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Abstract

Darkening of pristine white areas on Earth couldgem when light absorbing particles are depositedrmw

15 and ice surfaces. Airborne particles like minenatdashes or carbonaceous aerosols are ableurerdte snow
and ice albedo already by a small quantity of dipdsparticles. In this study we developed a latwya
analysis method to address mass and absorptiorniespof snow particles simultaneously. For acsethow
samples, taken at the Environmental Research St&ahneefernerhaus (UFS) during winter 2016/201, w
combine the determination of refractory Black Carlmoass (rBC) by a Single Particle Soot Photome3ér2j

20  with photo acoustic aerosol absorption spectrosapthree distinct wavelengths across the visilplecsal
range (PAAS-3). For the calibration of the method, “Fulleren&relard aerosol was used and its mass specific
absorption cross section was determined. The dmabfsthe UFS snow sample measurements reveals a
significant difference between the particle maskgtermined from the PAASA3and the SP2 data. Our findings
suggest that the light absorbing particles incluidetthe snow could not only be composed of rBCrhust have

25  particulate matter of different nature. This ressiitonfirmed by Environmental Scanning Electrorcidscopy
(ESEM) and single particle fluorescence measuresnevith the Waveband Integrated Bioaerosol Sensor

(WIBS-4) which both revealed a significant portiafbiological material to be present in the snomgkes.

1. Introduction

Naturally released aerosols like mineral dust dcamic ash as well as anthropogenic carbonaceauosas like

30 black carbon (BC) are airborne particles which lfinare deposited on the ground. Light absorbingdiglas
settled on snow or ice surfaces can significarglyuce the snow or ice albedo. The otherwise whitéace
becomes darker resulting in an increased absorpfigplar radiation in the snow and ice packs (Dghet al.,
2010; Ramanathan and Carmichael, 2008). Becausespow is the most reflective natural surface othethe
presence of small amounts of absorptive impuriiesh as BC and dust particles in snow, reduceltiedo

35  considerably (Warren, 1982). This reduction themtidbutes to the so-called snow-albedo feedback, th
metamorphosis and eventually the retreat of snox@rsan a warming climate. The IPCC 2013 reportetbhal
annual mean radiative forcing for anthropogeniciB&now and ice of + 0.04 W fwith an uncertainty range
of 0.02 to 0.09 WA (5th and 95th percentiles). A considerably higestimate from BC deposition in snow and
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sea ice was given by Bond et al. (2013). They cartbforcing results from radiative transfer, rapéjustment
and snow albedo feedback resulting in a best fgrelstimate of + 0.13 W fwith an uncertainty of 0.04 to
0.33 W n? (90% uncertainty bounds). In cold fine-grainedvertbe BC amounts can reduce the spectral albedo
at visible wavelengths by 0-2%, in melting snowstheeductions can even increase to 1-6%, reprageati

significant climatic forcing (Clarke and Noone, B9&Varren, 2013).

Not only Arctic (Clarke and Noone, 1985) and Antar¢Bisiaux et al., 2012) regions but also glasiend
permafrost regions in the mountains (Jacobi eR8ll5; Kaspari et al., 2014; Li et al., 2016; Pairgt al., 2007,
Schmitt et al., 2015) are affected. In Arctic snamd ice the light absorbing aerosols are considirdz the
important factors leading to a rapid melting (Baetdal., 2013; Clarke and Noone, 1985; Warren, 198
snow-albedo feedback is accelerating over sprirggfiarasia, which had lost about 14% of its snowecaince
1979 and warmed more rapidly during the last 30rs/¢8.64°C per decade) than most other locatioms an
seasons on earth (Flanner et al., 2009; Flannat.,e2007). Doherty et al. (2010) and Flanner et(2007)
resumed measurements of BC from Greenland and rittecAand reported for BC in snow values betweery?2
g*and 60 ng g.

Soot is the most efficient absorbing constituenthsf atmospheric aerosol and 1 ng af soot in snow has
approximately the same effect on the albedo asrip@" of dust in the visible wavelength range at 500 nm
(Warren, 1982). Even if dust is a less efficidm@ber than soot the dust mass loads detectée iGteenland
ice shield might be able to achieve values to aerekof 500 ng §(Dumont et al., 2014) thus significantly
contributing to the albedo reduction. To assessitmgact of impurities in snow the authors perforned
numerical experiment and reduced the broadbandialbé snow in their model by 0.01 thus simulatihg t
increase of snow impurity content. Their resultevelenhanced sublimation everywhere and enhanced sno
melt at low elevations. Doherty et al. (2010) shdweat 20-50% of the light absorption by partidtethe arctic
showpack is by non-black carbon constituents, sagtbrown carbon and dust (Doherty et al.,, 2010 Th
springtime melt period in Sodankyl&, Finland wasesked during the Snow Reflectance Transition Brpart
(SNORTEX) in April 2009 (Meinander et al., 2013nheTauthors determined albedo values of only 0.5-4d)

the ultraviolet and visible wavelength range. Thteauiolet and visible albedo for clean snow shobéabout
0.97-0.99. They explain the low albedo values ambrgher reasons with the absorption of BC and OC
impurities in the snow of 87 ppb and 2894 ppb, eetipely.

Most Himalayan glaciers as glaciers elsewhere hetreated and lost mass since the mitl-&é&ntury .When
dust concentrations are high, dust dominates abisnrpsnow albedo reduction and radiative forcimgl ahe
impact of BC may be negligible (Bolch et al., 20Kspari et al., 2014). Zhang et al. (2018) estmhethe
effects of BC and dust on glaciers and snowmehsacthe Tibetan Plateau based on the simulatioatbetio
reduction and radiative forcing. They found thatcihl snowmelt water caused by light absorbingigaesg
contribute to about 20% of the glacier mass lo$g(g et al., 2018).

Despite their significance for the snow albedo Besdk, the light absorbing particles in snow are rjyoo

investigated regarding their chemical, microphylsi@nd spectral optical properties. In the last adies

particularly mass concentrations of light absorlpagticles in snow were determined. For comparfaanposes,

BC mass concentrations were recalculated from alptitethods by accepted mass specific absorptiosscro

sections (MAC). Therefore filter based spectrophwttsy measurement techniques (Clarke and Nooneg; 198
2
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Doherty et al., 2010; Grenfell et al., 2011; Wangle, 2013; Zhou et al., 2017) or filter basedrihe-optical
analysis (Forsstrom et al., 2009; Lim et al., 20Mgre used to gain BC mass concentrations fronwsno
samples.

Based on the method given in Clarke and Noone (19B&enfell et al. (2011) developed an Integratitigte-
Integrating SandWich (ISSW) spectrophotometer wiileeemelted snow samples are deposited by filtnaio
filters for optical analysis. The ISSW determinks total absorption of the particles in the snomge in range
of visible and near-UV solar radiation and is atdediscriminate between the fraction of BC and B-
Under the assumption that all absorption in theelength range between 650 nm and 700 nm is du€teaB
upper BC mass concentration is determined by tkeeofian absorption Angstrém exponent of one. The BC
mass concentrations are then quantified using MAlGes of the Monarch-71 soot standard.

For the thermo-optical analysis of snow or ice sasin terms of their EC and OC mass content, théeth
samples are filtrated on Quartz filters, which subsequently heat treated with a defined temperaitatocol.
Following this protocol, the filter is first heatethder inert conditions to desorb OC. After coolafghe filter it

is reheated in several temperature steps undetiani®xygen atmosphere where EC is oxidized unééindd
conditions (Forsstrom et al., 2009; Lim et al., 20FForsstrom et al. (2009) used an EC/OC Sunségtuiment

with NIOSH 5040 temperature protocol to analyzevssamples

A further method without filtration is now given thithe Single Particle Soot Photometer (SP2) coetbimith
a nebulizer to aerosolize the particles after melf the snow sample (Katich et al., 2017; Linakt 2014,
Schwarz et al., 2012). The single particle soottpmeter (SP2) analyses spectral thermal radiatfoaser-
heated particles. The calibration of the instrumeith “Fullerene” soot delivers a refractory Bla€arbon
(rBC) mass concentration. The combination of SP® winebulizing system like APEX-Q (Lim et al., 20Dr
CETAC (Bisiaux et al., 2012; Katich et al., 201Teos the possibility to aerosolize a melted snample to

measure the rBC mass concentration.

Overall, the measurement methods to deduce the &3 opncentration in snow and ice samples werenadda
and improved over the past decade. However, theeab@thods and studies are solely focused on ttes ma
concentration of the particles in the samples e go information of their light absorption propes. In order

to quantify the influence of deposited aerosolipkes on the solar albedo of snow and ice fieldss conclusive
that it is at least equally important to quantifie tparticle light absorption properties in conjimtwith the
particle mass concentration (Grenfell et al., 20Clrrently, there is a lack of knowledge regardimg nature of
the light absorbing particles in snow as more es lall of the above methods determine the massatnation

of refractory BC. This is certainly justified byehact that BC is the strongest absorbing componérthe
atmospheric aerosol, but does not answer the guestiat is the contribution of other light absohmaterials

like mineral dust or OC on the overall solar albeflsnow and ice surfaces.

In this study we present for the first time the wsitaneous measurements of the refractory BC mass
concentration and the visible light absorption fioeft of the re-aerosolized particles from snoamsles.
Using a typical refractory BC material, which inraase is “Fullerene” soot, we are able to deteentire mass
specific absorption cross section (MAC) for thisten&l by concurrent photo acoustic absorption 8R@ mass
measurements. With this MAC we are able to recateuh “Fullerene” soot equivalent mass concentidtiom

our photo acoustic measurements of snow samplisest wavelengths and can directly compare thicalpt
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active mass with the BC mass concentration from SR2 measurement. Sample preparation, test particle
properties and experimental setup are given in.S&cSect. 3 describes the characterization of ubed
nebulizer at different operational settings andegithe efficiency of the nebulizer in terms of jgéetnumber
and mass concentrations. The deduced three watleteMAC of “Fullerene” soot is presented in SectThe

measurement results of our snow samples are det®ect. 5 followed by conclusions given in Sect. 6

2. Experimental
2.1 Snow samples

The snow samples used in this study originate ftben Environmental Research Station Schneefernerhaus
(UFS). The station is located at a latitude of 2%8° 00” N, a longitude of 10° 58’ 46” E and antiide of
2650 m a.s.l. During winter the UFS is situatedhia free troposphere most of the time with low kany layer
influence but can be occasionally affected by leawge transported Saharan dust plumes (Flentjk, &04.5;
Israelevich et al., 2012). However, the statioloégted within a skiing and hiking resort and, #fere, might be
regularly affected by local anthropogenic emissjang. from snow groomers during the skiing sea3de
samples were collected during a time period fronseeber 2016 to May 2017. During this time periodiba
meteorological data of precipitation, maximum anidimum temperatures, sunshine duration and wineédpe
are provided by the German Meteorological ServB&/D). Aerosol parameters like number concentrations
from condensation particle counter (CPC) and optiparticle counter (OPC) instruments, BC mass
concentrations from multi-angle absorption phot@ngiMAAP) measurements as well as dust loads are
provided from the German Environment Agency (UBAJlahe German Meteorological Service (DWD). Each
time after snowfall a sample of fresh snow waseméd outside the UFS from the approximately 10de®p

top layer of a predefined 60 x 40 cm sampling doeated at platform 7 of the station at 2678m aisihg a
metallic hand shovel. During the winter season phége is highly exposed to wind and sunshine (Rist al.,
2015). After collection, the samples were sealedalyethylene household plastic bags with zippait &k liter
volume, Toppits, Germany) and were stored at th8 WFa freezer at -18°C until they were transportader

frozen conditions to the laboratory. During six tfen33 samples were taken at the UFS.

The determination of the light absorbing propertasthe snow samples implies that the insolublétlig
absorbing particles have to be isolated from tr@osing snow matrix. To get rid of the snow the ptes were
melted right before the measurement in an ultrasbath (EMAG Technologies, Germany) at room tentpeea

for 5 minutes. The melted snow samples were thatysed as described in the following.
2.2 Setup of instruments

The experimental setup consisting of a Marin-5 Eckd Nebulizer System (Teledyne CETAC Technologies,
USA), a self-built three-wavelength photo acousterosol absorption spectrometer (PAAS-Binke et al.,
2016) and a single particle soot photometer (SR&T DJSA) is shown in Figure 1. The liquid samplesrevfed
by a peristaltic pump (Ismatec, ISM 795C, Germaegiipped with Tygon tubing (ID 0.76mm, E-LFL) iro
concentric pneumatic glass nebulizer (Micromist)50¢hich is positioned inside of the Marin-5 nehkali. The
glass nebulizer consists of a capillary for theuiliqsample at whose tip a concentrically sheathv fluf

pressurized synthetic air ends up dispersing thediphase into a spray (Katich et al. 2017). Fostneffective
4
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dispersion the glass nebulizer is mounted with rgieain the spray chamber. With a maximum flow rate
500 pL per minute the glass nozzle aerosolizeslithed into a droplet spray, which is released inbte
nebulizing chamber of the Marin-5 nebulizer, seguFé 2. The spray enters the heated part of thenlobia
where the water is evaporated forming a moist atrokresidual particles. This aerosol comprisdgsarory
and soluble aerosol particles that were depositéda snow sample. Subsequently, the aerosol ptssesoled
part of the chamber where excess water is elimihfiem the sample flow by condensation so thathiii of
water is removed before the particles leave theuliedy. The aerosol that left the nebulizer is tiirected
through a dryer (Figure 1) to reduce the relativmidlity of the sample flow below 20% r.h. Finalthe sample

flow is split and one part is led through the SRRlevthe other part is directed into the PAASB-3

The SP2 was used to determine the refractory bdackon (rBC) mass concentration of calibration déads
and the snow samples. With a flow rate of 0.12 bhihe sample enters the instrument. For mass detettte
incandescence signal of the instrument was casiiraith “Fullerene” soot particles (Alfa Aesar, LB12S011)
size selected by a differential mobility analyseMA) in the range of 100 nm to 450 nm, correspogdimrBC
masses of about 0.5 fg to 30 fg. In addition, targify the efficiency of the nebulizer, number centgations of
non-absorbing PSL particles were determined froemSR2 scattering signal. For analysis of the SR2 tthe
software toolkit developed and provided by Martigsél from Paul Scherrer Institute, Switzerland wasd
(Gysel et al. 2011).

The PAAS-3 is a single cavity three-wavelength photoacouatcosol absorption spectrometer, which has
been designed and built at KIT and which is cuiyemarketed by schnaiTEC GmbH. The instrument cphce
and working principle are described in detail imke et al. (2016). Briefly, to measure the absorptioefficient

of aerosols, a controlled sample flow of 0.85 L tis led through the acoustic cavity of the instromé& his
open-ended acoustic resonator has a diameter ofnf5and a length of 49 mm resulting in a fundamenta
resonance frequency of about 3200 Hz. Acousticesfbf 24.5 mm length and 78 mm diameter are athth
both ends of the resonator tube to filter acoudisturbances that may exist in the frequency raoigthe
resonator. Possible disturbances comprise noisergga in the flow system as well as ambient soiine.
system was developed to determine the absorptiefficients at three wavelengths across the visiiplectral
range. Three modulated lasers are used in thiy godtting at 405 nm, 532 nm and 658 nm (Dragom|ase
China) and with modulated emission power of 100 &f®¥, mW, 130 mW, respectively. The modulation
frequency is regularly tuned to the resonance faqy of the acoustic cavity by ramping frequenansc The
detection limit (@) of this setup was derived from an Allan deviatamalysis of long-term background signal
measurements similar to the analysis presentedschér and Smith (2018) (Fischer and Smith, 20I8g
Allan deviation plot for the three PAASx3wavelengths is shown in Figure 3. According tc thnalysis the
PAAS-3\ instrument has ad2detection limit of about 1.4 10m™ for all three wavelengths at an averaging time

of 60 seconds.
2.3 PSL particles

The characterisation of the particle number efficie of the nebulizer and the daily performance minwvas
performed with monodisperse polystyrene latex sghdPSL) particles (Postnova, Thermo Scientifichwi

nominal diameters of 240+5 nm and 304+5 nm. Thégamumber concentration within these suspensies
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about 3 1®8mL? (Thermo Scientific). A diluted PSL standard suspen sample was prepared daily by pipetting

1 ml suspension into a 100 ml graduated flaskdilléth nanopure water.
2.4 “Fullerene’” Soot Standards

Suspensions of known “Fullerene” soot concentratvenre prepared to determine the particle massiefiiy of
the nebulizer. For that a “Fullerene” soot stockmansion of nanopure water was prepared from “fank’
soot particles (Alfa Aesar, Lot F12S011) and alldwe settle large particles for several days (Schvea al.
2010). From this stock suspension the supernatagension was taken (a) to determine the “Fullérsnet
mass concentration gravimetrically and (b) to prephluted “Fullerene” soot standard suspensionsaimopure

water for daily particle mass efficiency controltbé nebulizer.

For the gravimetric analysis of the settled stoskpgnsion two empty quartz fiber filters (Munkt®1K360)
were dried over night at 50°C, stored in a dehynrédr 2 hours and weighted with a microbalancet(8as
micro M3P). Then 30 ml of the supernatant suspensiere extracted from the stock “Fullerene” soot
suspension and were dropped on both quartz filidre. filters were then temperature treated the sameas
the empty filters before and were finally weightEdom the determined gravitational “Fullerene” sowtss, the
mass concentration of the stock suspension wasndeed to be 5.8 + 2.6 ug'gN=2). Four “Fullerene” soot
standard suspensions for daily characterizationBeofass efficiency of the nebulizer were dailgpared from
the stock suspension in two dilution steps withapame water resulting in “Fullerene” soot suspensiavith
mass concentrationggof 11.5, 23, 34.5 and 46 ng MLThese “Fullerene”soot standard suspensions vsse u

to determine the fraction of “Fullerene” soot pelgimass that is aerosolized by the nebulizer.

3. Characterization of the nebulizer

The particles within a liquid sample are not corngliedispersed during the nebulizing process inNtagin-5
nebulizer. Depending on the settings a smalleaagelr fraction of particles or particle mass isoaelized into

the sample flow while the rest is lost and draio#dvith the excess water (Katich et al., 2017).

According to Katich et al. (2017), for optimal op#on conditions of the Marin-5 nebulizer, we adaptheir
recommendations to our necessities. To determieealisorption coefficients of the particles depasitethe
snow samples it is necessary to fill the completiiwme of the photo acoustic cell with the aerosahayated
from the snow samples. This requires a sample velflow rate that is significantly larger than thaguired for
the SP2 based rBC measurement alone. Also, théveelaumidity of the sample is important for a atlie
absorption measurement with the PAAS{Bangridge et al., 2013). Both the dispersioncéfficy (in terms of
particle number and mass) and the relative humatigydepending on the flow rates of the liquid Senapd the
synthetic air flow. This is also valid for the teempture of the heating chamber of the Marin5. Atagting point
the nebulizer parameter were set to heating anlingoemperatures of 120°C and 5°C, respectivelyrethetic
air flow of 1.1 L min* and a supply liquid sample flow of 0.08 mL MirEach parameter was varied while
keeping the others constant. It turned out thatehgperature of the cooling chamber has only a mifuence

on the dispersion efficiency and the relative hutyith the exit flow.
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In Figure 4, the dependencies of the PSL partighaber concentrations and the relative humidityhef ¥Marin-5
exit flow are displayed for increasing gas flowembf the nebulizer. The synthetic air flow wasuatd with a
mass flow controller (MFC) within the operation itsof Marin-5 nebulizer between 0.6 L ritiand 1.1 L min
! The higher the input flow of synthetic air thegér the PSL number concentrations and the relativaidity
at the exit. In a uniform manner the PSL numberceoirations and relative humidity continuously e&ase with
increasing liquid flow (not shown). Regarding tinfluence of the temperature applied to the heatetian of
the nebulizer chamber, both the PSL particle comagons and the relative humidity increase witbr@asing

temperature (not shown).

While the SP2 only needs a low sample flow rateddf2 L min', the sample flow rate required for the
simultaneous photo acoustic measurements is signify larger, because of the relatively large woduof the
photo acoustic cell of 236 érincluding the buffer volumes. As a consequencthisfit was necessary to run the
Marin-5 nebulizer with its maximum gas flow outpaft 1.1 L mir® synthetic air. To ensure sufficient cell
volume exchange the cell was flushed at leasttfimes before each sample and each background neeasnt.
The sample flow rate was controlled daily behind thier with a gas flow meter (Gilibrator, SensidynThis
measurement assured a SP2 volume flow rate oflOrhth™ and a PAAS-B volume flow rate of 0.85 L/min
while the excess volume gas flow of 0.13 L thimas directed through a filter to the ambient. Shpply liquid
sample flow of the Marin-5 nebulizer was then fixatda rate 0.32 mL mih which guarantees a high enough
particle mass concentration for the photo acousi@surement. The heating and cooling temperatuees set
to 120°C and 5°C, respectively. The relative hutgidior the aerosolized snow samples under theseatbipe
conditions always ranged between 10% and 20% doearstthe drier, which is low enough for photoacoust

absorption measurements that are not influencdulbydity (Langridge et al., 2013).

With the above settings, the nebulizing efficiesesy(csp/Cr)*(RgadRiiquia) Of the Marin-5 nebulizer was derived
from “Fullerene” soot standard suspensions wittegieoncentrations of-& The rBC mass concentratiogeg
measured by the SP2 in conjunction with the setidigand gas flow rates;Riq and Ras respectively, then
define the fraction of “Fullerene” soot mass thatkes it from the suspension into the aerosol flovFigure 5
the detected SP2 mass concentrations are shovthefdour “Fullerene” standards which were dailypaeed.
The nebulizing efficiency was determined to be 68t these measurements, which is in good agreewiémt
the findings of Katich et al. (2017) for the sareétiags.

4. Specific mass absorption cross sections of “Fulleme” soot

Simultaneously to the rBC mass concentration measents with the SP2, the absorption coefficientshef
“Fullerene” soot standards were measured for theetfPAAS-3 wavelengths. Both measurements together
enable the determination of the mass specific @lisor cross section (MAC) of “Fullerene” soot at4®32,
and 658 nm. In Figure 6, the absorption coefficeare plotted against the SP2 derived rBC massobrations

of the “Fullerene” soot standards. Linear regrassits of the data result in MAC values of 11.8 8 &g for

405 nm, 10.6 + 2.8 iy for 532 nm and 9.7 + 3.9%g™ for 658nm. The 532 nm MAC is significantly higher
than the respective value published in Zhou e{20017), who reported a MAG, value for “Fullerene” soot
measured with ISSW at 550 nm of 6.4 + 04gth Generally, as the MAC of rBC particles are depenn the

actual size of the particles (especially in the-50B nm range), differences in reported MAC valokthe same
7
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particulate material may be caused by differencethé actual size distributions used in the diffierstudies
(Garcia-Fernandez et al., 2015).

The wavelength dependence of the aerosol lightrphiea, expressed by the so-called absorption Atigst
exponent AAE, was determined to be 048).09 for the used “Fullerene” soot standard. Theggrém
Exponent found for “Fullerene” soot here companeisegwell with results for “Fullerene” soot fromvweorkshop
addressed to soot reference materials (Baumgarenel., 2012), where an an Angstrom exponent for
“Fullerene” soot of about 0.6 was reported from timdvelength PSAP and Aethalometer measurementstcan
Zhou et al. (2017) who determined an absorptionstidgn Exponent between 450 nm and 750 nm of 0.54 +
0.06.

5. Results of the snow sample measurements

The instrumental setup was used to measure a 8 ehow samples from the UFS in the same way as th
“Fullerene” soot standards before. The measured nB8s concentration of the aerosolized snow samples
shown in Figure 7 was corrected for the Marin-5 ulieging efficiency to determine the rB& mass
concentration of the snow samples. Figure 8 shdwsassociated mass size distribution of the medsure
particles averaged over all snow samples shownigar& 7. The SP2 rBC mass measurements only include
particles up to a mass equivalent diameter of 580 which means that larger rBC particles would bet
recorded by the SP2. However, the rBC mass sizahdiSon peaks around 190 nm with a clear decreéase
larger sizes. Thus, the majority of the rBC paescin fresh snow samples have sizes belowufhg which

implies that the snow hasn’t experienced thaw/frepzycles (Schwarz et al., 2013).

A “Fullerene” soot absorption equivalent rBC maseaentration of the snow samples was determined fhe
PAAS-3\ absorption coefficients by applying the MAC valugstermined for “Fullerene” soot at the three
wavelengths. This absorption derived mass condinirags henceforth referred to as PAAS-8quivalent rBC
mass concentration rBgas. In Figure 9, rBGaas mass concentrations of the snow samples are glagiainst
the corresponding rBgs, concentrations. The black dashed line represintal line that would be expected if
“Fullerene” soot was the only absorbing aerosol snasthe snow. From this figure it is obvious thhé
observed light absorption of the aerosol partialethe snow samples could not completely be trdwmk to
rBCsp, aerosol mass, i.e. aerosol mass that has a highgknabsorption cross section in the near-infrared
spectral region to generate an incandescence sigriak SP2. Interestingly, the enhancement faabdrhe
rBCraas CONcentrations with respect to rBG concentrations are not constant but increase déttreasing
wavelengths with values of 1.65, 2.28, and 2.38668, 532, and 405 nm, respectively. This obsewnati
suggests that part of the absorbing aerosol masese samples might be mineral dust or brown eca(BoC)
that is co-deposited with the rB& mass (Hoffer et al., 2006; Kirchstetter and That¢cl2012; Linke et al.,
2016; Linke et al., 2006; Mdller et al., 2011)idtconclusive that these kinds of aerosol maspasent in the
ambient air at the UFS. In addition, the mean AAEhe snow samples for the spectral range betw&&mn
and 658 nm has a value of 1.25 + 0.86 which isifogmtly larger and more varying than 0.48 + Od¥juced
for the “Fullerene” soot standard in the same spécange. This also indicates the presence ofratpécally

more variable material in the snow that predomilyaattsorb in the blue part of the visible spectrum.
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During the period of time when the snow samplesewtaken at the UFS no correlation was found betveegn
snow sample analysis results and the concurrenéarabgical data of precipitation amount, wind shee
temperature, sunshine duration and snow height.eMeh a correlation was found between our snow Eamp
305 data and ambient air BC mass concentrations tleat@mtinuously monitored at the UFS Station. Ondtier
hand, Saharan dust events that are detected W)\t from ceilometer measurements and that are gagea
daily Saharan dust index (SDI) show that, withicteanonth between December 2016 and May 2017, the
atmosphere in southern Germany was influencedefegral days by Saharan dust.
(https://www.dwd.de/EN/research/observing_atmospgbeneposition_atmosphere/aerosol/cont_nav/sahara_dus
310 t_index.htm)

To get a general idea of the nature of the compsnigyat are solved and dissolved within the snompdes

ionic chromatography (IC) and an inductive coupl@dsma mass spectrometry (ICP-MS) analysis were

exemplarily conducted for the snow sample from Mat0, 2017, mainly to clarify the concentrationhagher

ions which might be present in the snow. Additibnahe aerosol released from this snow sample fedigo a
315 Waveband Integrated Bioaerosol Sensor (WIBS4) toimfermation on the biological particle fractiok

Nuclepore filter was taken for ESEM microscopyudlfier characterize the different particle typastfib mainly

in the larger particle size range (larger than ~B61) of this sample. The sampling for WIBS4 instamnand

for the Nuclepore filter was performed behind thiged downstream the nebulizing system by substiguthe

PAAS-3\ and the SP2 (see Figure 1).

320 The snow sample from March 10, 2017 has a masseatnation of rBGp=2.3 ng/ml and an absorption
equivalent mass concentration of B&s=6.3 ng/ml forc=405 nm, which gives a mass enhancement factor of
2.7. The sample is therefore representative fosaihples. The IC analysis of the snow sample cdaduor
anionic ions shows only little concentrations oforhie, nitrate and sulphate of 0.29, 1.1 and 0@ I,
respectively. Only very low concentrations of alkaland alkaline earth metals were found from BE-MS

325 analysis. For the trace metals manganese, iromeramd zinc concentrations of 9.7 g 1.7 ug %, 1.1ug L

Y and 8.7ug I* were found, respectively.

The ESEM micrographs (ThermoFischer Scientific) bared with EDX microanalysis (EDAX, Octane Elite
Super) reveal that the larger (>~500 nm) partidesacted from the snow sample predominantly coredis
biological materials, such as fragments of cellntembrane, whole bacteria, pollen, spores, and thietures.
330 The mineral dust particles could be identified lie sample too, but to a much less extent than itledical
particles. Figure 10 gives an overview compositagenof a typical Nucleporefilter area, where particles with
heavier elements like Al, Si, Fe, Mg, K, and Tie accentuated in green colour due to their brigtesponse in
backscatter electron detector (BSED). These elesramet typically found in mineral dust particlescasnpared
to the lighter elements like C, N, O, Na, and Pjdgl for biological material. This overview pictuhighlights
335 the low relative abundance of the mineral dustigiag in the coarse mode particle size range ofstraple.
Representative examples of individual particlesgiven in the figures 11 to 13. Note that EDX spedf all
individual particles are very characteristic fortpde agglomerates or for chemical aging: thug togenic
particle (Figure 11) has areas showing intraceallatamposition (spot A) and pure cellular membratagnent
(spot B), whereas the mineral dust particle (Figifeand soot particle (Figure 13) exhibit spectraracteristic
340 both for inorganic and biogenic material. The mdetiof “Fullerene” soot, produced from aqueous suaspn

9
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exactly in the same way as the other residualgestidiscussed above, is shown in Figure 14. Asarg, the
“Fullerene” soot particle does not contain any iignechemical elements, as shown by the EDX spectnutine
right panel of Figure 14.

The WIBS4 detects biological aerosol particles lmmbining single particle fluorescence signals iro tw
wavebands (FBAP). The WIBS4 measurement of the Maf; 2017 snow sample supports the ESEM results of
a high fraction of biological particles (43%) iretlsize range larger than Quih. The size segregated analysis

reveals biological particle fractions of 80% and%®for sizes larger thani@n and 3um, respectively.

One question that arises from the above findingghisther the biogenic particles found in our snamgles can
be related brown carbon (BrC). The term brown carsmot clearly defined or characterized. It ipested that
brown carbon are particles released during incoramembustion processes (Wu et al., 2016). Br@Gs faund

in fresh and photochemically aged biomass burnimgsgons (Saleh et al., 2013). In other studie§ Bras
chemically divided into humic-like substances (HS)kand tar balls (Chakrabarty et al., 2010; Wul.e816).
While HULIS can be characterised mainly as a mixtaf macromolecular organic compounds with various
functional groups, tar balls are emitted from bigmaurning and are of spherical, amorphous streictod are
typically not aggregated. Moreover, light absorbimganic material and humic-like substances caprbsent in
the water-soluble fraction of ambient particulatatter (Moschos et al., 2018; Phillips et al., 201F)rther
examination of snow samples from different locagices well as systematic investigations on the abptic
behaviour of biological particulate matter is tHere necessary to evaluate the influence of bicigand

biogenic particulate matter on the aerosol absmngiroperties in the visible spectral range.

6. Conclusions

In this study we present a novel laboratory analysethod for snow and ice samples that allows Herfirst
time (a) the direct photoacoustic (PAAS}3measurement of the aerosol absorption coeffisienit re-
aerosolized snow samples over the visible spexraje, i.e. without depositing the particles otefs, and (b)
the concurrent measurement of the refractory btarbon (rBGp) mass concentration of the snow particles
using a single particle soot photometer (SP2). ¢smter suspensions of “Fullerene” soot particlekrmwn
rBCsp, mass concentrations as a reference for the snmples, (a) the rB&, mass specific absorption cross
section (MAC) of the suspended “Fullerene” soottiplers could be determined for three wavelengthshin
visible at 405, 532 and 658 nm and (b) the masssaézation efficiency of the nebulizer could beaqtified.
The MAC values were then applied in the analysis38f snow samples, which were collected at the
Environmental Research Station SchneefernerhauS)(Rhe winter period 2016/2017, to calculateoapton
equivalent mass concentrations R&s from the measured absorption coefficients of theamples. The
comparison of the deduced light absorbing sR& mass concentrations with the rBgmass concentrations
revealed a wavelength-dependent linear correlatitincorrelation factors of 1.65, 2.28 and 2.38)e405, 532
and 658 nm, respectively, i.e. significantly diffat from one. This clearly suggests that other,-nf8® light

absorbing aerosol matter is co-deposited in thevsamples.

Additional analyses of an exemplary snow samplagiinvironmental Scanning Electron Microscopy (ESEM
combined with EDX microanalysis as well as measemm with the Waveband Integrated Bioaerosol Sensor

10
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(WIBS-4) revealed that the larger particles of shew sample are predominantly of biological origith lower
contributions from mineral dust. These findingsmpdio a possible explanation of the observed difiee
380 between the rB&, and rBGaas mass concentrations and, therefore, to the nattithe co-deposited light
absorbing particles in the snow. However, furthedies are required including samples from othertions
more relevant for climate radiative forcing, tordlawhether biogenic and biological particles amegeneral

main contributors to the visible light absorptionsnow and ice surfaces.
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Figure 2: Principal operation scheme of the CETAC Main-5 nebulizer.
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395 Figure 3: Allan deviation analysis of long-term pheoacoustic background measurements. The dashed reidés
indicates the typical averaging time applied in thd®’AAS-3\ measurements and the respective Allan deviation §}. of
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405 Figure 5: Efficiency € of the CETAC Marin5 nebulizer for “Fullerene” soot suspensions with defined mass
concentrations ¢s. The rBCsp, mass concentration was measured in the dry exit gdlow of the nebulizer
using a Single Particle Soot Photometer (SP2). Sext for details on the preparation of the “Fullerene” soot
suspensions.
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Figure 6: Determination of mass specific absorptio cross sections (MAC) of re-aerosolized “Fullereriesoot
suspensions at 405, 532 and 658 nm. The MAC values given in the legend and were derived from
concurrent measurements of the absorption coefficigs using the photo acoustic aerosol absorption
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spectrometer (PAAS-3) and the rBC mass concentrations (SP2)
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420 concerning sampling and measurement methods.
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Figure 9: Optically derived rBC paas mass concentrations from PAAS-B absorption measurements compared to
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Figure 10: Overview of residual particles extractedfrom a snow sample via Marin-5. The image is a faéscolour
overlay from secondary electron (SE) detector (blackand white image) and backscatter electron detectpBSED (the
green spots). The particles containing elements vkithigher atomic number are visible as green spotsnd are
highlighted by green arrows.
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Figure 11: Morphology and composition of biologicatesidual particle extracted from snow sample behid Marin-5

on Nuclepore® filter. Left panel: the SEM secondary kectron (SE) image. Right panel: EDX-spectrum obtainé from
different areas of the particle (marked as colour gots in the image). A clear biogenic signature (N, Na) is visible for
the central bulky part suggesting intracellular conposition (spot A, orange colour), whereas exterigpart shows pure
carbonaceous compounds (C,0) (spot B, blue colou§ample coating is responsible for the platinum péa
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Figure 12 Mineral dust particle extracted from snowsample behind Marin-5 on Nuclepore® filter. Left
panel: ESEM image (SE). Right panel: The EDX-spectrum dfhe particle showing chemical elements charactetis
for both mineral dust (Al, Si, Mg, Fe, K, Ca) and br biogenic material (N, Na, CI, S).
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Figure 13. Soot (BC) particle extracted from snowample behind Marin-5 on Nuclepore® filter. Left pand: ESEM
image (SE). Right panel: The EDX-spectrum of the paitle, revealing trace elements of Fe, Na, Si, and S
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Figure 14. Fullerene particle from aqueous suspermi used as standard behind Marin-5 on Nuclepore®Ifer. Left
panel: ESEM image (SE). Right panel: The EDX-spectrunof the particle collected from the spot A, showingure
carbonaceous composition (C,0). Sample coating issponsible for the Pt peak at 2.08 keV.
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