PMmass (Poulain et al., 2011;

r=0.90 r=0.87

Spindler et al., 2010).

3.2.3 Organic contribution to the non-volatile
mass concentration

3,
BC (ug m"®)

o e N w Ey (3.3 (-]
3
BC (igm”)

o - N w S o (-2}

0 1 2 3 4 5 6 0 1 2 3 4 5 6
NVMCinas Up t0.800 1 (g m ) NVMCiras USIN dner (3 ) In this section, we discuss the possible organic contribution
Figure 3. Black carbon (BC) vs. the non-volatile mass concentra- {0 the NVMC, based on the AMS measurements. Figure 4
tion (NVMC) estimated from the TDMPS for May—June 2008 and illustrates the mass balance for the non-volatile particle mass,
February—March 2009 periods. Estimation of the non-volatile masswhich is described in detail in the following.
concentration was made assuming a density of 1.6gciihe left As described in Sect. 2.2.1., factor analysis of organic
panels correspond to the total V-TDMPS size range (up to 800 nmpaerosol matter was performed using the ME-2 approach to
while the right panels refer to a time-dependent upper size cuttingjescribe the organic aerosols. A detailed description of the
(dmax). Correlation curves were calculated using the least orthogo-\jg-2 analysis can be found in Crippa et al. (2014) and is
nal distance fit method. summarized in Sect. S2 in the Supplement. Only the main
results will be discussed here. In May—March 2008, three

(0.38) and 2009 (0.36) periods. These results confirmed tha@ctors were identified to explain the total .o.rganic aerosol
BC alone cannot explain the entire non-volatile mass frac-(OA)- These factors correspond to low-volatility oxygenated
organic aerosol (LV-OO0A, 46.7 % of total OA), semi-volatile

oxygenated organic aerosol (SV-OO0A, 45.7 % of total OA)
and hydrocarbon-like organic aerosol (HOA, 7.5% of to-
tal OA). In February—March 2009, an additional factor was
found, and identified as biomass burning emissions (biomass
In the continental troposphere, the inorganic sub-um partichurning organic aerosol or BBOA, 13.3 % of total OA). Dur-
ulate fraction consists of major amounts of ammonium ni-ing this period, LV-OOA, SV-OOA, and HOA represent 43.4,
trate and ammonium sulfate. This was confirmed for Mel- 32.9, and 10.3 % of total OA, respectively. HOA and BBOA
pitz by Poulain et al. (2011). Ammonium nitrate is a semi- are related to primary organic aerosol sources: BBOA rep-
volatile compound that starts evaporating at@Qwhile am-  resents biomass burning while the HOA is more related to
monium sulfate is a less volatile compound, evaporating onlytraffic and liquid domestic fuel combustion. LV-OOA and
at around 150C from the particulate phase in a thermod- SV-OOA are more related to secondary organic aerosol. LV-
enuder of our type (Wu et al., 2009). In real environment, OOA is known to be associated with more oxygenated OA
particle composition is much more complex than pure stan-with the lowest volatility, while the SV-OOA is commonly
dards; therefore, evaporation of inorganic salts in internallyconsidered to be representative for freshly generated OA
mixed particles might slightly differ from that of pure salts made of less oxygenated OA, with a higher volatility than
(Huffman et al., 2009). However, Huffman et al. (2009) re- LV-OOA (e.g., Jimenez et al., 2009; Lanz et al., 2007; Ul-
ported only a residual mass fraction remaining of nitrate andbrich et al., 2009).

sulfate at 250C slightly below 10 % which cannot be clearly ~ Previous field measurements, using a coupled TD—-AMS
attributed to either inorganic salts from internally mixed par- setup (Huffman et al., 2009) demonstrated that similar fac-
ticles that did not fully evaporated or non-volatile organosul- tor analysis components and time series results were ob-
fate/organonitrate compounds. Consequently, ab8)@on-  served when comparing ambient only PMF results with joint
tribution of ammonium nitrate and sulfate are expected to beambient-TD results. Therefore, it seems to be possible to
quite negligible (<10 %). extrapolate the non-volatile fraction at a specific tempera-
ture from the ambient PMF factors when their MFR at this
temperature are known. The same authors reported that at

tion.

3.2.2 Inorganic contribution to the non-volatile
mass concentration
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@_ 7  — NVMCyp(upto800nm) comparisons between the different TD measurement can be
57 e NVMCypmax (Using diay) . . . . .
— NVMC o strongly influenced by the residence time of the particle in-
. - pe o MIREOS side the heated section (An et al., 2007), the previous works

are in good agreement and confirm that a large fraction of
the HULIS are not evaporated even after being heated at high
temperatures.

Since Wu et al. (2009) used the same TD setup as in the
present work, the non-volatile organic aerosol (NVOA) mass
concentration was estimated to represent 52 % of the mea-
sured LV-OOA, which is the mean value of the measured sur-
rogate of HULIS used by the authors. This is also in agree-

mass concentration (ugm )

P & & P & & @ O O O 2 2 52 52 52 O » 1 -
255565 0 5 o8 o I F T T T P 6 ment W|th the mean value of the Huffman et al. (2009) ob
TS F SO ¢ d servations.

®) — NVMCagy (up to 800nm) Time series of the estimated NVOA fraction for each sea-
T e (45109 ) son are presented in Fig. 4 and the relationship with the mea-
-chem* . . . . .
6 NVOA (MFR = 0.52) sured non-volatile mass concentration is shown in Fig. S3

in the Supplement. The relationship between NVOA and the
measured non-volatile mass shows a correlation slope of 0.74
(r =0.71) and 0.24 { = 0.58) for 2008 and 2009, respec-
tively (Fig. S3a, d). These results will be discussed in the
following.

mass concentration (ugm )

3.3 Assessment of the non-volatile particles
chemical composition
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date and time Figures 4 and 5 illustrate the time series and inter-parameter
_ ) ) _ _ correlations of BC, non-volatile OA, and the non-volatile
Figure 4. Time series of the estimated non-volatile OA (NVOA) and 1,955 concentration (NVMC) derived from the V-TDMPS.

Bc.for (2) May-—June 2008 an(b) February-March 2009. T.ime Overall, the May—June 2008 period exhibits higher mass con-
series of the resulting estimated and measured non-volatile masgentrations than the Februarv—March 2009 period. In both
concentration (NVMC) are included as blue and black solid lines, y P )

respectively. The V-TDMPS results were converted in mass concenpe”Ods’ the NVMC proves to b_e highly varlable_ on the scale

tration assuming a constant density of 1.6 g@mThe red dotted  Of hours. Allook at the time series of NVMC estimated from

lines correspond to NVMC measured with a time-dependent uppeAMS/MAAP and measured by the V-TDMPS shows a sig-

size cuttingimax(see discussion in Sect.3.4.1). nificant covariance, down to the timescale of hours, although
the mean values do not coincide during all periods.

The good correlation (slope of 1.1%,=0.88) during
250-270C, SV-O0A, HOA, and BBOA nearly fully evap- May—June 2008 indicates that the measured non-volatile
orated (with a mass fraction remaining (MFR) near or be-fraction at 300°C can be quantitatively explained by BC and
low 10 %), while LV-OOA presents a MFR of 70-30 %, de- non-volatile OA (Fig. 5a). In this case, the non-volatile OA
pending on the location. Because LV-OOA has a similarrepresents 6& 8 % of the reconstructed non-volatile mass.
mass spectrum as humic-like substances (HULIS), Wu etn contrast, only 60 % of the measured non-volatile mass dur-
al. (2009) investigated the temperature dependency of théng February—March 2009 can be explained by the same ap-
volatility of fulvic and humic acids as surrogate for HULIS, proach (Figs. 4 and 5d). In that second case, the non-volatile
using a similar TD—AMS setup as in the present study.OA represents 4+ 13 % of the reconstructed non-volatile
Within that study it was found that these two compoundsmass.
present a MFR of 47 % for fulvic acid and 58 % for humic It should be noted that the discrepancy between estimated
acid after being heated at 300, in agreement with the field and measured NVMC was not constant over the whole mea-
observations made by Huffman et al. (2009). Additionally, surement period in February—March 2009. On some days the
changes of the mass spectra of the fulvic and humic acids dbalance was matched (e.g., 16, 17, 25, 26, and 27 March),
300°C compared to the ambient mass spectra were attributedhile on others a large discrepancy could be observed (e.g.,
to the loss of water molecule and decarboxylation. Kondo etl8-19 March, 2009, and the first days of the measure-
al. (2011) reported an evaporation of 10-30 % for laboratoryment period). Interestingly, the largest differences usually oc-
generated monodisperse particles of different surrogates afurred when particles consisted of a particularly large non-
atmospheric HULIS heated at 300 and 400C with ares-  volatile fraction (Figs. 2 and 4). For example, on 18 March,
idence time inside the heated part of 0.3s. Although direct2009, the VFR was 60 %. In order to better understand the
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nally for May—June 2008, the non-volatile organic aerosol (NVOA) & R A A e

was also estimated based on only 30 % of the measured LV-OOA date and time

(NVOA30). The two encased scatterplots correspond to the betteF:_ 6.C i itivity off f th i . Parti-

solution obtained for each periods (see text for discussion). lgure 5. LT0SS S?nS.ItIVI.ty effects of the sea-spray source: Parti
cle volume—size distributions upstream and downstream of the ther-
modenuder, and the ratios of the mass fraction remaining (MFR)
estimated to measure at the 2 upper size cutting (800 nraaad

limits of our approach and to draw some hypotheses to ex,, (a) May—June 2008 anfb) February—March 2009. The black

plain the discrepancies, it is essential to go into more detailyng red dotted lines mark the cut-off estimated usigx approach

on the different factors that could influence each time period.and the meadmax value, respectively (see Sect. 3.4.1).

MFR chem / MFRy.1oMmps

3.4 Discussion ) o
ameters shrink after passage through the TD. This is con-

Our results suggest that the non-volatile particle mass fracsistent with earlier observations (Birmili et al., 2010; Ehn

tion (NVMF) could be fully explained by BC and non- €t al., 2007; Engler et al., 2007). However, for certain pe-
volatile OA during May—June 2008, while about one third of rods, the non-volatile volume size distribution increases in
this balance remained unexplained in February—March 2009¢oncentration above 400 nm. This effect is visible in Fig. 6,

We now scrutinize two reasons for this deviation: particle- and even better in Fig. 7. Non-volatile particles mostly bigger
size distribution and chemical particle composition. than 400 nm, can occasionally dominate non-volatile volume
size distribution, during events that occurred more frequent

in February—March 2009 than in May—June 2008. Prominent
examples are 13 and 18 March, 2009.

Figure 6 shows contour diagrams of the ambient and The non-volatile particles bigger than 400 nm might re-
non-volatile particle volume-size distributions, and the sults either from a drastic change in external particle mix-
ratios between AMS/MAAP-based and TDMPS-based non-ture with particles between 400 and 800 nm containing a sig-
volatile particle mass concentrations. The basic effect is thanificantly higher fraction of entirely non-volatile particles,
the overall particulate volume decreases, and the particle dier to the shrinking of partially volatile particles with initial

3.4.1 Influence of the super micrometer particles
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)

Fob./March 2000} : gupta et al., 2007). Contrary to ammonium nitrate, which is
a semi-volatile compound, sodium nitrate is a low-volatile
compound (volatilization temperature >30D, Pinnick et
al., 1987), considered to represent a permanent removal path-
way for atmospheric nitrate. A similar mechanism can also
lead to the formation of sodium sulfate (e.g., Sievering et al.,
e o e 1995). A similar conclusion can be drawn for sulfate salts.
d(nm) d (om) Moreover, it is known that organic acids can contribute to

Figure 7. Average particle volume-size distribution measured atthe chloride depletion on marine aerosol, leading to the for-

ambient temperature (black) and after crossing the TD (red) for théM@tion of sodium salts (e.g., Kerminen et al., 1999; Zhao
2 campaigns. The dotted lines mark the mean cut-off diameter o@Nd Gao, 2005_3_)- Consequently, an Interesting parallel_ can be
dmaxe drawn to volatility measurements of succinic acid and its dis-

odium salts made by Wu et al. (2009). Although succinic acid

is a semi-volatile compound that fully evaporates at®5
diameters bigger than 800 nm into the size range measurabia similar sampling conditions than the present study, Wu et
by the V-TDMPS instrument. Presence of such particles wasl. (2009) demonstrated that its disodium salt shows a mass
related to a few episodes identified as corresponding to mafraction remaining of 40 % after being heated at 3G0Con-
rine air masses (Fig. S4 in the Supplement). Comparing thesequently, regarding the strong marine air mass influence, the
5-stages Berner impactor samples performed for these spg@resence of such compounds in the coarse mode and after
cific days to the ones obtained during other air masses influerossing the TD is highly possible and should strongly in-
ence (Fig. S5 in the Supplement) emphasize the presence offailence the non-volatile organic mass fractions. Although a
large coarse mode fraction during marine air masses (Fig. S5trong influence of the super-um particles on the V-TDMPS
in the Supplement). It is therefore our conclusion that themeasurements was clearly identify, it is not possible to pro-
high value of measured NVMC can be influenced by ma-vide a clear picture of the chemical composition of this non-
rine super-um particles which shrink during passage througlvolatile fraction, and to confirm or reject the presence of
the TD and move into the sub-um measurement range of theodium salts in the resulting super-pum non-volatile fraction.
TDMPS. In some sense, this is a measurement artifact befhis is because no direct measurements of either super-um
cause these particles can only be detected by the TDMP®articles or the aerosol chemical composition downstream of
downstream of the thermodenuder, not upstream. Howevethe TD were performed. The previous discussion based on
in absence of direct measurement of the mixing state of théaboratory volatility measurements and literature values in-
particle, we cannot completely exclude a minor influence ofdicates that the volatility of the marine particles can largely
the mixing state of the patrticles. differ from those of continental origin.

It was a conspicuous observation that the events on 13 and Since this artifact is strongly depending on the ambient
18 March, 2009, were connected with maritime air massessuper-um particles concentration, a time-dependent estima-
as indicated by 96 h back trajectories from the NOAA HYS- tion of this contribution has to be made. Therefore, esti-
PLIT trajectory model (Draxler and Hess, 2004). For exam-mation of the upper size range of the TD measurements
ple, on 18 March 2009, the air mass originated over the At-was made derived from the approach proposed by Stanier et
lantic, spending only the last 15-16 h over the continent be-al. (2004) for hygroscopicity measurements (Eq. 2).
fore reaching Melpitz (Fig. S4 in the Supplement). By cross-
ing polluted areas, the marine aerosol aged quickly either by/max = dsoo x ' VFRsoo, (2)
mixing and/or condensation with other aerosols or by het-
erogeneous reactions (e.g., conversion of NaCl into NaNO where dmax represents the upper size range considered for
and/or NaSQy) as well as by in-cloud processes. Therefore, the V-TDMPS measurementgggo = 800 nm (the upper size
the air mass reaching Melpitz needs to be considered as praange of the ambient TDMPS); and VEdg is the volume
cessed marine air mass rather than fresh marine air masfaction remaining calculated using the entire V-TDMPS
Analyses of 5-stages Berner impactor samples for this day resize range previously described. The time series ofithg
vealed unusually high contributions of sulfate, nitrate, chlo-value of each campaign is included in Fig. 6. A mean up-
ride, and sodium in the coarse mode (stage 4), which are inper size range of 38k 40 nm and 441 77 nm was found
dicators of sea spray origin particles (Fig. S5 in the Supple-for the summer and winter campaigns, respectively, in agree-
ment). ment with our estimation of an upper size cutting of 400 nm.

Similar events took place on 13 March 2009, compared toAccording to that, the NVMC was recalculated using the ob-
11 March 2009, which was under stronger continental influ-tained time-dependent upper size range (Figs 3-6). The cor-
ence (Fig. S4 in the Supplement). The nitrate mass concerrected results reveal that on average the VFR is still under the
tration on stage 4 has to be related to the presence of sodiummncertainties of values obtained using the entire V-TDMPS
nitrate, a result of the reaction of NaCl and Hj@.g., Das-  size range (VFRy,.0 = 8+2% and 12t 7 % for 2008 and
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2009, respectively). This indicates that during some specificimated non-volatile mass fraction is slightly overestimated
periods, the upper size range of the V-TDMPS plays an im-during daytime (especially in the afternoon), while during
portant role in the estimation of the VFR. This is confirming nighttime; the model underestimated the non-volatile mass
our hypothesis that during such a period, the presence of afraction (Fig. 4). It is known that the organic’s oxidation state
artifact coming from shrinking of the super-um particles to and/or particles’ aging change during daytime (Poulain et al.,
sub-um size range when crossing the TD must be considere@011); therefore, it might directly affect the volatility prop-

A direct consequence is the enhancement of the BC conerties of the OA. Consequently, differences in the volatility
tribution of total non-volatile mass concentration for 2008 properties of the two LV-OOA factors may result from the
and 2009, respectively (Fig. 3b, d) and the non-volatile masglifferences in their oxidation states. To check this hypothesis,
concentration for February—March 2009 can be explainednass spectra differences were highlighted and plotted in Fig.
by the model with still an underestimation of around 14 % 8, f44 (the fraction ofn/z 44 to total organic mass spectra)
which might be related to contribution of non-detected com-vs. f43 (the fraction ofn/z 43 to total organic mass spectra)
pounds (Figs. 4 and 5e). Based on the reconstructed norin the triangular space presented by Ng et al. (2010). This tri-
volatile mass, it suggests that non-volatile aerosol at80 angle plot represents a simple and practical approach to com-
was made, on averaged, for £% % of BC and 41 13% pare different organic factors with different oxidation levels
of non-volatile OA during this period. However, the re- since they will fall in different areas of the triangle. The less
constructed non-volatile mass fraction for May—June 2008oxidized factors (e.g., HOA) are usually present in the bot-
strongly over-estimates the measured one (Fig. 5b). Thidgom of the triangle, whereas the most oxidized factors (e.g.,
might be interpreted as an overestimation of the non-volatileLV-OOA) are usually present in the upper part of the triangle.
OA mass concentration (Fig. S2b in the Supplement) result-The top part of the triangle tend to suggest that SOA oxida-
ing on change of the thermodynamic properties of the sum+ion level become more and more similar after long aging
mer LV-OOA compared to the winter LV-OOA. Neverthe- processes (Ng et al., 2010). Comparing the position of each
less, no significant change on the correlation coefficient ( LV-OOA factor highlights that winter LV-OOA was located
was observed for this period, indicating that only the absoluteslightly above the summer LV-OOA, indicating that winter
non-volatile mass concentration was affected by the adjustLV-OAA was more oxygenated than the one in summer. This
ment of the upper size range and not the time series itselémall difference in term of oxidation state might explain the
in opposite contrast to the February—March 2009 campaignobserved change in the volatility properties of the two LV-
Consequently, larger particles seem to have a lower influenc®OA factors and the fact that the less volatile factor (winter

in this period than during February—March 2009. time, MFR 52 %) is also the one with the highest oxidation
level.
3.4.2 Influence of the chemical composition Another possible indication on the change of OA volatil-

ity is the comparison between the full V-TDMPS size range

Estimation of the non-volatile aerosol mass was only basednd the corrected one usinfjax (Fig. 5a, b). As previ-
on the chemical composition measured by the AMS, andously mentioned, in February—March 2009, the time series
the BC concentration, measured by the MAAP. Therefore,of the non-volatile mass concentration was strongly affected
the presence of non-detected compounds like crustal mateby the V-TDMPS resizing, while only a scale down of the
rial and/or sea salts has to be considered. The contribution afnass concentration was observed in May—June 2008. De-
non-considered water soluble inorganic ions (e.g., other waereasing the upper size range of the V-TDMPS only influ-
ter soluble ions like C&, Nat, Mg2t and K') represents, ence the correlation slope for the 2008 campaign while the
on averaged, 1.8 % of the measured 2Mnass concentra- correlation coefficient remains nearly constant (Fig. 5a, b).
tion in May—June 2008 and 2.5 % of the measured RMss  This can also be interpreted as an overestimation of the non-
in February—March 2009. Additionally, identified species of volatile OA mass concentration. Therefore, change of the or-
daily PM; filter explain on average 8212 % of the total  ganic aerosol volatility was investigated by increasing the or-
filter mass in February—March 2009. Consequently, it is rea-ganic aerosol volatility. Assuming a MFR of 30 % for the LV-
sonable to consider that chemical particle composition wasDOA (NVOA3p), the lowest value reported by Huffman et
usually fully explained and that, finally, the non-consideredal. (2009), instead of 52 %, strongly improves the comparison
compounds might have a small influence on the reconstrucwith the measured non-volatile mass using a time-dependent
tion of the non-volatile fraction. However, as mentioned ear-upper size cuttingdmax) (slope 1.14 and = 0.88, Fig. 5c).
lier for the ambient mass closure, uncertainties on the MAAPNVOA 35 mass concentration also better correlates with the
and AMS measurements as well as on the estimation of th@on-volatile mass than before (Fig. S4c in the Supplement).
NVMC have also to be considered here too. As previously mentioned, BC concentration depends on the

The estimation of the non-volatile OA concentration was value of the mass coefficient absorption. Increasing this pa-
based on the assumption that the LV-OOAs mass fractionrameter by 20 % (i.e., using the default instrument value) has
remaining is constant over time and using the volatility a small influence on the regression lineQ(1) compared to
properties of the HULIS surrogate. In May—June 2008, es-
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035 composition was determined using an AMS and MAAP.
] The remaining volume fraction (VFR) was 17 % in 2008
and 11% in 2009. We estimated the non-volatile particle
mass concentration (NVMC) by two methods, based either
on the TDMPS particle volume and an assumed constant
020 witer (rsony . particle density, or the sum of non-volatile chemical com-
] Summ éﬁ”ﬁ“&%};\ pounds identified in the AMS and the MAAP. Backward air
0.15] YA mass trajectories as well as impactor particle mass-size dis-
] LoCa tribution measurements point out that the non-volatile mass
010 fraction measured during the February—March 2009 period
] ' . was strongly influenced by aged marine particles bigger than
0033 B%,A =get 1um. Similar influence of the super-um particles was also
000 e i _ observed for May—qgne 2008. Limiting the TDMPS range to
0.00 005 010 015 020 400 nm allowed limiting the interference of these aged ma-
13 rine particles, yielding a better mass balance for the non-

Figure 8.f44 vs. f43 of each LV-OOA factors in the triangle space VOIat!I? .partldes'.These re;ults highlight the pqtentlal cross-
determined by Ng et al. (2010). The green points referred to thesensnwltx of partially volatile coarse mode paruclgs on sub-
average valuesHstandard deviation) of factors used by Ng et HM volatility measurements, as long as these particles are not

al. (2010). Red triangle and numbers referred to different examples€moved from the sample, e.g., by a pre-impactor. It might
of LV-OOA factors (1: Hersey et al., 2011, 2: Lanz et al., 2007, 3: be desirable in the future to extend the V-TDMPS with an

Ulbrich et al., 2009, 4: Robinson et al., 2011, 5: Crippa et al., 2013)aerodynamic particles sizer (APS), or alternatively remove
illustrating the individual variability of LV-OOA. particles by a pre-impactor.

Comparing the two periods, our results suggest a possi-
non-volatile OA. Consequently, change on the MFR of LV- ble change on the LV-OOA volatility with a highest volatility
OOA seems to be the dominant factor. in May—June 2008 (MFR= 30 %) than in February—March

Another source of uncertainty is the appropriate estima-2009 (MFR= 52%). A possible reason might be a change
tion of the non-volatile aerosol density which depends on theto oxidation state and/or LV-OOA origins. Nevertheless, our
chemical composition of the non-volatile aerosol as previ_l'eSL”tS emphasize a significant contribution of OA to the non-
ously seen for ambient measurements. Here a constant detolatile particle mass fraction (53 % and 41 % in May—June
sity value of 1.6 g cm? was used, thus, changes of the den- 2008 and February—March 2009, respectively) and also sug-
sity value will influence the present results. Due to the uncer-gest a possible change of their volatility properties during
tainty of the BC density and the real chemical composition ofthe run of a year. Since contribution of undetected and non-
the non-volatile aerosol, an uncertainty of 10% can be reaVvolatile compounds (e.g., dust, other inorganic ions) cannot
sonably expected. Considering the 10% of the V-TDMPS,be completely excluded, the present NVOA values have to be
a global uncertainty of 20% for the V-TDMPS mass con- considered as the upper limit that may be expected for each
centration is estimated. However, the high degree of correperiod. Therefore direct measurements using aerosol mass
lation obtained between the reconstructed and the measuregPectrometer downstream of the thermodenuder are needed
non-volatile mass concentration (Fig. 5c, €) confirmed that(for example with AMS during intensive period or with ToF-
BC and non-volatile OA can be used to fully explain the ACSM for longer period). Nevertheless, our results clearly
measured non-volatile mass concentration. Subsequently, dindicate that 300C non-volatile organic matter might rep-
rect measurements would be necessary to improve the noriesent an important part of the non-volatile fraction of the
volatile OA estimation and to provide exact time-dependencyatmospheric particles investigated in this work. Considering

estimations of the non-volatile aerosol mass concentration. the limitation of our approach (i.e., proper mass balance clo-
sure of the ambient Piand a minor contribution of dust and

sea salt to the total PMmass), our findings could be used
4 Conclusions to extrapolate the maximum expected non-volatile organic
mass concentration from similar setup measurements such
Non-volatile particles are measured continuously at theas for the long-term measurements at Melpitz and within the
TROPOS Central European research station MelpitzGUAN network. Because OA do not completely evaporate
(Germany) by a V-TDMPS instrument consisting of a twin at 300°C, the non-volatile OA particle mass fraction would
mobility particle sizer and a thermodenuder operating atremain in the particle phase.
300°C. These measurements are supplemented by a MAAP
instrument, from which black carbon (BC) concentrations
are derived. During specialized field campaigns in May—
June 2008 and February—March 2009, chemical particle

0.30

Oxidation state

0.25

faa
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Appendix A: Verification of thermodenuder efficiency Table Al. Ratio V, / V1 between the remaining volumes as a func-

tion of the sampling flow through thermodenuder 2. The minimum
To verify the efficiency of our thermodenuder (Wehner residence timéesof the air sample in the heating unit is indicated
type TD) as a function of residence time, we conductedins.
a sensitivity experiment. For this purpose, two technically

identical mobility particle size spectrometers were set up 02 Tres  Volume ratio (2 / V1)
at the research station Leipzig-TROPOS (Germany), each (Lmin™h) (ins)

equipped with identical thermodenuders upstream of the de- Mean SD. Median
vice (Fig. Al). The temperature in both thermodenuders 1 9.4 1.03 013 1.02
was set to 300C, as during the long-term measurements in 3 3.1 1.00 0.09 0.99
Melpitz. Thermodenuder 1 was flushed by a constant flow 5 1.9 1.00 012 0.99
of 01 = 3L min"1, which also corresponds to the nominal 10 09 105 008 1.06

sampling flow during long-term measurements. Thermode-
nuder 2 was operated in the same fashion except that its sam-
pling flow Q> could be varied between 1 and 10L min Figure A3 and Table Al sort the data into different val-
by means of an additional make-up flow. During the ex- ues of Q. For the nominal flowQ1 = Q> = 3L min~! the
periment, approximately 16 days of valid data were col-thermodenuders agree very well on averdge/(V1 = 1.00).
lected. Four different settings f@, were employed: 1, 3,5, The same holds foD, =5L min~L. Increasing the resi-
and 10 L mirrL. Due to the pseudo isokinetic split between dence time by choosing, =1L min~! yields Vo / Vv =
SMPS and make-up flow, a slight uncertainty on the SMPS1.03, i.e., a slight decrease in the efficiency of thermod-
might be expected. Quality check of the two mobility particle enuder 2, despite an increased residence time.dro&
size spectrometers was performed by measuring non-heatetd L min—?1, i.e., the shortest residence tim&,/ V1 = 1.05.
ambient particles for each value gf (these periods corre- The latter value might be interpreted as a decrease in ther-
spond to the gaps in Fig. A2). The agreement between thenodenuder efficiency as a result of decreasing residence
two instruments is in line with the instrumental uncertaintiestime. It needs to be noted, however, that these deviations are
reported by Wiedensohler et al. (2012). on the order of the measurement accuracy of the instruments.
The results of the experiment with ambient aerosols are Our conclusion is we cannot observe any remarkable de-
depicted in Fig. A2. The upper graph shows the time seriependency of the remaining volume after the thermodenuder
of the remaining particulate volume (<800 nm) of both in- on the sampling flow. We can safely assume this across
struments Y1 and V»). It can be seen that; and V» follow the flow range 1L minl< Q,<5Lmin~1, where 0> =
each other very closely over most parts of the experiment, in10 L min~! There is therefore no indication that the resi-
cluding large overall variations of total particle volume. The dence in the thermodenuder (3.1 sat= 3L min~1) would
bottom graph of Fig. A2 confirms that the rati® / V1 be- be insufficient to evaporate all particulate material volatile at
tween the volumes remaining downstream of the thermode300°C.
nuders straddles around the value of 1.
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Figure Al. Experimental setup to test the sensitivity of the thermodenuder efficiency as a function of residence time.
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