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Abstract. In the course of two field campaigns, size- 1 Introduction

segregated particle samples were collected at nine sites in

Germany, including traffic, urban, rural, marine and moun-In the course of two field campaigns (REGKLAM and
tain sites. During the chemical characterisation of the samGUAN, see Scheinhardt et al., 2013a, and Birmili et al.,
ples some of them were found to contain an unknown sub2009), numerous size-segregated particle samples were col-
stance that was later identified as hydroxymethanesulfoni¢ected at nine sites in Germany. During the chemical charac-
acid (HMSA). HMSA is known to be formed during the terisation of the samples a fraction of the samples were found
reaction of S(IV) (HS@ or SO?) with formaldehyde in  to contain hydroxymethanesulfonic acid (HMSA, HO—£H
the aqueous phase. Due to its stability, HMSA can act as ®03H).

reservoir species for S(IV) in the atmosphere and is there- HMSA and other hydroxyalkanesulfonic acids (HASA;
fore of interest for the understanding of atmospheric sulfurHO-CHR-S@H with R=-(CH;)nH) were suggested to be
chemistry. However, no HMSA data are available for atmo-involved in atmospheric sulfur chemistry, notably regarding
spheric particles from central Europe, and even on a world-sulfate formation. Sulfate is one of the main constituents
wide scale data are scarce. Thus, the present study now pr@f atmospheric aerosol particles. It is mainly formed from
vides a representative data set with detailed information orthe oxidation of S(IV) by HO; in the atmospheric aque-
HMSA concentrations in size-segregated central Europea®Us phase and especially in cloud droplets. Dissolved S(IV)
aerosol particles. HMSA mass concentrations in this data se@riginates from gaseous $0Owhich, in central Europe, is
were highly variable: HMSA was found in 224 out of 738 mainly emitted by human activities, e.g. coal burning.,SO
samples (30 %), sometimes in high mass concentrations exdissolution is described by a Henry's law equilibrium, fol-
ceeding those of oxalic acid. On average over all 154 im-lowed by the formation of hydrogen sulfite (Hg®or sul-
pactor runs, 31.5ngm HMSA was found in PMg, con- fite (S@*). However, in various field studies, it has been
tributing 0.21 % to the total mass. The results show that theobserved that S(1V) concentrations in the atmospheric aque-
particle diameter, the sampling location, the sampling seaous phase were often higher than expected from Henry’s law
son and the air mass origin impact the HMSA mass con-(Richards et al., 1983; Munger et al., 1984). Rapidly, the re-
centration. Highest concentrations were found in the particleaction of dissolved SPHSO; /sog— with dissolved aldehy-
fraction 0.42-1.2 um, at urban sites, in winter and with east-des, yielding hydroxyalkanesulfonic acids, was identified as
ern (continental) air masses, respectively. The results suggeah explanation for this observation (Munger et al., 1984). Hy-
that HMSA is formed during aging of pollution plumes. A droxymethanesulfonic acid turned out to be the most impor-
positive correlation of HMSA with sulfate, oxalate and PM tant HASA since formaldehyde, its organic precursor, is the
is found (R? > 0.4). The results furthermore suggest that themost common aldehyde in the atmospheric aqueous phase
fraction of HMSA in PM slightly decreases with increasing (Olson and Hoffmann, 1989; Takeuchi et al., 2001).

pH.
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Fig. 1. Formation pathways of HMSA (Munger et al., 1984; Olson
and Hoffmann, 1989). All reactions are equilibrium reactions. The
circle indicates an atmospheric droplet.

An overview of the HMSA formation mechanism is given o )
in Fig. 1. HMSA formation is most rapid at pH > 5, but F|g._2.SampI|ng_ sites (see Scheinhardt et al., 2013b). See text for
HMSA decomposition as well is enhanced at higher pH. The®°ding explanation.
highest stability is thus observed at acidic pH (Sorensen and
Andersen, 1970; Munger et al., 1986). HMSA is comparablys Mmaterial and methods
stable and not readily oxidised (Hoigné et al., 1985; Mar-
tin et al., 1989; Ojo et al., 2004). It therefore accumulates2.1 Particle sampling
in the atmosphere and can be found in high concentrations.
Katagiri et al. (1996) found hydroxymethanesulfonate to beSize-segregated aerosol particle samples were collected in
the third most important anion in dew samples collected intwo field campaigns in Germany in 2009 and 2010 as de-
Japan. It has been suggested that the high HMSA concentr&cribed by Scheinhardt et al. (2013b). Sampling was per-
tions may act as a reservoir species for atmospheric S(IvVformed on ring-like aluminium foils using five-stage Berner
(Richards et al., 1983; Munger et al., 1984 and 1986; Voisinimpactors. Inside the impactors, particles are separated de-
et al., 2000) and might thus impact S(IV) oxidation kinetics pending on their aerodynamic diameter, the 50 % cut-offs be-
(McArdle and Hoffmann, 1983) by shielding S(IV) from the ing 0.05-0.14-0.42-1.2-3.5-10 um for impactor stages 1-5,
direct oxidation by non-radical oxidants such g&. respectively. Sampling was performed at nine sites in Ger-
The HMSA data set obtained here was evaluated becaus@any (Fig. 2, see Birmili et al., 2009):

HMSA, on the one har)d, is of great interest for the un- ¢ Leipzig-Eisenbahnstrae (LE; 5194, 12.37E,
derstanding of S(IV) oxidation processes but, on the other 119 ma.s.l.) is a traffic site located about half-way be-
hand, has o_nly rarely been quanfuﬂed in atmospheric parti- tween Leipzig city centre and Leipzig-TROPOS (LT)
cles (Suzuki et al., 2001). The aim of the present study is in a street canyon aligned in the west—east direction.
thus to mvgsugate HMSA concentrations in sm_a—segregated The air inlet is installed about 6 m above the ground
atmo;pherlc ae.rosol.partlcles 'at selected snes.lr? central Eu- level at the northern side of the canyon.
rope in order to identify the main factors determining HMSA
mass concentrations. To this end, the influences of particle 2. Leipzig-TROPOS (LT, 51.35N, 12.43E,
diameter, sampling location, sampling season and air mass ~ 125ma.s.l.) is an urban site located at the roof
origin are studied. of TROPOS building, 4 km northeast of the city centre
of Leipzig (530 000 residents). The air inlet is installed
16 m above the ground level. The site is not directly
affected by local particle sources like traffic.

3. Dresden-Winckelmannstralie (DD; 51704
13.73E, 112 m a.s.l) is an urban site in the
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city of Dresden (530000 residents). The site is notthe NOAA HYSPLIT transport model (Hybrid Single Par-
directly affected by local particle sources like traffic.  ticle Lagrangian Integrated Trajectory Model; Draxler and
i Hess, 1998http://ready.arl.noaa.gov/HYSPLIT.phBack-

4. Augsburg (AU; 48.36N, 10.9T E, 484m a.s.l)iSan a1 trajectories were calculated for each sampling day and
urban site located about 1 km southeast of the city C€NBach sampling site at 10:00 CET and 18:00 CET for arrival
tre qf Augsburg (270 000 residents). There are no Iocalheights of 200, 500 and 1000 m above the ground level. An
particle sources nearby. overview of the sampling events is given in the Supplemen-

5. Melpitz (ME; 51.54N, 12.93E, 86m a.s.l) is a tary Material.
well-characterised rural site in the German lowlands
(Spindler et al., 2010, 2012, 2013). Itis surrounded by , 3 Weighing and chemical analysis
meadows.

6. Qberbareqburg (OB; 50.781, 13.72E, 735m a.s.l.) The determination of the collected particle mass was done
is a rural site 30 km south of Dresden. Itis located in a gravimetrically using a microbalance (UMT-2, Mettler-
low mountain range and is surrounded by forests.  Toledo, Switzerland) after at least 48 h of equilibration at

7. Bosel (BO; 53.00N, 7.96 E, 16 m a.s.l.) is a rural (20+1) °C and a relative humidity of (5&5) %. After

site located 30 km southwest of Oldenburg (160 Oooyvelghmg, the foils were cut with ceramic scissors and chem-

residents), 80 km south of the North Sea coast. ically anglysed. . .
Chemical analysis was performed after extraction of an

8. Schauinsland (SI; 47.9N, 7.9 E, 1205m a.s.l.) is aliquot of an aluminium foil in 2ml of deionised water
a rural site located on the mountain with the same (> 18 MQcm) following a standard protocol (10 min shak-
name, around 10 km southeast of Freiburg im Breis-ing, 10 min ultrasonic treatment, 10 min shaking). After ex-

gau (220000 residents), in the Black Forest. traction, the solution was filtered using syringe filters with a
. pore size of 0.45 um.
9. HohenpeiRenberg ~ (HP; 4788, 11.00E, Main inorganic ions (chloride, nitrate, sulfate) were de-

988mas.l) is a rural site located 50km south of termined from the aqueous extracts using ion chromatogra-
Munich on top of a hill that rises about 300 m above phy with conductivity detection (ICS3000, Dionex). Cations
the surrounding landscape. were separated applying a methylsulfonic acid eluent and

Sampling was started whenever the weather forecast pre2 ©S16 (3mm) column, anions were separated applying a
dicted favourable meteorological conditions (i.e. no precipi- KOH éluentin a AS18 (2mm) column. Calibration was done
tation and a constant air mass origin throughout the sampling/@ily: using a four-point standard (Fluka, Switzerland).

day). The sampling period was 24 h, corresponding to a sam- {MSA and oxalate were determined from the aqueous ex-
pled air volume of 108 fh tracts using a capillary electrophoresis method described by

Prior to use, the aluminium foils were pre-heated at3D0 Kramberger-Kaplan (2003) and Scheinhardt et al. (2013b).

for at least 2 hours in order to remove organic traces. Afterln brief,. a _background e!ectrolyte consisting _Of 2mM 5-
sampling, the foils were stored a21°C until analysis. sulfosalicylic acid, 8 mM tris(hydroxymethyl)aminomethane
and 0.001% hexadimethrine bromide at a pH of 8.2 was

2.2 Classification of sampling days used in an Agilent 7100 capillary electrophoresis system.

An uncoated fused-silica capillary with an inner diameter
Out of the complete data set, only sampling days with un-of 75um and a total length of 80.5cm (72cm to the de-
ambiguous air mass origins were selected and chemicallyector) was used. The capillary was maintained at°20
analysed. This was the case for 30 sampling days, corSeparation of HMSA from other compounds was reached
responding to 156 impactor runs or 738 Berner impactorwithin 13 min, applying a voltage of30kV (correspond-
foils. Depending on the season and the air mass origin during to a current of about-5 pA) following hydrodynamic
ing sampling, sampling days were classified into six cate-sample injection with 750 mbars (corresponding to 1% of
gories: Winter West (WiW), Winter North (WiN), Winter the capillary length). Indirect UV detection with a measure-
East (WIiE), Summer West (SuW), Summer North (SuN), ment wavelength of 260 nm (bandwidth: 20 nm), a reference
and Summer East (SUE). This empirical categorisation hasvavelength of 208 nm (bandwidth: 36 nm) and a time reso-
proven to be successful in former studies in central Eu-lution of 20 Hz was used for quantification. Migration times
rope (Spindler et al., 2010, 2012, 2013) and considers difand peak areas were very well reproducible=(10, RSD
ferences in PM mass concentrations and compositions unddr.08 % and 2.16 %, respectively). No significant blank values
different meteorological conditions. Summer included sam-were found. The HMSA detection limit (LOD; three times
pling days between May and October and winter includedthe standard deviation of the background signal) was 1.15 pm
days between November and April. The air mass origin(127 ppb) and the quantification limit (LOQ; LOQ = 3LOD)
was determined using 96-hour-backward trajectories fromwas 3.44 um (382 ppb).
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HMSA concentrations above the LOD were found in 224 ter content was calculated using the E-AIM model (Wexler
of 738 samples. From these 224 samples, 157 had HMSAnd Clegg, 2002; www.aim.env.uea.ac.uk), which has been
concentrations between the LOD and the LOQ. Even thouglshown to give good agreement with measured data (Engel-
concentrations in this range are less reliable, they were stilhart et al., 2011). In former studies, E-AIM Model IIl was
considered in this study, since the concentrations uncertainfound to be the most suitable E-AIM type for our samples
ties associated with such concentrations are regarded legScheinhardt et al., 2013b). The average relative humidity
problematic than setting all those HMSA concentrations toduring the measurement and the mass concentrations of the
zero. Thus, in the present study, all HMSA concentrationsmain constituents (N[ﬁ, Na', sof;, NO3, and CI) are the
above the LOD are reported. In atmospheric units, the LODmodel input parameters. The mass concentrationstofiktl
corresponds to mass concentrations of about 6-7ng(de-  OH~ were adjusted to ensure the particles’ charge neutrality.
pending on the impactor stage and the extraction protocol)The formation of insoluble solids was enabled in the calcu-
Values below the LOD were, however, taken as zero. Thdation. The model output provided the water content.

HMSA quantification method in this study has a slightly bet-

ter LOD than the method applied by Suzuki et al. (2001),

who for the first time investigated particulate HMSA byl 3 Results and discussion
NMR.

The amount of organic and elemental carbon (OC/EC)3.1 Mass concentrations and contributions to PM
was quantified using a thermographic method (C-mat 5500,

Stréhlein, Germany) following VDI guideline 2465, Part 2 The HMSA mass concentrations determined in atmospheric
with minor modifications. In the first step, an aliquot of an samples were highly variable within the set of 224 sam-
aluminium foil was heated to 65 in a nitrogen atmo- ples with HMSA above the detection limit (out of a total of
sphere. Under these conditions, organic compounds evapd-38 samples, see Supplement). The highest observed value
rated and were flushed towards a CuO catalyst. There thepf 625 ngnm3 was determined in a sample from Augsburg
were oxidised, forming C®that was subsequently quanti- on December 16, 2009 under Winter-East conditions on im-
fied with a NDIR detector (OC). In the next step, after cool- pactor stage 2. Since this value was disproportionally high
ing to at least 78C, the foil was again heated to 650 (more than 2.5 times higher than the second largest value), it
in an oxygen atmosphere oxidising EC, which was quanti-was identified as an outlier, most likely due to a local pollu-
fied as CQ, too. Compared to other methods, this methodtion episode at that site (analytical errors were excluded by
tends to overestimate EC and to underestimate OC (Schmicheans of repetition experiments). It was therefore regarded
et al., 2001). However, due to the melting point of alu- as being not representative and is thus not considered in the
minium (660°C), the method is limited to a temperature of following discussions. Concentrations below detection limit
650°C, and thermo-optical methods applying the EUSAAR- were set to zero for all calculations.

2, NIOSH or IMPROVE protocols cannot be applied. For de- The data set was investigated regarding the influence of

tails see Spindler et al. (2012). sampling location, particle diameter and the meteorologi-
cal conditions on HMSA mass concentrations (Fig. 3). Al-
2.4 Particle agueous phase pH though some exceptions exist, urban sites generally exhibited

higher HMSA mass concentrations than rural sites (Fig. 3a;
The charge balance in our particle samples, considering maiaverage of the urban sites: 37.9 ngtnaverage of the ru-
inorganic ions (NH, Na*, K+, C&*, Mg?", SO;, NO;,  ral sites: 23.8ngm®). Moreover, rural lowland sites show
Cl7) and organic ions (oxalate, malonate, tartronate, succihigher HMSA mass concentrations than mountain sites. Gen-
nate, malate and hydroxymethanesulfonate), was generallgrally, HMSA mass concentrations in central Europe seem
equalised and varied only within analytical errors. Contraryto be slightly higher than those in Japan (14.7 ngrm ur-
to recent studies from China (Cheng et al., 2011; Zhou et al.pan aerosols, 1998-1999; Suzuki et al., 2001). To judge on
2012), charge balances could thus not be applied to calculatthe relative contribution of HMSA to total PM, the fraction
particle aqueous phase pH in this study. They were insteadf HMSA in PM was calculated and compared for different
determined applying measurements of the aqueous extractsample types (Fig. 4). We found HMSA to be enriched by
pH and a model that was able to calculate the particle liquida factor of 1.23 in urban samples (221.08 %o vs. 1.79
water content. The particle aqueous phase pH was then cat: 0.80 %0, Fig. 4a). Even though this is not a statistically
culated back from the pH of the aqueous extracts, assumingignificant difference, it is consistent with the precursors of
its dilution due to the extraction protocol mentioned above.HMSA originating from anthropogenic emissions.

A comparable approach was applied by Li et al. (1997) and Regarding the impact of the particle diameter, a strong de-
Keene and Savoie (1998). pendency was observed, the highest HMSA mass concentra-
The pH of the aqueous extracts was determined using &@ons being found on impactor stage 3 (Fig. 3b). A similar
micro pH electrode (PHR 146S microelectrode, Lazar Re-size distribution was found by Suzuki et al. (2001). Since
search Laboratories, Los Angeles, USA). The particle wa-particles of that size have the longest atmospheric lifetime
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Fig. 3. () HMSA mass concentrations in Pl (sum of impactor stages 1-5) as a function of the sampling(bl)t¢éiMSA mass concentra-
tions as a function of particle size&c) HMSA mass concentrations in B (sum of impactor stages 1-5) as a function of the meteorological
category. Boxes indicate the 25 %, 50 % and 75 % quartiles, whiskers indicate the minimum and maximun¢vatliestes the respective
mean value. The number of samples is given below each column. See text for discussion.

a b c

moan .25 bl mo—Ln

= 5 =

<8 ézo <8

- -

6 &5 £ 6

= Z =

g 4 J | \ 10 A g4

logrddang T R T

0 T I !ﬁ 0 ’I‘ 0 T [ e
LE LT DD AUME OB BO SI HP 1 2 3 4 S SuW SuN SuE WiW WIN WiE
Sampling site Impactor stage Category

Fig. 4. (a) Fraction of HMSA in PMg (sum of impactor stages 1-5) as a function of the sampling(&}d=raction of HMSA in PM as a
function of the particle siz€c) Fraction of HMSA in PM g (sum of impactor stages 1-5) as a function of the meteorological category. The
symbols and numbers of samples are consistent with Fig. 3. See text for discussion.

and can therefore be transported over long distances, this oli=rom the fraction of HMSA in PMy it again appears that
servation might suggest that HMSA was formed during theHMSA is enriched in some samples (Fig. 4c).
aging of particles, e.qg. in pollution plumes, and/or in fog or In summer, HMSA mass concentrations were lower
cloud processing prior to the sampling time of the aerosolthan in winter (Fig. 3c; Summer: 23.9ng®) Winter:
particles. In fact, from its abundance in single particles with 31.2 ngn73), most likely again due to stronger anthro-
diameter >0.7 um and its coincidence with periods of fog orpogenic emissions of HMSA precursors, e.g. from individual
high relative humidity, HMSA has been suggested to repre-heating systems.
sent a tracer for fog processing (Whiteaker and Prather, 2003; It should be noted that, besides emissions, the meteo-
Healy et al., 2012). In contrast to impactor stage 3, short-rological conditions in winter and during eastern air mass
lived particles (stages 1 and 5) contain only small amountsorigin (i.e. low mixing layer height, low temperatures, de-
of HMSA. The relative contribution to PM is also largest in creased turbulence, few precipitation) generally favour high
stages 2 and 3 (Fig. 4b). However, this might be due to thePM loads, too. Clearly, this applies for HMSA as well as for
low absolute amounts of HMSA on the other stages, whichall the other PM constituents and might partly explain the
makes the calculation of the HMSA/PM fraction on those HMSA concentration differences observed between the sea-
stages susceptible to errors. sons and air mass origins.

Regarding the air mass origin, highest HMSA concentra-
tions in total PMg (sum of impactor stages 1-5) were ob- 3.2 Correlations with other parameters

served for eastern (continental) air mass origins (Fig. 3c; ) )
West: 23.9ngm3, North: 7.7 ngn3, East: 51.0 ngmd). In the previous section, absolute HMSA mass concentra-

This reflects the high HMSA precursor concentrations tions were found to show dependencies generally resem-

(VOCs, SQ) in continental air masses and shows that thebling the behaviour of total PM (i.e. highest concentrations

high anthropogenic SOemissions in eastern Europe not ON im.pactor sta_gg 3, at urbar) sites, in win_ter and with east-
only promote the formation of main inorganic PM con- €M air mass origins, respectively; see Spindler et al., 2010

stituents such as sulfate, but might also enhance the forma&nd 2012; Scheinhardt et al., 2013a). This is to some ex-
tion of organic trace compounds such as HMSA. It can betént confirmed by correlating HMSA mass concentration and

presumed that similar conclusions could be drawn from theth€ total PM mass concentration (Fig. 5a). The correlation
analysis of other sulfur-containing organic compounds, too.0f HMSA with sulfate (Fig. 5b) is comparably strong, con-
firming that both HMSA and sulfate are formed from the
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same precursor (SQpand under comparable conditions (sec- ments to identify possible impacts on HMSA concentrations

ondary formation in the atmospheric aqueous phase). Oxin more detail.

alate, which is photochemically formed from higher organic

compounds, also correlates with HMSA (Fig. 5¢). This also3.3  |mpact of pH

might be interpreted in a way that both substances are formed

under comparable conditions (secondary formation in the atsince the formation and degradation kinetics of HMSA is

mospheric agqueous phase via photochemical multiphase OXbH-dependent, the impact of the particle aqueous phase

dation processes occurring in pollution plumes), even though,y on ' HMSA mass concentrations was investigated. In our

both substances have different precursors. study, particle aqueous phase pH was found to vary between
Oxalate is one of the main contributors to the sum pa-,;4t 0.5 and 2.5. These values are somewhat higher than

rameter OC, but the correlation of HMSA with OC is weak those found in Los Angeles’ particles-2.4-0.2; Li et al.,

(Fig. 5d). This is probably due to the various sources 0f1997) and lower than pH in marine particles (2.48-3.48;

the different OC components, including, for example, direCtaane and Savoie, 1998). The impact of pH on absolute

emissions. Traffic emissions, which are characterised by highy\sa mass concentrations is weak (Fig. &% and slope

EC (diesel soot) content, seem to affect HMSA concentra|ose 1o zero). Interestingly, the fraction of HMSA in PM

tions only to a minor extent (Fig. 5e). The same is true for g g5 5 small dependency and decreases with increasing pH.

potassium, a tracer for biomass burning (Fig. 5f). The combi-ajhqugh the scatter is large, this is in qualitative agreement

nation of Fig. 4b—f suggests that HMSA is formed in sulfur- i, the decreasing stability of HMSA at increasing pH. In

rich aged air masses. Future discussions of HMSA forma’oursamples, an empiric relationship ok —0.16 pH+0.72

tion should include direct S£2and formaldehyde measure- was found between pH 0 and 4, with f being the percent-
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age of HMSA in PMj. It has to be noted that HMSA for- situ pH and water content in aerosol on hazy days and the influ-
mation is much more effective at pH levels higher than the ences on visibility impairment in Jinan, China, Atmos. Environ.,

ones estimated for the samples of this study. Olson and Hoff- 45, 4631-4640, 2011. _

mann, 1989, predict the formation rate to strongly increaseraxler, R. R. and Hess, G. D.: An overview of the HYSPLIT_4

at pH above approx. 4.5. It is thus plausible to assume that mj’ste:;Irgeg?’;te&qa;m4t7rafg;°g%2 fésgpsersmn and deposition,
:Eirgag?:%nfg;ﬂ,vl\gtseﬁ T}Sgrt] r:;?gﬁ(;;g;nd?slzf;azgzlglﬂeMrSp: Engelhart, G. J., Hildebrandt, L., Kostenidou, E., Mihalopoulos, N.,

. - ) ’ . Donahue, N. M., and Pandis, S. N.: Water content of aged
WI|| then be stab|llsgq duetoa muc_:h lower water content (i.e. aerosol, Atmos. Chem. Phys., 11, 911-920, tB194/acp-11-
higher apparent acidity) of the residual particles. 911-20112011.

Healy, R. M., Sciare, J., Poulain, L., Kamili, K., Merkel, M., Miller,
T., Wiedensohler, A., Eckhardt, S., Stohl, A., Sarda-Estéve, R.,
4 Summary McGillicuddy, E., O’Connor, I. P., Sodeau, J. R., and Wenger, J.
i C.: Sources and mixing state of size-resolved elemental carbon
The _present study present_s datg frqm a unique data Se_t re- particles in a European megacity: Paris, Atmos. Chem. Phys., 12,
garding HMSA concentrations in size-segregated ambient 16811700, dot0.5194/acp-12-1681-2012012.
aerosol particles. HMSA mass concentrations were found toigné, J., Bader, H., Haag, W. R., and Staehelin, J.: Rate constants
be highly variable. Highest concentrations were found in ur-  of reactions of ozone with organic and inorganic compounds in
ban environments during winter and eastern advection on water — Ill. Inorganic compounds and radicals, Water Res., 19,
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