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Abstract. The relative contribution of eight nitrated arornatompounds (NACSs, nitrophenols + nitrated salecgicids) to
the light absorption of aqueous particle extraots particulate brown carbon were determined fromose particle samples
15  collected in Germany and China.
High-volume filter samples were collected duringsmpaigns, performed at five locations in twossess: (1) two campaigns
with strong influence of biomass burning (BB) aefes at the TROPOS institute (winter, 2014, urbanKkground, Leipzig,
Germany) and the Melpitz research site (winter,&20@1ral background); (Il) two campaigns with sgomfluence from
biogenic emissions — at Melpitz (summer, 2014) #hedforest site Waldstein (summer, 2014, Fichtelgeh Germany), and
20  (lll) two CAREBEeijing-NCP campaigns — at Xiangheufsmer, 2013, anthropogenic polluted background) \afahgdu
(summer, 2014, anthropogenic polluted backgrourt adistinct BB-episode), both in the North Chitain.
The filter samples were analyzed for NAC conceitrest and the light absorption of aqueous filteraots was determined.
Light absorption properties of particulate brownbzan were derived from a seven-wavelength Aethatemduring the
campaigns at TROPOS (winter) and Waldstein (sumriié® light absorption of the aqueous filter extsagas found to be
25  pHdependent: at pH 10, the aqueous light absergbefficient Abs,o and the mass absorption efficiency (Midrat 370
nm were a factor of 1.6 and 1.4 larger than at pke&pectively. In general, Asranged from 0.21-21.8 Miunder acidic
conditions and 0.63-27.2 Mhunder alkaline conditions, over all campaigns. Theerved MAE7 was in a range of 0.10—
1.79 nt gt and 0.24-2.57 Ay for acidic and alkaline conditions, respectivélgr MAEszo and Abszo, the observed values
were higher in winter than in summer, in agreenvetit other studies. Furthermore, it was found that MAEsz7o values in
30 winter in Germany exceeded those of the Chinesarambackground stations (average of 0.85+0.24yicompared to
0.47+0.15 A g!). The lowest MAE was observed for the Waldsteim{sier) campaign (average of 0.17+0.03 gn),
indicating that freshly emitted biogenic aerosals anly weakly absorbing. In contrast, a strongtiehship was found
between the light absorption properties and theewomations of levoglucosan, corroborating findifrgen other studies.
Regarding the particulate light absorption at 3if) a mean particulate light absorption coefficient s700f 54 Mm* and 6.0
35  Mmwas determined for the TROPOS (winter) and Waidg§gimmer) campaigns, respectively, with averagerdbutions
of particulate brown carbon tmps 3700f 46% at TROPOS (winter) and 15% at Waldsteimnger). The absorption Angstrém

exponent of the ambient aerosol during the campaagyTROPOS (winter) and Waldstein (summer) wasddo be 1.5+0.1
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and 1.2+0.3, respectively. Thus, the Aethalometeasaurements support the findings from aqueous &lteracts of only
weakly absorbing biogenic aerosols in comparisainéamore polluted and BB influenced aerosol at PRS (winter).

The mean contribution of NACs to the aqueous ektiglat absorption over all campaigns ranged fra00%—1.25 % under
acidic conditions and 0.13 %-3.71 % under alkatiorditions. The high variability among the measweetsites showed
that the emission strengths of light absorbing coumgls and the composition of brown carbon were défgrent for each
site. The mean contribution of NACs to the partitellbrown carbon light absorption was 0.10+0.0&eétdfc conditions) and
0.13+0.09 % (alkaline conditions) during the Wadilst(summer) campaign and 0.25+0.21 % (acidic dadi) and
1.13+1.03 % (alkaline conditions) during the TROP@#hter) campaign. A correlation of NAC concenimas with Abszo
was observed for the BB-influenced campaigns at PRO (winter) and Melpitz (winter).

The average contribution of NACs to the aqueousaektight absorption over all campaigns was fototle 5 times higher
than their mass contribution to water-soluble orgaarbon indicating that even small amounts dftligbsorbing compounds
can have a disproportionately high impact on thktlabsorption properties of particles.

1. Introduction

Organic components of atmospheric aerosols ustralted as solely light scattering over the né@aviolet and visible
range (UV/Vis) of the solar spectrum and therefamy make a negative contribution to radiative fogc(Feng et al., 2013).
However, the existence of light absorbing orgaaibon (OC) has become more and more evident ipabedecade and can
be a regionally important phenomenon (see revidwgdreae and Gelencser (2006) and, more recdrabkin et al. (2015)
and references therein and Ulevicius et al. (2010)yontrast to black carbon (BC), which absoighktlefficiently over the
whole visible and UV region, light absorbtion by @ghibits a distinct wavelength dependence. The Bdpsorption sharply
increases with decreasing wavelength, making éfficient absorber in the UV/Vis range. Due todte&racteristic yellowish
to brownish color, light absorbing OC is also ofteturessed as brown carbon (BrC).

The light absorption by BrC over the whole solagctpum are found to be relatively weak compareBi@q(Liu et al., 2013a).
Nevertheless, at near UV/Vis wavelengths (300-509 BrC has a non—negligible effect on radiativeciiog and the regional
and global climate (e.g., Bahadur et al., 2012;,gFetnal., 2013; Jo et al., 2016; Park et al., 20E@) instance, modelling
studies showed that the radiative forcing of Br@tree to BC is up to 25 % (Feng et al., 2013).tRarmore, BrC light
absorption in the UV may alter the concentratiohatmospheric oxidants due to reduced photolysdesr@Jacobson, 1999).
The light absorption of ambient particles is geltgrquantified by the determination of the partitd light absorption
coefficientbaps (in MmM™), which can be normalized by the sample massv® thie mass absorption efficiency (MAE id gn
1. Mass absorption efficiencies can then furtheused to estimate the radiative forcing of partiealBrC, which makes it
an important parameter for modelling studies. Themelels start with modeled emitted mass, whichasverted into
concentrations using a dispersion model. The alisarpf aerosols in the atmosphere is then detexdhirsing the appropriate
MAE (Feng et al., 2013). The wavelength dependefidight absorption of a particle sample is desedilby the absorption
Angstrém exponent (AAE) based on the power-law ddpace 0baps

—AAE
=G @
Black carbon has a weak wavelength dependence feerdan AAE of 1.0 is assumed, which is the Miedtetical value,

though measured values range between 0.8-1.1 (Gyetveh, 2009). Values greater than 1.1 indi@atronger wavelength
dependence, and give evidence for the presendesoffaers at lower wavelengths, such as BrC butraleeral dust (Wang

et al., 2013).

Several methods exist to quantify the light absorpproperties of BrC. Filter-based and multi-wavejth measurement
techniques are commonly used to assess the cdidrimf BrC to the total aerosol light absorptidtiqosmuller et al., 2009).

One of these instruments is the seven-wavelengthaf@meter, which operates from 370 nm to 940 noe @ the main light
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absorption of BrC at short wavelengths, the 370chamnel is of particular interest. To estimatedbetributions of BrC and
BC to aerosol light absorption, a simple approaated on wavelength pairs and assumed AAEs to giisth between the
light absorption of BC and BrC has often been ysedk and Langridge, 2013).
Another method is to extract aerosol particles salvents, mostly water or methanol (e.g., Bos@l.e2014; Chen and Bond,
5 2010; Cheng et al., 2011; Liu et al., 2013a). Theaatage of this approach is that BC is insolubl¢hese solvents and
therefore removed by filtration. The extracts dnent further analyzed by UV/Vis spectrophotometrgntnonly, light
absorption at 365 nm is used to characterize veatielble BrC. This wavelength is in a range wheeelight absorption of
inorganics does not interfere, whereas the ligsbgition of organics shows a sufficiently high mgity (Hecobian et al.,
2010). Observed MAE values (related to the watéwkde OC, WSOC) for water-soluble BrC typically ggnbetween 0.41
10 and 1.80 rag*(Cheng et al., 2016; Hecobian et al., 2010), wihegber values are usually found in winter.
Up till now, field measurements of the light absa@mp properties of water-soluble BrC have beengrenéd mostly in the US
and Asia, and measurements in Europe are scar@eteDet al. (2005) investigated the optical prapsrof WSOC from
aerosol samples collected at a rural site in Pattddhey found a seasonal variation with a highsoaptivity in autumn than
in summer. Some studies have reported the optioalepties of humic-like substances (HULIS), which a part of WSOC

15 (e.g., Baduel et al., 2010; Utry et al., 2013).

Sources of BrC are very diverse. Known primary sesrare biomass burning (BB, Kirchstetter and THeatc2012; Lack et
al., 2013; Mohr et al., 2013), and fossil fuel aadidential coal combustion (Bond, 2001; Olsonl.e®2815). Moreover, BrC
can be produced by secondary reactions of anthespodLin et al., 2015a; Nakayama et al., 2010piogenic precursors
(Flores et al., 2014; Kampf et al., 2012; Lin et 2014).

20  The molecular composition of BrC still remains kelsggunknown due to its complex nature. Severahgtts have been made
to characterize BrC at a molecular level (Lin et 2015a, 2015b). Among the identified compoundugeoare large
macromolecules, like HULIS (Hoffer et al., 2006)da condensation products (Noziere and Esteve52@007), and
nitrogen-containing compounds formed by the reactibatmospheric aldehydes with ammonia or amieas, imidazoles
(Galloway et al., 2009; Lin et al., 2015b; Yu et 2011). Nitrated aromatic compounds (NACs), whach the focus of the

25  present study, comprise another group of majorritariors to BrC (Jacobson, 1999; Mohr et al., 20N8)rophenols (NP)
can be either emitted directly into the atmospherg, by traffic exhaust (Nojima et al., 1983; Tpeet al., 1993) and wood
burning (Hoffmann et al., 2007) or secondarily fedrby the nitration of precursor compounds likereither in the gas
phase or liquid phase (Bolzacchini et al., 200Ignéi et al., 2002). Nitrophenols have been quadtifie many different
locations, especially in Europe (Cecinato et &0% linuma et al., 2010; Kahnt et al., 2013; Zhahgl., 2010), but there is

30  surprisingly little information on NP concentrat®im Asia (Chow et al., 2015). Nitrated salicyl@ids (NSAs) have also been
recently detected in atmospheric aerosol partifésnovski et al., 2012; van Pinxteren and Herrma2007). A strong
correlation with nitrate was found by Kitanovskiait (2012) in samples from Ljubljana, Sloveniaggesting secondary
formation from precursor compounds such as satiatiid, which has been found in biomass burningsamds as a lignin
degradation product (linuma et al., 2007).

35  Studying BrC at a molecular level is consideredangnt, since even trace levels of a compound chaic a significant
impact on the light absorption properties of pdesqKampf et al., 2012). However, little is knoaout the contributions of
specific light absorbing compounds to the lightaption of either ambient aerosols or aqueous etgfeom ambient particles.
Mohr et al. (2013) estimated the relative contiitnuiof NACs to particulate BrC light absorptionlie about 4 % at 370 nm
at a measurement site in the United Kingdom witihlinfluence of BB aerosols. Zhang et al. (2013%wated a contribution

40  of NACs to aqueous extract light absorption of 4r&tn the Los Angeles basin (USA).

The present study aims to expand the understaradiBgC and water-soluble BrC by investigating ipgal and temporal
variation in different, very diverse environmentsh@an, rural, biogenic, high BB influence) inclugithe contributions of

individual light-absorbing organic compounds.
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2. Experimental

2.1 Measurement campaigns

Measurements took place at five sampling site@él@erman and two Chinese), in six different atrhesp conditions. An
overview over the sites, sampling periods, geogcaphoordinates, and the type of atmospheric envirent is given in Table
5 1. Average temperatures and wind speeds are givearapaign averages.
The Leibniz Institute for Tropospheric Research QHOS (winter) campaign, 2014) is located in Leipzigastern Germany
and can be regarded as a moderately polluted ushakground site impacted by a mixture of distribduseurces (van
Pinxteren et al., 2016). During the measuremeribgehis site was strongly influenced by BB aerssak indicated by high
levoglucosan concentrations. The first half of twmpaign (until 31 January) was characterized by 1 h mean
10 temperaturesO °C. Afterwards, the temperature gradually inceda®wards the end of the campaign (up to 10 °C2als
mean). The periods of lower temperatures oftenadéd with increased emissions from residentiatihgaThe average wind
speed was 2.2 m's
The measurement site Waldstein in the Bavariant@lidhountains (Waldstein (summer) campaign, 201ewRa et al. (2006))
is located about 180 km south west of Leipzig Iova mountain range. The site is surrounded by foreBere spruce is the
15 dominant species. Measurements took place on a tmiveeheight of 21 m (about 780 m above sea leVél measurement
period was characterized by low wind speeds (<1s)nand predominantly sunny weather (average temyreraf 19 °C).
Because of the surrounding forest, the influencieeshly emitted biogenic organics is expectededigh.
Measurements at Melpitz, a rural background sdeated about 50 km north east of Leipzig, wereiearout in winter
(Melpitz (winter) campaign, 2014) and summer (Mgldsummer) campaign, 2014). The Melpitz (wintegnpaign was
20  characterized by an average temperature of -3 tCaaraverage wind speed of 2.8 ™ Ehe Melpitz (summer) campaign
was characterized by an average temperature o€2thf a mean wind speed of 2.0 n Ehe dates in winter and summer
correspond to the measurement periods of the TRQRMS:r) and Waldstein (summer) campaigns, re$ygagt Due to the
proximity of TROPOS and Melpitz, the two sites aruenced by similar regional air masses.
The Chinese measurement sites Xianghe (Xianghenisujrcampaign, 2013) and Wangdu (Wangdu (summenpaggn,
25  2014) are both located in the Hebei Province inNbeth China Plain (NCP). The campaigns were phitie® CAREBeijing-
NCP campaigns in 2013 and 2014. Xianghe is situn&rdieen the two megacities of Beijing and Tiangind Wangdu is
located 170 km south west of Beijing. The averageperature and wind speed at the Xianghe (sumraempaign were 26 °C
and 0.8 m¥, respectively. For the Wangdu (summer) campaigrean temperature of 26 °C and a mean wind speédrof
s! was measured. Both sites can be regarded as aédiaokground stations for the NCP. In comparisothe summer
30 campaigns in Germany, the average:P{particulate matter with an aerodynamic diametdil0O pm) concentrations were

about three to seven times higher at the Chinése. si

2.1 Sampling, chemical analysis and back trajectoes

Overall, eight NACs were determined as part of BBthitrosalicylic acid (3NSA) and 5-nitrosalicylecid (5NSA), 4-
nitrophenol (4NP), 2-methyl-4-nitrophenol (2M4NPR-methyl-4-nitrophenol (3M4NP), 2,6-dimethyl-4-mighenol
35 (2,6DM4NP), 2,4-dinitrophenol (24DNP) and 3,4-diojthenol (34DNP). The standard compounds were psezhin high
purity (=98%) from either Fluka or Sigma—Aldrich (Munich, i@®&ny).
PM10 was collected on quartz fiber filters with &jiiel DHA-80 high volume filter sampler (MK 360, tktell, Falun,
Sweden, flow rate: 0.5%min%). Day and night samples (11 h or 12 h, see Tabjev8re taken during each campaign except
for Melpitz (winter) and Melpitz (summer), whererfieles were collected for 24 h. Details on the ghing times are given
40 in Table S1. After sampling, filters were stored2@ °C until extraction. Analysis of WSOC, levoghsan, NACs and the
determination of UV/Vis spectra were carried ouhgsiqueous filter extracts of different portiorigilter in ultrapure water.

4
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Details on the different methods are given belole &queous filter extract was always filtered tigtoa pre-cleaned syringe
filter (0.45um, Acrodisc 13, Pall, Dreieich, Germngan
Nitrated aromatic compounds and UV/Vis spectra wietermined from the aqueous extract by extradiieP8 pieces of the
filter (1.54 cnt each) into 10 mL of ultrapure water. Nitrophenokre analyzed according to the method describdaich
5 et al. (2014) based on hollow fiber liquid—phasermiextraction for analyte enrichment and capillatgctrophoresis
electrospray ionization mass spectrometry (CE-ESI-Mgilent °CE instrument, Bruker Esquire 300@®n trap mass
spectrometer). Samples from the Waldstein (sumg@npaign were not analyzed for NPs, due to thedunavailability of
filter material.
Nitrated salicylic acids were enriched by evapogtin alkalinized aliquot of the aqueous filteragt (1.8 mL plus 200 pL
10 10 mM NaOH) to dryness in a vacuum concentratoéoj Genevac Ltd., UK) and redissolving the residue 40 pL
ultrapure water. Subsequent analysis was carriebyoGE-MS as described in van Pinxteren et all220Standard addition
was carried out for quantifying the NSA compoungicb-injecting a standard solution plug at diffdreancentration levels
into the CE capillary after the sample plug.
As a typical BB tracer, levoglucosan can help teesiigate the influence of BB aerosols on the aleskiconcentrations
15  (linuma et al., 2009; Simoneit, 2002). Levoglucosas analyzed with a Dionex ICS-3000 system coupligd a pulsed
amperometric detector (Thermo Fisher Scientifi;yi8wale, CA, USA). A portion of sampled filter (2.4n?) was extracted
in 20 mL of ultrapure water by shaking with a ladtory orbital shaker for 120 miBetailed chromatographic conditions and
the merits of analysis can be found elsewhere timet al., 2009). Levoglucosan data is availalhi¢hfie campaigns Xianghe
(summer), Wangdu (summer) and TROPOS (winter). Bta @ available for the Melpitz (winter), Melpitgummer) and
20  Waldstein (summer) campaigns, due to limited amaoiifitter material.
Organic carbon and elemental carbon (EC) were mhéted from the filter by a thermal-optical methosing the Sunset
Laboratory Dual-Optical Carbonaceous Analyzer (8tnsboratory Inc., Tigard, OR, USA) following tH8JSAAR 2
temperature-protocol and applying a charring cdizaasing light transmission (Cavalli et al., 20.10
The aqueous extract for determining WSOC was pesbly extracting 21.5 chof the filter samples from the Xianghe
25  (summer), Wangdu (summer), Melpitz (winter) and pitzl (summer) campaign and 38.5%ier samples from the campaigns
Waldstein (summer) and TROPOS (winter) into 25 md 80 mL of ultrapure water, respectively, followleg 20 min of
ultrasonication. After filtration, the extract wagected into a TOC-¥p analyzer (Shimadzu, Japan) operating in the NPOC
(nonpurgeable organic carbon) mode. More detailthemmethod can be found in van Pinxteren et 8092
The air mass origin was estimated by 96 h backdtajies calculated using the HYSPLIT model (Drazled Rolph, 2003).

30 2.2 Instrumentation for aerosol light absorption masurements

Particulate light absorption was measured by arsevavelength Aethalometer, model AE33 (Aerosolal,&lovenia) during
the TROPOS (winter) and Waldstein (summer) campaigrdetailed description of the instrument is give Drinovec et al.
(2015). Briefly, aerosol particles are collectedadfilter tape. Light attenuation is measured corgusly through this aerosol
laden filter (time resolution of 1s). When a fixattienuation threshold is reached, the tape advaoeesew filter spot. Filter-

35 based measurements feature non-linear loadingteffemused by the increasing deposition of the Eamphe filter loading
during the measurement, and filter matrix lightttaréng effects (Weingartner et al., 2003). Theh®édmeter AE33 measures
the loading effect by using a dual-spot approadieres attenuation measurements are carried out tainealusly on two
differently loaded spots. Multiple scattering effeavere compensated by normalizing the particulafiet absorption
coefficientbapsagainst data from a Multi-Angle Absorption PhotoenédMAAP, Petzold and Schonlinner (2004)) whichswa

40  also located at the measurement sites. The detednmiarmalization factor (for light scattering et®&®dC was 1.69 for the
TROPOS (winter) campaign and 2.06 for the Waldstgimmer) campaign. More details are given in tigpement Sect.
S1.
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The relative contribution of BrC and BC lbays s7owas determined following the method used by Kitetier and Thatcher

(2012). For the calculations, it was assumed tl@ws the only absorbing species at 940 nm, OCB&havere externally

mixed, and that the AAE of BC was 1.0. These assiomp are consistent with recently published steiddartinsson et al.,

2015; Mohr et al., 2013). Using Eq. (bjus,370ecdWas determined by extrapolating from 940 nm to@TQand the contribution
5  of BrC was then calculated using Eq (2):

baps,2 = bapsa,src + bavsa,zc 2

The AAE was fitted over all seven wavelength andjigen as the average of the wavelength dependenvid the

measurement time resolution.

2.3 UV/Vis spectrophotometry

10  Light absorption of aqueous solutions were measwidda Lambda 900 UV/Vis-spectrometer (Perkin Bimesing quartz
cells (Secomam, France). The aqueous filter extraetre analyzed at pi#2 (acidified with HSQ;, in the following also
indicated with the subscript “A”) and at pHiO (addition of NaOH, in the following also indiedtwith the subscript “B”).
Hence, the target compounds were either in thaitrakor deprotonated state. The influence of tHeom MAE and the
aqueous light absorption coefficient (Abs) is dissed in Sect. 3.1.1. Spectra were recorded from@B800 nm.

15 The interpretation of the aqueous extract lighbgbton follows the method described by Hecobiaale€2010). In general,
according to Beer—-Lambert—Law the absorbadg¢edf a solution is defined as:

1
Ay = —logo (E) =1-c g =1%i(c;-exi), ®)
wherelp andl are the intensity of the incident and transmiliglat, respectivelyl the absorbing path lengththe concentration

of absorbing species in solution ands the wavelength dependent molar extinction ¢oiefit. The resulting data was then

20  converted to the aqueous light absorption coefiichbs.
- 4
Abs; [Mm™] = (4; - Asoo)ﬁ -In(10), ©)]

whereAsggo is the reference wavelength to account for angleesdrift, V; is the volume of water used for extraction (10 mL)
V. is the volume of air passed through the filted Br{10) was used to convert the common logarithra hatural logarithm.
The path length | was either 2 or 5 cm.

25  Abs, is the light absorption coefficient of the aqueentract solutions and is not to be mistakenbigg the light absorption
coefficient of ambient particles. This nomenclatwaes chosen in accordance with other studies (Lah.£2013a, 2015).

Using the mass concentration of WSOC (in i§),"VIAE was calculated by:

Abs)
[wsoc]

MAE[m?g™"] = ®)

The molar extinction coefficient at 370 neazo, was determined for each target compound by pirgar dilution series of
30 standard compounds in water. Subsequently, a ffoee curve was recorded twice. According to theB&ambert—Law,

the slope of the regression in an absorbance—ctratien—plot is proportional ta. The molar extinction coefficients for each

compound under acidic and alkaline conditions aesgnted in Table S3.

In other studies dealing with aqueous extracts, Vithges were given for 365 nm (e.g., Bosch eRél14; Cheng et al., 2011,

Hecobian et al., 2010). We chose 370 nm to chaiiaetthe aqueous extract light absorption propgtteematch the 370 nm
35 channel of the Aethalometer.

2.4 Calculation of the contribution of nitrated aromatic compounds to light absorption of aqueous ex#rcts and

particulate brown carbon
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The contribution of the target compounds to theeags extract light absorption was computed by fiedtulating the
absorbance of the single compound using Eq. (3)thed determining the percentage on the total aggisolution light
absorption.

To assess the contribution of the NACs to partieuBrC light absorption at 370 nm, the molar extore coefficient of each

compound was converted to the liquid phase moleatdsorption cross sectit, (Jacobson, 1999):
byiq[cm*molecule™] = 1000 ln(lO)E:]—m o
A

whereNa is the Avogadro constant and In(10) is used toredrthe common logarithm of the molar extinctiarefficient
(base 10) to the natural logarithm. The MAdg of each compound was then calculated by dividiighy the mass of one
molecule. The subscript “comp” denotes the specifimpound. If the MAEmp and the mass concentration in air of the
compound are knowmbass compOf the single compound in ambient particles candieulated by the following equation:

Baps comp = MAE gy, - [comp] )

where [comp] is the mass concentration of the camgan the aerosol.

By knowingbabs,comp@ndbans,src, the relative contribution of the individual compablion the particulate BrC light absorption

can be calculated.

3. Results/Discussion

3.1. Optical properties of water-soluble and partialate brown carbon

In the following section, the general optical prdjes of water-soluble and particulate BrC are enésd. Optical properties
of water-soluble BrC (represented by the aqueotsaexlight absorption) are given as M&Eand the aqueous light
absorption coefficient (Ahgy). Particulate BrC was characterized by the pdetedight absorption coefficienbfss 79 and

the AAE. The results of the optical properties susmarized in Table 2.

3.1.1 Influence of acidic and alkaline conditionstthe mass absorption efficiency and the aqueouglit absorption

coefficient

Values for MAE and Abs have usually been directlyived from filtered aqueous filter extract withaansidering the pH of
the solutions (e.g., Bosch et al., 2014; Chend.e@11; Hecobian et al., 2010). However, depemdin the nature of the
absorbing species, pH alters the absorptivity. &fial. (1987,1990,1991) showed for NPs that thrionic form is a much
stronger absorber than their neutral form. Moreperabsorption maximum shifts towards longer wevgths under alkaline
conditions. The dissociation in a solution depeadshe pk value of the compound and at different pH levefferent
mixtures of neutral/ionized compounds exist. Gelhgrambient particles are estimated to be mordia¢pH<4, Scheinhardt
et al., 2013), making the findings under acidicditans more relevant for ambient conditions. HoeseWHinrichs et al. (2016)
reported, that NPs adsorbed to a particle surfalsibie a significant red-shift similar to the aquesdight absorption spectrum
of their deprotonated form. Hence, under certaimdd@ns the deprotonated forms can also be imparta

Comparing alkaline and acidic conditions, strongeations have been found for Abs, MAE and thatre¢ contribution of
the individual compounds to Abs over all campai(Rs> 0.93, see Fig. S3). On average, Abscreased by a factor of 1.4
and MAE by a factor of 1.6 under alkaline condis@mmmpared to the acidic conditions. As indicatgthle good correlation,
this factor is quite consistent and independemhefmeasurement site.

The molar extinction coefficient at 370 nm incresagéth pH for the individual compounds (see TalBg. @ higher pH leads
to deprotonation of hydroxyl and carboxyl groupsiich may lead to a shift of the absorption maximtowards longer
wavelengths. The light absorption of the aqueotsaets is a sum of many different light absorbipgdes. Therefore, the
relative contribution to the aqueous extract ligihorption for individual compounds is affectedeténtly. For example, the
relative contribution of 3NSA and 2,6DM4NP to Alsdecreases at pH 10. No difference in the coniobub Absyz was
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observed for SNSA. The highest increase in therimrtion to Abszowas found for 2,4DNP with a factor of 6.8. The atved
differences in the contribution to Apsare related to both the molar extinction coeffitjavhich alters with the pH, and the
composition of the solution. A decrease in thetiatacontribution to the light absorption at highm is most likely due to
greater contributions of other, now overlappindntigbsorbing compounds at this specific wavelength.
5  The increase of Alg with higher pH is relatively modest (a factor ofi)lcompared to the increase of the molar extinctio

coefficient of individual NACs (an average facté®db). This might indicate that the absorptiongedies of the majority of
light absorbing compounds are little affected by pii. These findings are only valid for the invgated wavelength of 370
nm and are likely to differ over the whole specteaige.
Due to the close relationship between MAE and Abden alkaline and acidic conditions, only the valfier the acidic

10 conditions are discussed in the following sectiSeqt. 3.1.2), while both of them are always dispthin the Figures and
Tables.

3.1.2. Mass absorption efficiency and aqueous ligabsorption coefficient of water-soluble brown carbn

The temporal evolution of Absand MAE;7ofor each measurement sitee shown in Fig. 1. The highest mean MAkvalues
were found for the campaigns Melpitz (winter, 0.8@8 nf g*) and TROPOS (winter, 0.84+0.2¢ o) followed by Wangdu
15  (summer, 0.55+0.15 fng?) and Xianghe (summer, 0.38+0.06¢ qi'). The lowest values were observed under summer
conditions in Germany, where the values for thepifel(summer) campaign slightly exceeded the MAkobserved at the
Waldstein (summer) campaign (0.22+0.03g% over 0.17+0.03 fg?). Measured MAEgoa values for China are in the same
range or slightly lower than values reported ireottudies. For instance, several studies wereumbed in Beijing in summer,
where Cheng et al. (2011) determined an average MIAE7 n? g, Du et al. (2014) found 0.5y and Yan et al. (2015)
20  observed 0.7 iy (all values determined at 365 nm). The findingstfier TROPOS (winter) and Melpitz (winter) campaigns
suggest regional behavior and are comparable &roéd MAEs from urban sites in the US (Hecobiaal e2010), 0.47-0.87
m? g annual meametermined at 365 nm). Low MAE values, similar he bbserved MAEs at the Melpitz (summer) and
Waldstein (summer) campaigns, have been foundkestnuand rural sites in the U.S. (0.21 and 0.2y respectively,
determined at 365 nm) when the concentration afdiicosan was low (<50 ng¥ Although the average Alsais similar
25  for the campaigns of Wangdu (summer), TROPOS (wjirated Melpitz (winter) (4.64, 3.92 and 4.13 Mmmespectively), the
observed mean MAfza for the Wangdu (summer) campaign is lower, indintathat despite higher concentrations of OC
and WSOC during the Wangdu (summer) campaign (ab&154), fewer light absorbing compounds wereqmes
A correlation between levoglucosan and Abwas found during the TROPOS (winter) campaigh<R.8), and during the
BB episode of the Wangdu (summer) campaigh<£R.9), when BB aerosol was abundant (see FigTis correlation
30  suggests that BB aerosol is a major contributdhéoagueous extract light absorption. The connedigiween BB and light
absorbing BrC was also observed in a number ofr ttuglies (e.g., Desyaterik et al., 2013; Hoffealet2006; Lack et al.,
2013; Mohr et al., 2013). During non-BB episodeshef Wangdu (summer) campaign and the Xianghe (&rfnrampaign,
only a weak or no correlation at all was observetiveen levoglucosan and Aks(see Fig. 2). This indicates the presence of
sources for light absorbing compounds other tharaBB®sols. A decay of levoglucosan more rapid thardecay of NACs
35  might also be a cause for this observation (Hoffmeinal., 2010).
Regarding seasonal differences, the aqueous ekghtabsorption was much lower in summer compaoedinter samples.
This is a general trend, observed at many measutesites (e.g., Du et al., 2014; Hecobian et &11@® Kim et al., 2016).
Kim et al. (2016) suggested that this is eitherase the amount of emitted BrC is much higher duwimter or that summer
BrC is less water-soluble. By comparing aqueousaekiight absorption to ambient particle light afjtion measurements

40  this issue will be further explored and discussetheé following section.

3.1.3 Particulate light absorption coefficient andabsorption Angstrém exponent of particulate brown arbon



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-647, 2016 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 25 July 2016 and Physics

(© Author(s) 2016. CC-BY 3.0 License.

10

15

20

25

30

35

40

Discussions

The temporal evolution of the measured particuliget absorption coefficienbas at 370 nm as well as the determined
contributions of particulate BrC and BC to the tighsorption at 370 nm are shown in Fig. 3. The AA&campaign average)
obtained by fitting over all Aethalometer waveldmgtvas 1.5+0.1 and 1.2+0.3 for the campaigns TROR®Ser) and
Waldstein (summer), respectively. An AAE close i@ ondicates that BC is the dominant species (lStetter et al., 2004).
The increased AAE values indicate that BrC playarger role for the TROPOS (winter) campaign thanthe Waldstein
(summer) campaign, where its contribution is minor.

During the BB influenced TROPOS (wintedmpaign, the mean totad,s s7owas 54 M. Particulate BrC contributed about
40 % to the overall light absorption at 370 nm. Trifeience of BB on the light absorption of ambigatticles has also been
observed in other studies. For instance, Kirchatethd Thatcher (2012) estimated that the contabuif BrC to the light
absorption of wood smoke is 49 % below 400 nm fsammples collected in wintertime California (U.S4phr et al. (2013)
found a BrC contribution of 46% tms s7oat a UK site that was highly influenced by BB. Gindings on the contribution of
BrC to babs, 370during the TROPQOS (winter) campaign are consisigtit these earlier measurements. The light absorpt
was observed to be higher for easterly air massesthose from the west, a trend also seen in &@ dbncentrations of the
TROPOS (winter) campaign (see Sect. 3.2). Easteigls were often accompanied by lower temperatorethermal
inversion layers or both. Therefore, higher conegitns of light absorbing compounds (and highertipalate light
absorption) might be a result of both, increasetsions (locally and in the source region) and logispersion of absorbing
pollutants due to the thermal inversion layer.

In contrast, the light absorption of aerosol péticwas much lower during the Waldstein (summamaign with a mean
total bans,3700f 6 M1 and a BrC contribution to the particulate lighsaiption of about 15 % at 370 nm. The measurements
at Waldstein (which is surrounded by a mixed fgrestre carried out in a sunny summer period whgh hiogenic emissions
would strongly influence the results. Several labory studies have shown that the formation oftlgtsorbing compounds
from biogenic precursors is negligible (e.g., Liuaé, 2013b; Nakayama et al., 2010; Song et 8132 However, a few
studies have suggested that BrC might be formétkipresence of high ammonia concentrations (Fletrak, 2014; Updyke
et al., 2012) or from isoprene epoxydiols (IEPOX &t al., 2014). Findings from field measuremeéntthe Amazon Basin
confirmed that the light absorption by biogeniccset is much lower than the light absorption of 8&osols or BC (Rizzo
et al., 2011). Compared to the TROPOS (winter) @gipbassfor BrC is very small for the Waldstein (summea)paign,
with an average of 0.94 Mincompared to 21.8 M Our findings corroborate those of Rizzo et aQ1(®) and laboratory
studies stating that biogenic aerosols alone pduaty small amounts of light absorbing compounds.

The relative contribution of light-absorbing WSQ&Cparticulate light absorption can be estimateaylying a conversion
factor. Based on Mie theory calculations, Liu et(@D13a) suggested a factor of two to convertapeeous extract light
absorption coefficient (Abs) into the particulaight absorption coefficientg,d. For our data, this gives a good agreement
between the Waldstein (summer) averagesAl$0.51 Mm!x 2) and the Waldstein (summer) average s70,5c(0.94 Mm

1), suggesting that the observed particulate ligisiogption is mainly associated with water-solutdenpounds during this
campaign. For the TROPOS (winter) campaign, dogttie average Alsa gives a value of 7.8 My which is still much
lower than the averag®ps s7oec(21.8 Mm?). Thus, a large fraction of non-water-soluble @kl exists as well, that is

highly light absorbing at 370 nm.

3.2. Concentrations of nitrated aromatic compoundsinder different atmospheric conditions

This section presents an overview and a compan$dine NAC concentrations for all campaigns. Tablsummarizes the
measured concentrations in comparison with otheties$ at similar locations. The results of the terapvariation of the
target compounds for each campaign are display&air.

A general concentration trend of 4NP > 3M4NP > 2N#MAN 2,6DM4NP > 2 4DNP > 3,4DNP and 3NSA > 5NSA was
observed for all campaigns of the present studyisimigood agreement with findings from most otsteidies. Regarding the
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sum of NPs, the mean concentrations were highestgithe TROPOS (winter) campaign (14.0 ng)rfollowed by the
Melpitz (winter) campaign (11.1 ng'$ These concentrations are a factor of 3 to 1@érighan those observed during the
campaigns Wangdu (summer) and Xianghe (summern@m® and 1.4 ng m, respectively). During the Melpitz (summer)
campaign, the NP concentration was 100 times |¢arxegrage of 0.1 ng 1) than during the Melpitz (winter) campaign. For
5  the sum of NSAs, the highest mean concentratioms ¥oeind at the Wangdu (summer) campaign (4.8 ipyfollowed by
the campaigns Xianghe (summer) and TROPOS (witaggrage of 2.2 ng Hh each). Average concentrations for NSAs of
1 ng m® were observed at the campaigns Melpitz (wintér,ny m?), Waldstein (summer, 0.4 ng3nand Melpitz (summer,
0.2 ng n¥).
A clear seasonality can be seen in the data frarGrman sites. The observed concentrations ddiffexent species are

10 generally lower in summer than in winter becausgesiburces of NACs are stronger during winter antegly connected to
polluted air, as discussed in the Sect. 1.

The campaigns Melpitz (winter) and TROPOS (winteere carried out in the same period and the twessite directly
comparable due to their geographic proximity. Coticgions of the NACs are in the same range at bidéls and show a
common pattern. Two periods with concentration mmaxivere found. The first period occurred around&3uary and the

15 second peak was around 30 January, 2014 (see,Figarid b). Both periods are characterized by jinegaeasterly winds
and shorter mean lengths of 96-hour back trajezdoth contrast, air masses during other periodgnated from the south
west and had longer trajectories and increasedeaese times over the Atlantic Ocean. Higher comeéinns of PM and many
of its constituents with easterly winds are oftéserved at Melpitz (Spindler et al., 2010). Thegloaesidence time above the
continent results in increased concentrations dfifamts in those air masses. Furthermore, as itbestin Sect. 3.1.3, the

20 temperature was generally lower when the air maggnated from the east, which likely led to highemissions from
residential heating botbcally and in the air mass source regions.

The campaigns Melpitz (summemd Waldstein (summer) were also conducted indhgegime period. The concentrations
of NSAs are comparable at both sites (0.01-0.5mAgand are very low compared to the winter measungsnélitrophenols
were not analysed from the Waldstein (summer) cénpas explained above.

25  Day and night samples were collected during thepeagms TROPOS (winter), Waldstein (summer), Xiantgummer) and
Wangdu (summer). Nighttime concentrations were fotm be slightly higher than during the day. Thevdo daytime
concentrations are probably caused by the highendery layer heights during the day, i.e. diluteffects, and/or lower
emission/formations rates during daytime.

The sum of all target compounds at the TROPOS énjiicampaign was only weakly correlated with levoglsan (R=0.47,

30 Fig. S4), indicating that BB was not the dominamirse of NACs during the campaign. As mentionedvabthe formation
or decay processes of levoglucosan and NACs migheby different, which resulted in no correlatmfithose species. It is
also known, that the sources of NACs are very divésee Sect. 1).

At the Wangdu (summer) campaign, a BB episode Wwagsrved between 11 June and 19 June (see Figndiflated by a
peak in measured levoglucosan concentrations. Buhiat period, increased concentrations of NACsvieand. Although

35 the NAC concentration generally increased withéasing levoglucosan concentration, no clear cororebetween NACs
and BB aerosols was found. For the Xianghe (sumugnpaign, levoglucosan concentrations (averag®®sing nv) were
lower than for the Wangdu (summer) or TROPOS (wjrdampaign, suggesting that BB played a minor abtéis site during
the time of measurements. No correlation was fduetdveen the sum of NACs and levoglucosan. Thisigaghat BB was
neither the major source of NACs in the Wangdu (®em) nor in the Xianghe (summer) campaign.

40  Nitrated aromatic compounds seem to be ubiquitadsaae found at each site in measurable amouhisualh they are highly
variable at the different measurement sites. The sEINAC concentrations at the different campaitpiowed the order
TROPOS (winter) > Melpitz (winter) > Wangdu (suminerXianghe (summer) > Waldstein (summer) > Meljggammer).
This trend might be considered surprising, sineeatverage PM and OC values were higher at the Chinese sitesahthe

10
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German sites (see Table S4). However, the seasoaali influence of BB aerosol seems to play adamaje for the NAC

concentration resulting in lower concentrationthatChinese summer sites than at the German veités:

3.3. Contribution of nitrated aromatic compounds towater-soluble and particulate brown carbon

In this section, the contribution of NACs to theuaqus extract light absorption and then the comiiob of NACs to the
particulate BrC light absorption are discussed. fidative contribution of NACs to Abs is shown in Fig. 4 together with
the contribution of NACs to the WSOC concentratibable 2 summarizes the contribution of NSAs and MPaqueous
extract light absorption (Abs) and particulate Bight absorption lfans.

The relative NAC contribution to aqueous extraghtiabsorption varied greatly across the diffesitets, ranging from 0.02
to 4.41 % for acidic conditions and from 0.02 t8&8% for alkaline conditions. This result likelyflexts the dependence of
NAC source strength on location and seasonalitg. Maximum contribution of NACs to Aks was found for the TROPOS
(winter) campaign. The contribution of NACs to Alysvas low for the campaigns Waldstein (summer) aetpiz (summer).
For the Waldstein (summer) campaign, a mean caioib of 0.15% (acidic) or 0.13% (alkaline) was eb®d. Average
values of 0.13% (acidic) and 0.24% (alkaline) whebtained from the Melpitz (summer) campaign. Tésults for the
Xianghe (summer) and Wangdu (summer) campaignalarat half the values of the TROPOS (winter) or pitel (winter)
campaigns. This shows, that NACs in the presendiystad a much higher impact on the light absorppi@perties during the
German winter campaigns than during the Chinesermmeampaigns and indicates that other compourajseplarger role
in particle light absorption at the Chinese sitdsre studies are needed to resolve the molecutantity and abundance of
these light absorbing compounds.

The relative mass contribution of NACs to the WS&@centration at the different campaigns followssame pattern as the
contribution of NACs to the aqueous extract lighs@rption and also the same pattern as the NACerrations (see Sect.
3.2 and Fig. 4). The highest mass contributiondA€s were found during the TROPOS (winter) campddaiowed by the
Melpitz (winter) campaign, and lowest values welbsayved for the campaigns Waldstein (summer) anigidgsummer).
The average mass contribution of NACs to WSOCsds than 0.2% at each site. In contrast, NACs hawean contribution
to aqueous extract light absorption of 1%, which factor of five larger than their mass contribntto WSOC. Our results
corroborate the findings of other studies, whicbvgtthat even small amounts of light absorbing commals can significantly
impact the light absorption properties of particlés a result, a detailed investigation of the ralar composition of BrC is
important (Kampf et al., 2012; Laskin et al., 2015)

The correlation between NAC concentrations andsAlisr each campaign is displayed in Fig. 5. Theaation is good for
the TROPOS (winter) and Melpitz (winter) campaiBf=0.7, each) and weaker for the Wangdu (summer) ammgR=0.6).
No correlation was found for the campaigns Xian(ghenmer), Melpitz (summer) and Waldstein (summiergeneral, the
presence of high NAC concentrations also indichtgher values for Abgo than at sites with lower NAC concentrations.
However, due to the diverse sources and sinks jagobleaching (Zhao et al., 2015)) of NACs an@€ BYACs cannot be
considered as the only tracers for BrC for verfedént atmospheric conditions.

The average contribution of NACs to particulate Bight absorption, was found to be 0.10 % for thelifgtein (summer)
campaign and 0.25 % for the TROPOS (winter) campfog the protonated forms, and 0.13 % and 1.18%pectively, for
their deprotonated forms. The contribution durihg Waldstein (summer) campaign is similar for theemus extract and
aerosol light absorption, which is consistent wité assumption discussed above that the obsegrdalbsorption is mostly
derived from WSOC and no further water-insolubl€Bvas present at this site.

To the best of the author’s knowledge, up to noly tmo other field studies have determined the gbation of individual
compounds to BrC light absorption. Zhang et al.1@0estimated the contribution of eight NACs to emus extract light
absorption in Los Angeles to be about 4% at 365 while Mohr et al. (2013) estimated a NAC contribatof 4 % to
particulate BrC light absorption at 370 nm at aiBfuenced site in the U.K. The findings from Zhaegtgal. (2013) are in the

11
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same range as our findings for the TROPOS (wirgempaign (for Abso), whereas the estimated contribution of NACs to
particulate BrC light absorption by Mohr et al. {&) is a factor of 16 larger than our observed riioutions. One possible
reason for this discrepancy is that the mieagns.cmeasured in the present study is about twice dsdsgpbserved by Mohr
et al. (2013) (10 M) while the concentrations of NACs are in the saamge in both studies. Moreover, Mohr et al. (2013)
5 considered a different suite of NACs than the preseudy. Another important point is that the céton by Mohr et al.
(2013) used values based on the absorption maxfrtfaeandividual species, which usually lie below03nm (for their
protonated form). In contrast, in the present stindymolar extinction coefficient of each compouwvas directly determined
at 370 nm. When calculations were made based aabtharption maxima of protonated NACs, an averagéribution to the
particulate BrC light absorption of 1 % was found the present study, i.e a factor of four higtmmtthe calculation at 370
10 nm. This suggests that the influence of NACs ihbigowards shorter wavelength, i.e. near theiogdi®n maximum and
thus can be more important in terms of their infleee on atmospheric photochemistry, e.gp@otolysis (Jacobson, 1999).

4. Conclusions

In the present study, the contributions of eight@¢Ao the light absorption of aqueous particleaotsr and particulate BrC
were determined in Germany and China at five measent sites under six different atmospheric coouliti

15 The effect of pH on the aqueous extracts light giigm was investigated. Absorption of extract8&) nm, Absrg, increased
by a factor of 1.4 and MAE by a factor of 1.6 wtiba pH was increased from 2 to 10. A general sedsmend of MAE7o
and Absyo being higher in winter than in summer was obserwétch is in agreement with other studies. The MAdiies
during winter times impacted by BB in Germany extabthose of the Chinese background stations dstngmer. Very
low MAE andbass 37owere observed at the forest site Waldstein in samindicating that freshly emitted biogenic aetsso

20 are only weakly absorbing. In contrast, a stromatienship was found between the light absorptimpprties and BB aerosol
concentrations, corroborating findings from otheidges. An average contribution of particulate Bo®aps 3700f 46% was
observed during the TROPOS (winter) campaign afd d6ring the Waldstein (summer) campaign. The AARasticulate
BrC was found to be 1.5 and 1.2 for the campaidR®FOS (winter) and Waldstein (summer), respectively
The relative contribution of NACs to the aqueousast light absorption was highly variable depeigdim the measurement

25  site, ranging from 0.02 % to 4.41 % under acidindiitons and 0.02 % to 9.86 % under alkaline coodg. This indicates
that the emission strength of light absorbing conmats and the composition of BrC differed betweendites. In addition,
the formation and decay processes might be vefgrdiit in the respective environments. The meaitriboion of NACs to
the particulate BrC light absorption was 0.10 %djacconditions) and 0.13 % (alkaline conditionsiridg the Waldstein
(summer) campaign and 0.23 % (acidic conditions) ad5 % (alkaline conditions) during the TROPO$ter) campaign.

30 A correlation between the NAC concentration andsAhsas observed during the campaigns TROPOS (wiatet)Melpitz
(winter), at other sites the correlation was weakan-existent.

The mass contribution of NACs to WSOC was five srfwwver than their contribution to the aqueousasttlight absorption.
This corroborates conclusions of other studies #aan small amounts of light absorbing compounds bave a
disproportionately high impact on the aerosol lighsorption properties (Kampf et al., 2012).

35  Field studies on the molecular composition of Br€ still scarce, especially for sites that haveontittle influence of BB
aerosols. Therefore, more efforts are needed &sasrC on a molecular level, since a deeper krigel®f the present light
absorbing compounds can improve the understandidgeediction of BrC aging processes and its raaidbrcing (Laskin
et al., 2015). A further investigation of BrC congpals may also result in finding tracer compoundsfecific BrC sources.
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Figure 1. Temporal variation of the concentrations of nitdatgromatic compounds and levoglucosan (Levo) ah eac
measurement site (a-f) and their optical propertid®e aqueous light absorption coefficient (Absyl anass absorption
efficiency (MAE) are given at 370 nm for acidic citions (indicated by the subscript “A”) and fokaline conditions

5  (indicated by the subscript “B”).
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Figure 2. Scatter plot of the aqueous light absorption ¢oiefit Absowith levoglucosan concentration for the campaig)s

TROPOS (winter,), (b) Xianghe (summer), (c) Wangsiummer, BB episode) and (d) Wangdu (summer, noregiBode).

Abss7ois given for acidic conditions (indicated by théscript “A”, black squares) and for alkaline coratis (indicated by
5  the subscript “B”, red dots). Note different axiskes.
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Figure 3. Tempora evolution of the particulate light absorption coefficidmbs at 370 nm derived from the Aethalometer
measurements during (a) the TROPOS (winter) campaigl (b) the Waldstein (summer) campaign. Theifmas of black
carbon (dark grey area) and brown carbon (lighy grea) to the total measurbgswere calculated as described in Eq. 2.
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Figure 4. Top and center: Contribution of the sum of NACdhe agueous extract light absorption at eachusitier acidic
(a) and alkaline (b) conditions. Bottom: Mass citmittions of the sum of NACs to the WSOC (c).
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Figure 5. Scatter plots of the sum of NACs concentrationth whie aqueous light absorption coefficient &bgor each

campaign: (a) Melpitz (winter), (b) TROPOS (winjefc) Melpitz (summer), (d) Waldstein (summer), Xéanghe (summer),

(f) Wangdu (summer). The aqueous light absorptioeffecient is given at 370 nm for acidic conditiofisdicated by the
5  subscript “A”, black squares) and for alkaline citioahs (indicated by the subscript “B”, red dots).
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