
We thank the anonymous reviewers for their helpful comments. These comments helped to 
substantially improve the manuscript. As a consequence of the referee reports we decided to 
do a reanalysis of the data to address the main concerns of the referees, namely the 
relatively large mass absorption cross section of the Fullerene soot as well as the absorption 
cross section and mass size distribution of the snow samples. Further, the referees are 
concerned about the language and structure of the manuscript. In conjunction with the 
results of the reanalysis the manuscript text was almost completely re-written. Both, the 
reanalysis and the writing were mostly done by Martin Schnaiter, and, therefore, we decided 
to switch the lead author role to him. This of course with consent of Claudia Linke and all co-
authors.  
 
In the following we give detailed answers to the individual reviewer comments in blue. 
 
 
Answer to Referee Comment 1 (Reviewer #3) 
 

Manuscript:	Specifying	light	absorbing	properties	of	aerosol	particles	in	fresh	snow	samples,	
collected	at	the	Environmental	Research	Station	Schneefernerhaus	(UFS),	Zugspitze	(Linke	et	
al.,)	 

It	is	often	regarded	that	the	polar	regions	are	the	“canary	in	the	coal	mine”	regarding	this	
region’s	sensitivity	to	changes	in	radiative	forcing.	This	sensitivity	derives,	in	part,	from	the	very	
high	surface	albedos	that	typify	these	regions.	However,	despite	the	recognized	importance	of	
this	subject,	our	quantitative	understanding	of	the	radiative	contribution	by	light	absorbing	
aerosols	-	be	it	atmospheric	or	surface-deposited	particles	-	in	these	regions	-	and	on	snow/ice	-	
is	still	very	low.	Therefore,	more	research	is	indeed	needed	to	improve	our	understanding	of	this	
subject	and	to	reduce	the	associated	uncertainty.	To	this	end,	the	manuscript	by	Linke	and	co-
workers	undertake	an	investigation	of	light	absorbing	properties	of	aerosols	deposited	on	snow	
near	the	Environmental	Research	Station	Schneefernerhaus	with	the	goal	to	better	quantify	the	
aerosol	types	(classes)	of	light	absorbing	aerosols	present	in	this	region.	To	derive	the	optical	
properties,	these	researchers	combine	aerosol	light	absorption	measured	by	a	photoacoustic	
spectrometer	with	refractory	black	carbon	(rBC)	mass	loading	measurements	reported	by	a	
single	particle	soot	photometer	(SP2)	on	re-aerosolized	snow	samples.	The	insights	and	data	
that	can	be	gleaned	from	a	study	such	as	this	is	of	value	and	should,	eventually,	be	published.	But	
in	its	current	state,	the	manuscript	is	not	ready	and	thus	is	not	recommended	for	publication	at	
this	time.	 

One	of	the	biggest	issues	this	reviewer	has	centers	on	how	these	researchers	are	combining	
their	light	absorption	and	rBC	mass	measurements.	In	the	atmospheric	aerosol	community,	we	
take	these	two	datasets	and	derive	the	mass	absorption	cross-	section	(MAC;	m2/g).	This	
property	enables	researchers	to	say	something	about	the	mixing	state	of	the	rBC	particles	as	
well	as	something	about	aerosol	type	(e.g.,	the	presence/absence	of	light	absorbing	organic	
material/particles	(e.g.,	brown	carbon	or	BrC	and	dust).	However,	despite	the	ubiquity	of	this	
methodology	in	our	community,	the	authors,	instead,	advocate	using	a	methodology	that	
compares	the	SP2-derived	mass	with	what	they	term	as	a	“fullerene	soot	equivalent	mass”	
derived	from	the	photo	acoustic	spectrometer.	In	order	to	use	a	“fullerene	equivalent	mass”	
derived	from	the	light	absorption	measurements	the	researchers	must	assume	that	the	MAC	is	
constant	-	the	literature	is	populated	with	many	studies	that	show	that	the	MAC	is	not	constant.	
For	example,	at	550	nm,	the	black	carbon	MAC	for	fresh	(uncoated)	soot	is	∼	7.5	m2/g	while	for	
thickly-coated	black	carbon	particles	this	value	could	be	12-14	m2/g	at	this	wavelength,	thus	
representing	a	factor	of	2x	change.	How	do	the	authors	account	for	the	potential	changes	in	the	
MAC	brought	about	by	changes	in	the	rBC	mixing	state?	Why	not	simply	derive	a	MAC	and	utilize	
the	variability	in	this	value	to	infer	something	about	the	light	absorbing	particles	deposited	on	
the	snow?	The	authors	provide	no	justification	as	to	why	their	methodology	is	preferred.	If	the	



authors	feel	strongly	that	this	methodology	offers	an	advantage	not	available	with	a	MAC-based	
methodology,	then	they	need	to	present	that	argument.	Further,	any	sources	of	error	in	the	
interpretation	of	the	data	using	this	methodology	is	not	addressed	and	needs	to	be.		

The referee can be sure that the authors know the importance and the ubiquity of the MAC in 
the atmospheric aerosol community as they published important contribution to this field in 
the past (e.g. Schnaiter et al., 2003; Schnaiter et al., 2005; Schnaiter et al., 2006). The 
authors used the optical equivalent BC mass here because it was used in one of the most 
comprehensive studies on light absorbing impurities in Arctic snow by Doherty et al. (2010). 
Also, the authors are aware of the fact that the MAC is not constant in the atmosphere and 
the MAC of thickly coated soot can be enhanced by a factor of two, as they provided the first 
experimental proof of this effect already in 2005 (Schnaiter et al., 2005). However, the 
authors agree that the presentation of the absorption measurements is insufficient in the 
manuscript. Therefore, we did a thorough reanalysis of the snow samples following the 
following strategy that also includes a MAC analysis of the data: 
 
 

1. The snow mass specific absorption cross section sabs [m2/mL] was deduced from the 
absorption coefficient babs [m-1] using the nebulizer flow settings and the nebulizing 
efficiency (Eq. 1 of the revised manuscript): 
 
𝜎"#$ = 10() ∙ 𝑏"#$ ∙ 𝑅-.# 𝑅//⁄ ∙ 𝜀-.#(2  

 
2. This snow mass specific absorption cross section is plotted as a function of the 

refractory BC mass concentrations in a new figure (Fig. 10 of the revised manuscript). 
Linear regression fits to the data then give the BC mass specific MAC of the snow 
samples. We found MAC values that are up to a factor of two larger than the MAC of 
Fullerene soot. A table is added to the manuscript contrasting the mass and optical 
properties (including the MAC) of Fullerene soot with those of the snow samples. 

 
3. To be comparable with other studies (e.g. Doherty et al., 2010), we calculated the 

equivalent BC mass concentration 𝑐45
.6789, i.e. the amount of BC that would need to be 

present in the snow to account for the measured absorption, from sabs using the MAC 
of Fullerene soot (Equation 2 of the revised manuscript): 
 
𝑐45
.6789 = 𝜎"#$ MAC:;⁄  

 
4. We plotted 𝑐45

.6789 as a function of the refractory BC mass concentration in a new 
figure (Fig. 11 of the revised manuscript) and found a good correlation of both 
concentrations but with correlation coefficients of 2.0, 1.9, and 1.4 for 405, 532, and 
658 nm, respectively (note that 𝑐45

.6789	is a function of the wavelength). We conclude 
from this that there is additional non-BC light absorbing mass in the snow, which is 
correlated with the BC mass and which has a strong wavelength dependence 
between the green and the red part of the visible spectrum. This already indicates 
mineral dust and organic (brown) carbon as possible carriers of this additional 
absorption. 

 
5. We calculated the snow mass specific absorption cross section of the non-BC 

particles, 𝜎"#$-=-45 (Equation 3 in the revised manuscript): 
 
𝜎"#$-=-45 = 𝜎"#$ − 𝑐45;?@ ∙MAC:; ∙ 10(A   
 
We added a figure (Fig. 12 in the revised manuscript) that shows the statistical 
analysis of the 𝜎"#$-=-45 for the snow samples and that compares this non-BC spectral 



behavior with laboratory data for Saharan dust and organic (brown) carbon (see 
answer to the previous comment).  

Continuing,	this	reviewer	is	very	concerned	about	the	reported	MAC	values	for	the	fullerene	
standard.	Fullerene	soot	should	be	uncoated	and	thus	should	exhibit	a	MAC	that	is	characteristic	
of	an	uncoated	black	carbon	particle,	namely	a	MAC	∼	7.5	m2/g	at	550	nm.	Yet,	at	532	nm,	the	
authors	report	a	MAC	of	of	10.6	(+/-	2.8)	m2/g	-	a	value	that	is	∼40%	that	the	canonical	value	
for	denuded	soot,	and	65%	larger	than	the	fullerene	MAC	reported	by	Zhou	(6.4	m2/g)	-	work	
cited	by	the	authors.	Additionally,	it	is	also	at	odds	with	the	recently	published	value	by	
Zangmeister	6.1	m2/g	at	550	nm	(Carbon	(2018),	doi:	10.1016/j.carbon.2018.04.057).	The	
disagreement	is	quite	critical	as	it	will	have	bearing	on	interpretation	of	data	collected	on	the	
snow	samples.	While	the	authors	are	correct	that	the	BC	MAC	is	dependent	on	particle	size,	
using	the	argument	that	the	differences	between	their	higher	values	and	that	reported	by	others	
as	being	due	to	differences	in	the	sample	size	distribution	studied	is	not	correct.	Using	a	
refractive	index	of	1.95-0.79i	(Bond	&	Bergstrom	(2006);	Aero.	Sci.	Tech.	40:1,	27-	67)	a	straight	
forward	Mie	calculation	reveals	that	the	maximum	MAC	calculated	for	a	BC	is	∼7.9	m2/g	for	a	BC	
diameter	of	150	nm	and	that	the	MAC	only	goes	down	with	either	increasing	or	decreasing	
particle	size.	Therefore	another	explanation	is	needed.	Three	potential	explanations	submitted	
here	are:	(i)	either	the	fullerene	soot	is	coated	and	the	derived	MACs	reflect	a	lensing-enhanced	
value	or	(ii)	there	are	some	non-	BC,	light	absorbing	aerosols	present	in	the	sample,	or	(iii)	the	
number	concentrations	used	during	the	fullerene	soot	calibration	are	high	enough	that	particle	
coincidence	is	occurring	that	the	post-processing	of	the	SP2	data	does	not	correct	for.	This	latter	
possibility	is	brought	up	because	particle-resolved	measurements,	like	the	SP2,	can	easily	find	
themselves	in	the	particle-coincidence	regime.	Such	an	undercounting	of	the	actual	fullerene	
mass	would	bring	the	reported	MACs	down	and	thus	reconcile	their	MAC	values	with	others.	The	
authors	are	encouraged	to	insure	that	the	SP2	is	not	operating	in	this	regime.		

We do not agree with the Referee that the MAC of uncoated BC is canonical with a constant 
value of 7.5 m2/g. Only because something is continuously referenced does not necessarily 
mean that it is correct. A constant MAC would mean that refractive index of the material is 
constant. From a solid-state physical perspective this is highly uncertain in case of 
carbonaceous material with its variable electronic band structures. Already pure carbon can 
exist in five different allotropes including graphite and diamond – one is black the other 
transparent – so obviously completely different refractive indices. Adding now the 
morphological variability of fractal soot particles to the discussion with a wealth of different 
monomer sizes, monomer nonsphericity (irregularity), necking, and overlapping (even on a 
single particle) that all have an influence on the particle absorption cross section, it is 
conclusive to the authors that the absorption cross section of this material cannot be 
constant but depends on its formation conditions. Further, the MAC is calculated from the 
absorption cross section and the particle mass. Particle mass is measured in different ways – 
sometimes as a total mass (including non-refractory compounds as in the DMA-APM 
method), sometimes as a refractory mass only (as with the SP2). So, there comes an 
uncertainty also from this side into the MAC. It is correct that Fullerene soot was identified as 
a good standard for atmospheric BC in terms of the SP2 mass sensitivity (although with a 
variation of 15% from batch to batch). But does that mean that this is also the case for its 
spectral absorption properties given the variability in the electronic and microphysical 
structures discussed above? With all this, the authors do not see any reason why a 
laboratory to laboratory difference in published MAC values of 30-40% shouldn’t be within 
the variability range of the material itself, the size differences and the mass measurement 
methods used in the different studies.  
The authors took care that the SP2 wasn’t operated under aerosol concentrations that would 
result in coincidence errors. However, it turned out that due to the upper cut size of the SP2 
(560 nm), we missed about 10% of the Fullerene particle mass. In the reanalysis we 
therefore applied lognormal fits to the measured BC mass size distributions to account for 
this mass outside the SP2 sizing range (see Fig. 6 of the revised manuscript). With this 



correction the MAC of FS is reduced to 9.5 ± 2.2 m2/g (532 nm). Further, to be comparable 
with the Zangmeister et al. (2018) study who measured the MAC on size-selected FS 
particles, we also measured the MAC of size selected Fullerene soot particles in a separate 
study by adding a DMA behind the Marin-5. We found a MAC of 8.6 m2/g for the same 
mobility-equivalent diameter (350 nm) as used in the Zangmeister et al. study. This is still 
40% larger than the 6.1 m2/g of Zangmeister et al., but given the fact that (i) a APM/DMA 
was used for the mass measurement in their study and (ii) they used a different batch of 
Fullerene soot, this difference is within the range of variability that can be expected in such a 
comparison. 
 
The whole Sect. 4 was rewritten to make the discussion of the Fullerene soot MAC clearer: 
 
“Simultaneously to the BC mass concentration measurements with the SP2, the absorption 
coefficients 𝑏"#$ of the Fullerene soot suspensions were measured for the three PAAS-3l 
wavelengths. Both measurements together enable the determination of the mass specific 
absorption cross section MAC:; = 𝑏"#$ 𝑐45;?@⁄  of airborne Fullerene soot at 405, 532, and 658 
nm. In Error! Reference source not found., the absorption coefficients 𝑏"#$ are plotted 
against the SP2-derived BC mass concentrations 𝑐45;?@ of the Fullerene soot suspension 
standards. Linear regression fits of the data result in MAC:; values of 10.5 ± 3.2 m2/g, 9.5 ± 
2.2 m2/g, and 8.6 ± 3.3 m2/g for 405, 532, and 658 nm, respectively. The MAC:; at 532 nm 
is comparable to the value of 8.84 m2/g given by Schwarz et al. (2012) for Fullerene soot (lot 
#F12S011) deduced from ISSW measurements, but is significantly higher than the 6.1 ± 0.4 
m2/g (mean ± 2σ) measured recently by photoacoustic absorption spectroscopy for size 
selected Fullerene soot particles by Zangmeister et al. (2018). They used a combination of a 
differential mobility analyzer (DMA) and an aerosol particle mass analyzer (APM) to select 
Fullerene soot particles within a narrow mass range from aerosol generated by an atomizer. 
Their MAC:; of 6.1 m2/g, which is given for a wavelength of 550 nm, a mobility-equivalent 
diameter of 350 nm, and for a particle mass of 16.6 ∙ 10(2D g, corresponds to a volume-
equivalent diameter of 264 nm using a density of 1.72 g/cm3 of Fullerene soot (Kondo et al., 
2011). Although, this diameter is not very different to the MMD of 228 nm of the Fullerene 
soot suspensions used here, part of the observed discrepancy can be attributed to the 
different sizes as the MAC is strongly depending on the particle diameter for particles larger 
than about 200 nm (e.g. Moosmüller et al., 2009). To be comparable, we measured the 
MAC:; of size selected Fullerene soot particles in a separate study by adding a DMA behind 
the Marin-5 in the setup shown in Error! Reference source not found..  A MAC:; of 8.6 
m2/g was measured for the mobility-equivalent diameter of 350 nm, which is still ~40% larger 
than the MAC:; given by Zangmeister et al. (2018) for the same diameter. However, they 
used an APM to measure the BC mass, while a SP2 was used here to deduce the refractory 
BC mass. According to Laborde et al. (2012a), the Fullerene soot product shows a variability 
from batch to batch, which results in a SP2 calibration uncertainty of up to 15% (actually only 
two batches were compared; lot #F12S011 and lot #L18U002). They explained the 
differences in the SP2 response (i.e. the calibration curves) by a substantial non-refractory 
coating in case of the L18U002 batch that could be identified by thermodenuding the 
samples. Assuming that lot #W08A039 used in Zangmeister et al. (2018) has a similar 
coating, this would increase the APM mass measurement by about 15% compared to the 
SP2-derived BC mass of lot # F12S011 used in the present study. This in turn would 
increase the MAC:; from 6.1 m2/g reported by Zangmeister et al. (2018) to about 7 m2/g 
when using only the refractory BC mass fraction in the calculation of the MAC:;. This 
assumption reduces the discrepancy between the two MAC:; values to 35%, which is within 
the uncertainty range of ± 2.2 m2/g for our 532 nm value. It is further conceivable that 
different batches of the Fullerene soot material have different electronic band structure (i.e. 
refractive index) and/or fractal aggregate structures that both change the absorption cross 
section of the particles at a constant particle mass (e.g. Liu et al., 2019; Zangmeister et al., 
2018). Error! Reference source not found. shows an electron micrograph of a typical 
Fullerene soot aggregate sampled from the dry aerosol output of the Marin-5 nebulizer. 
Thus, the Fullerene soot particles do not have a simple fractal aggregate structure, but are 



rather complex-structured with polydisperse monomer sizes, monomer nonsphericity 
(irregularity), necking, and overlapping, which all have a significant impact on the optical 
particle properties (including the absorption cross section) compared to the idealized fractal 
aggregate (Teng et al., 2019). Since these microphysical details of the soot particles are very 
sensitive to the actual formation and subsequent treatment conditions (Gorelik et al., 2002), it 
is conclusive that the MAC:; has an even higher variability between different Fullerene soot 
batches compared to what is expected from the SP2 mass sensitivity only.      
The wavelength dependence of the aerosol light absorption, expressed by the so-called 
absorption Angström exponent (AAE), was determined to be 0.46 ± 0.07 for the used 
Fullerene soot suspensions by analysing the 𝑏"#$ data for the 405 and 658 nm wavelengths. 
This AAE is close to the ~0.6 reported by Baumgardner et al. (2012) for Fullerene soot 
derived from multiwavelength PSAP and Aethalometer measurements and it is within the 
range of the 0.54 ± 0.06 determined by Zhou et al. (2017) from ISSW spectrometer 
measurements on Fullerene soot filter samples in the 450 nm to 750 nm spectral range. 
However, it is significantly lower than the 0.92 ± 0.05 given by Zangmeister et al. (2018) for 
Fullerene soot lot #W08A039. Here again, we have to take into account that Zangmeister et 
al. (2018) analyzed size segregated absorption spectra and their AAE is given for a mobility-
equivalent diameter of 350 nm. Analyzing our size segregated measurements gives an AAE 
of 0.82 ± 0.02 for the same mobility-equivalent diameter, which is close but smaller than the 
Zangmeister et al. value, further  supporting the above assumption that there is a difference 
in the chemical as well as physical (including optical) properties between different batches of 
the Fullerene soot product.“  
          
While	on	this	subject,	what	were	the	re-aerosolized	number	concentrations	in	the	snow	samples	
studied?	On	lines	243-244,	the	authors	state	that	“.	.	..Marin-5	nebulizer	was	then	fixed	at	a	rate	
of	0.32	mL	min-1,	which	guarantees	a	high	enough	particle	mass	concentration	for	the	photo	
acoustic	measurement.	Depending	upon	the	mass	concentration	and	mode	size	of	the	particles,	
this	could	hint	at	co-incidence	issues	with	the	SP2.		
	
The concentrations behind the Marin-5 were always low enough (< 1000 #/cc) to avoid any 
coincidence issues.  

Other	specific	issues:	 

Do	the	authors	worry	about	the	loss	of	water	soluble	BrC	during	sample	preparation	that	might	
not	be	reflected	when	re-aerosolizing	their	snow	samples?	 

We do not have any information on potential soluble BrC mass loss. 

Line	167:	What	were	the	PSL	diameters	used?	While	the	incandescence	channel	of	the	SP2	is	
sensitive	enough	to	detect	<100	nm	rBC	particles,	the	scattering	channel	is	typically	limited	to	
optical	diameters	>	200	nm.	What	is	the	particle	number	loading	in	the	instruments	(see	
reference	to	coincidence	above)		

The characterisation of the particle number efficiency of the nebulizer and the daily 
performance control was performed with monodisperse polystyrene latex (PSL) particles 
(Postnova Analytics GmbH, Landsberg am Lech, Germany) with nominal diameters of 240 ± 
5 nm and 304 ± 5 nm. The particle number concentration within these suspensions is about 
3·108 1/mL. A diluted PSL standard suspension sample was prepared daily by pipetting 1 mL 
suspension into a 100 mL graduated flask filled with Nanopure water. This results in a 
concentration of typically a few hundred particles per cc at the output of the Marin-5. 

Line	291-293:	The	authors	report	and	discuss	the	“enhancement”	factor	of	the	soot-	equivalent	
mass	derived	from	the	photoacoustic	spectrometer	with	decreasing	wave-	length	(1.65,	2.28,	
and	2.38	at	658	nm,	532,	405	nm,	respectively)	and	conclude	that	this	suggests	these	samples	



might	contain	mineral	dust	or	BrC.	The	data	might	be	able	to	say	something	more	concrete.	
While	the	authors	should	conduct	a	more	thorough	literature	search,	mineral	dust	tends	to	
absorb	more	in	the	red	then	the	blue,	whereas	BrC	exhibits	the	opposite	wavelength	
dependence.	The	wavelength	dependence	of	light	absorption	observed	in	the	present	study	
suggests	that	the	non-rBC	absorbing	species	is	BrC.	Also,	it	should	be	noted	that	BrC	can	exhibit	
absorption	at	the	red	wavelengths,	though,	again,	the	wavelength	dependence	favors	more	
absorption	in	the	blue	(e.g.,	tar	balls:	Hoffer,	et	al.,	2017.	Brown	carbon	absorption	in	the	red	and	
near	infrared	spectral	region.	Atmos.	Meas.	Tech.	10(6):	2353–59).		

Although we cannot directly measure the dust concentrations in the snow samples, we can 
draw some conclusion by analyzing the spectral signature of the snow mass specific 
absorption cross section of the non-BC particles, i.e. after subtraction the spectral cross 
section that is expected from the SP2 mass data using the MAC of Fullerene soot (Equation 
3 of the revised manuscript; see Point 5 above). We added a figure (Fig. 12 in the revised 
manuscript) that shows a comparison of the non-BC spectral absorption cross section with 
laboratory absorption data for Saharan dust particles. Thus, Saharan dust is a good 
candidate to explain the observed non-BC light absorption in the snow samples. We did the 
same comparison with laboratory data of OC, which reveals that OC could also explain the 
observed non-BC absorption - not only in terms of wavelength dependence but also in terms 
of variability. 

The whole paragraph on the analysis of the spectral absorption analysis has been rewritten 
to make our argumentation of a significant influence of non-BC particles on the light 
absorption in snow clearer. 

line	349:	“The	term	brown	carbon	is	not	clearly	defined	or	characterized.”	This	is	very	
misleading.	Simply	put,	brown	carbon,	BrC,	is	organic	aerosol	that	absorbs	light.	While	the	
chemical	composition	for	any	given	BrC	aerosol	may	very,	as	long	as	the	organic	aerosol	absorbs	
light	it	is	cataloged	as	BrC.	Please	reword	this	sentence.		

Paragraph rephrased to: 

“The term “brown carbon” is mainly related to a strong wavelength dependence of the visible 
light absorption observed in these materials. From a chemical perspective, BrC can generally 
be divided into humic-like substances (HULIS) and tar balls (Wu et al., 2016). HULIS can be 
characterised mainly as a mixture of macromolecular organic compounds with various 
functional groups and are expected e.g. in oxidation processes of biogenic precursors (Wu et 
al., 2016). Tar balls are emitted from biomass burning and are of spherical, amorphous 
structure and are typically not aggregated. Moreover, light absorbing organic material and 
HULIS can be formed from the water-soluble fraction of biomass burning aerosol 
compounds, and is therefore suggested as an atmospheric process for the formation of light 
absorbing BrC in cloud droplets (Hoffer et al., 2004). Further examination of snow samples 
from different locations as well as systematic investigations on the optical behaviour of 
biogenic particulate matter is therefore necessary to evaluate the influence of biogenic 
(including biological), BrC and mineral dust on the aerosol absorption properties in the visible 
spectral range.” 

Please	provide	plot	of	fullerene	standard	size	distribution.	 

Added (Fig. 6 of the revised paper). 

Editorial	comments	 

There	is	no	reason	to	put	quotes	around	the	word	fullerene.		



Agreed and changed. 

Line	67:	“Most	Himalayan	glaciers	as	glaciers	elsewhere	have	retreated...”	Please	insert	comma	
after	first	occurrence	of	the	word	“glaciers”	and	after	“elsewhere”.	 

Introduction has been completely reworded. 

Line	311:	“To	get	a	general	idea	of	the	nature	of	the	components	that	are	solved	and	dissolved	
within	the	snow	samples	ionic	chromatography	.	.	.”	the	word	“solved”	does	not	seem	right	here.	
Please	check	and	correct	as	necessary.		

Reworded to: 

“To further examine the nature of the particulate components that are deposited in the snow 
samples ion chromatography (IC) … “ 

	 

 

 

 



Answer to Referee Comment 2 (Reviewer #2) 
 
We thank the anonymous reviewer for the helpful comments. These comments helped to 
substantially improve the manuscript. Below we give detailed answers to the individual 
reviewer comments in blue. 
 
Referee Comments for: “Specifying light absorbing properties of aerosol particles in fresh 
snow samples, collected at the Environmental Research Station Schneefernerhaus (UFS), 
Zugspitze” 
 
General Comments: 

This manuscript presents a novel method for concurrently measuring the rBC mass concentration and 
total aerosol absorption in snow. The authors find a discrepancy between the SP2-measured rBC 
concentration and a calculation of rBC concentration that is based on total aerosol absorption and a 
fullerene-standard’s MAC. The former being smaller than the latter, the authors conclude the likely 
presence of non-rBC absorbing aerosols in the snow. WIBS measurements indicate that the larger of 
these non-rBC aerosol are predominantly of biological origin. These results are both interesting and 
important, as the presence and properties of light-absorbing aerosols in snow and their impact on 
snow/ice melt is not presently well understood.  

Overall, the methodology of the measurements seems sound, and the text contains all of the 
necessary information to understand the experiment. I have four main concerns, three of which are 
science-related, and one regarding the writing. These can be found in the ‘Specific Comments’ below. 
I believe that once these things are appropriately addressed, the manuscript deserves publication in 
ACP.  

Specific Comments:  

My first concern is that this study’s calculated MAC for fullerene soot is quite high compared to other 
literature, which typically put it around 7 m2/g or so. The authors acknowledge this, but I don’t feel 
they explore (at least in the text) the underlying cause sufficiently. As this is at least somewhat 
dependent on the size of the fullerene particles, I suggest that the fullerene standard’s size 
distributions be added to Figure 8.  

First, we added a figure (Fig. 6 in the revised manuscript) that shows the refractory BC mass size 
distributions of our Fullerene suspension standards. Second, these size distributions were fitted by 
lognormal distributions to get the missed mass beyond the upper size limit of our SP2. The analysis of 
the Fullerene MAC was than redone with the corrected BC mass, resulting in lower MAC values of 
10.5 ± 3.2, 9.5 ± 2.2, and 8.6 ± 3.3 m2/g for 405, 532, and 658 nm, respectively. Third, we completely 
rephrased Sect. 4 in the revised manuscript that now includes a comparison with published MAC of 
Fullerene soot and a discussion of potential reasons why our values are larger. This discussion 
includes the influence of different particle size distributions, different methods to deduce the particle 
mass, differences in using different Fullerene soot batches as well as the in general higher sensitivity 
of light absorption to BC electronic band structures and fractal aggregate morphologies compared to 
the incandescence mass detection.    

Second, the authors don’t estimate the percentage of rBC in snow that is above the detection limit of 
the SP2. Again, the authors acknowledge the issue, beginning on line 278, by stating that the SP2 
only detects rBC up to 500 nm VED, but then rather simply declare the mass beyond this as small. 
The size distribution in Figure 8 indicates that there is still non-negligible mass above 500nm, and 
exactly how much can easily be estimated using a lognormal fit to the distributions. I attempted to 
estimate this by extracting data from the plot (see my attached figure), doing my own fit, and 
calculating percentage of area under the curve that is above 500nm. . .I get about 10%. Furthermore, 
its highly doubtful that the SP2 is detecting with 100% efficiency below 60-70nm or so. This probably 
has a smaller effect on the total rBC mass, but including that data in a lognormal fit could skew the fit 



result. If I do the same fit, but only use the size distribution data between 70 – 500 nm, I come up with 
∼13% of the mass above the detection limit. Of course, this is just an ‘eyeball’ estimate on my part, 
and may be off by a bit. I suggest the authors do a more careful check and add the details to the text. 

As suggested by the reviewer, we performed a more careful analysis of the refractory BC size 
distributions of the snow samples. First, we divided the samples in the periods Nov-Jan, Feb-Mar, and 
Apr-May to check any seasonality in the data. Second, we performed lognormal fits to the data 
between 70 and 500 nm as suggested by the reviewer and found a mass fraction of 10 to 20% that is 
beyond the upper size limit of our SP2. Third, we compared our size distributions with the average 
SP2 size distribution measured for five snow samples collected after three snowfall events in the semi-
rural and rural surroundings of Denver, CO, USA by Schwarz et al. (2013). Our size distributions 
agree very well with the Schwarz et al. distribution, who measured the distribution up to a size of 2 µm 
(see Fig. 9 of the revised manuscript). Due to this good agreement and the fact that the size 
distributions are skewed with a shoulder towards larger sizes, we decided to use the 28% given by 
Schwarz et al. for the mass fraction > 600 nm to correct our snow sample SP2 data. 

Ideally, the gain on one of the SP2’s incandescent channels should have been set so as to extend the 
detection limit. The fact that it wasn’t does not necessarily damage the story the paper is telling, in my 
opinion. . .but nevertheless, more care should be given to estimating the effects of this. Ultimately, the 
SP2-determined rBC concentrations presented in the manuscript are more appropriately viewed as 
low-bounds until corrected for the undetected rBC mass. Note also that accounting for the undetected 
rBC would bring the SP2-determined concentration and the PAAS-3L calculated- concentration into 
better agreement. 

See answer to the previous comment. With a correction factor of 1.39 that we applied to the SP2 data 
in the reanalysis (i.e. accounting for a fraction of 28% missed mass), we are rather on the upper limit 
for this correction. In this way, however, we are confident that the main conclusion of our paper 
namely that there is a significant contribution of non-BC particles to light absorption in fresh snow is 
solid.   

Third, on Line 192: The concentration of the PSL standard is higher than I’m comfortable using for my 
own Marin-5+SP2 setup. . .I wonder if there was any evidence of multiple PSL particles existing within 
a single SP2 trigger? This could affect the efficiency calculation. It’s easy enough to look through the 
raw SP2 data and confirm that this isn’t a common occurrence for their data. I’m not claiming that I 
expect that there is a major issue, but simply that it should be looked for when using concentrations 
that high. Further, the authors do not include the size of the PSLs. . .this should be stated. 

We think that our PSL concentrations are no too high. The manufacturer suspension has a 
concentration of 3 108 #/mL, which is further diluted by a factor of 100 before it is used in the 
characterization of the Marin-5. With the Marin-5 flow settings and the known dispersion efficiency of 
36% we end up with a few hundred particles per cc at the Marin-5 output, which is definitely not an 
issue for the SP2 measurement in terms of coincidence. 

Finally, in general, the writing needs some ‘smoothing’, as certain word choices and sentence 
structures don’t flow as well as they could. I would recommend a careful proofreading. 

The manuscript has been thoroughly restructured and reworded. 

The technical corrections listed below are addressed in the revised manuscript. 

Technical Corrections: 

General comment: I see no need to continually put ‘fullerene’ in parenthesis Line 56: extend -> extent 

Line 64: I don’t like the phrasing “should be” in this circumstance. I’d suggest something like “The 
authors determined albedo values of only 0.5-0.7 for the ultraviolet and visible range, substantially 
lower than the 0.97-0.99 that is typical for clean snow [include a citation]” 



Line 67: “Most Himalayan glaciers as glaciers. . .” - > Should this be “Most Himalayan glaciers and 
glaciers”? 

Line 74: smooth wording of sentence beginning “In the last decade. . .” 

Line 96: analyses -> analyzes 

Line 118: remove word ‘used’ 

Line 207: the authors use the word ‘daily’ twice in quick succession. Again, smooth the writing here 

Line 221: depending -> dependent 

Line 225: the phrase “it turned out” is too colloquial for a scientific paper  

Line 268: remove the word ‘used’ 

Line 282: please add the word ‘these’ to specify that this statement isn’t generally true (for instance, in 
the case of snow that has experienced freeze/thaw), i.e. “Thus, the majority of the rBC particles in 
these fresh snow samples have. . .” 

Line 322: The use of the word “therefore” is not appropriate here. Recommend reword- ing. 

 
 



Answer to Referee Comment 3 (Reviewer #1) 
 
We thank the anonymous reviewer for the helpful comments. These comments helped to 
substantially improve the manuscript. Below we give detailed answers to the individual reviewer 
comments in blue. 
 
Review of Linke et al. ‘Specifying light absorbing properties of aerosol particles in fresh snow 
samples, collected at the Environmental Research Station Schneefernerhaus (UFS), Zugspitze.’ 
 
General comments: 
 
This paper present results from snow samples analyzed for their aerosols content over one winter 
season. The authors are using an array of different instrumentation, making this an interesting 
study that is most certainly within the scope of ACP. In light of the instrumentation used in this 
study, it appears that the authors have not presented the full potential of the data that should be at 
hand in the current version of the manuscript. For example: absorption measurements coupled 
with the BC mass content have been carried out, enabling the authors to present direct MAC 
values for the particulates in the snow (which could then be used for comparison and additional 
data in the manuscript). Another issue that should be addressed more thoroughly in the 
manuscript, is the fact that it seems as there is only the one sample (from March 10th) where the 
additional analyzes are performed, and from this one sample conclusions about all of the snow 
samples are drawn. Please see further comments below on these topics, as well as some other 
questions and recommendations that should be addressed. Lastly, the manuscript’s language 
should be checked and re-evaluated for a better read. Although I’m not a native English speaker 
myself, I do believe the manuscript would benefit from such a procedure. Some mistakes have 
been highlighted in the technical corrections below, but I’m sure there are mistakes that I have 
missed, and so make sure to check the whole manuscript. On the whole, this work would be a 
welcomed addition to the literature after it has been majorly revised. 
 
We agree with the reviewer that we have not presented the full potential of our measurements and 
data. That’s why we have made efforts to include a more thorough analysis of the data, resulting 
in additional discussions (which includes now also comparisons with literature data) of (a) the 
MAC of “Fullerene” soot, (b) the MAC of the snow samples, and (c) the spectral absorption of the 
non-BC particles in the snow. While the ESEM and fluorescence analysis of further snow samples 
is certainly something that would strengthen our conclusions, we refrained from doing them simply 
because these analyses (especially with the ESEM) are very time consuming and expensive, 
which we couldn’t invest at this time for this project. Finally, the manuscript has been improved in 
language.    
 
Specific comments:  
 
Section 1 
 
The introduction could use some restructuring and clarifications. My opinion is that some 
references are missing, and the addition of these papers will change some of the claims the 
authors are making in the introduction. Under ‘technical corrections’ I have provided comments to 
specific line numbers on this. 
 
The introduction was completely restructured rewritten taking into account the comments provided 
in ‘technical corrections’ 
 
Section 2 
 
Lines 128-129: Do the authors have any idea to what degree the station is affected by the anthropogenic 
emissions? It would be valuable information to add in the text, if it exists? How close is UFS to the skiing 



area? 
 
Actually, there exists a study on the influence of anthropogenic activities on the UFS station by 
Yuan et al. (2019). They detected on weekdays multiple short-term atmospheric CO events and 
higher atmospheric NO peaks during the daytime (mostly around 09:00 LT), which were 
interpreted to originate by anthropogenic working activities and less by tourists. During the period 
the snow samples were collected, the 1 min ambient air eBC data show elevated levels above 1 
µg/m3 only on 20 days and only for short periods of less than 20 min giving a total time of about 
160 minutes the station experienced this higher BC pollution levels. This time is less than 1 
permille of the total snow sampling period. For those days we have no indications that the snow 
samples are affected by anthropogenic emissions. However, the results of two samples collected 
on February 6 and February 17 were discarded from the data, because they show inexplicable 
high BC mass mixing ratios and absorption coefficients (factor 5 to 10 outside the 95th percentile 
of the other samples), which indicates a possible contamination from local sources. 
 
Line 136: As the manuscript currently reads, 10 cm of snow was collected after each snowfall. 
What was the procedure of collecting the snow if there was more (or less) snow in the precipitation 
event? If it was more than 10 cm, for example, BC particles from the beginning of that snow event 
would be missing in the analysis. On the opposite, if there was a small snow event, producing only 
a few centimeters of snow, how was that snowfall sampled? In that event, if 10 cm of snow was 
sampled, it would include not only the fresh snow (and its particulates), but also more aged 
particles in the snow, leading to possible differences in the analysis. 
 
We made the procedure clearer by rephrasing the paragraph in Sect. 2.1 as following:  
“The snow samples were taken either during or just after snowfall events by scraping off only the 
top few centimeters of the snowpack to avoid sampling older snow. A metallic hand shovel is used 
to sample the snow from an area of about 30 x 30 cm into a zipper sealed polyethylene household 
plastic bag with a volume of 1 L (Toppits, Germany). In this way, snow from the beginning of the 
snowfall event could be missed, but most of the time the events were accompanied by heavy 
wind, so that it was impossible to completely sample the fresh snow layer. After collection, the 
samples were stored at the UFS in a freezer at -18°C until they were transported under frozen 
conditions to the laboratory at KIT. During six months, 33 samples were taken at the UFS.” 
 
Also, on the topic of the snow sampling, the authors mention that the collection was from a place 
exposed to wind, and so how did they manage to collect the new precipitation? One would expect the 
wind to remove this snow (that is typically is not very dense). A table in the supplement of this 
manuscript could easily be added, providing valuable information about the snow samples, precipitation 
events, as well as other basic weather parameters during sampling. 
 
In addition to the changes in Sect. 2.1 given above, we replaced Figure 7 with a stacked figure 
(Figure 8 in the revised manuscript) that highlights the trends in ambient temperature, sunshine 
duration, snow precipitation and snow height over the period the snow samples were collected at 
the UFS station. In this Figure also the ambient eBC and the refractory BC concentration of the 
snow samples is shown to give the reader an overview about the ambient conditions and their 
changes during the 6 months period of snow sampling.  



 
 
Line 144: How do the authors know that using the ultrasonic bath to melt the snow sample did not 
change the structure of the BC particles? (e.g. break the particles apart into smaller sizes, which 
obviously will have an impact on their optical properties), or the other particles present in the snow 
also? 
 
We have no information how the ultrasonic bath might affect the microstructure of the particles. 
However, we followed the recommendations that are given in the literature concerning snow 
sample analysis to be at least consistent with those studies. We added the following paragraph to 
the manuscript to make this clearer: 
 
“Aqueous snow/ice sample sonication prior to the analysis is recommended by several groups 
(e.g. Kaspari et al., 2011; Wendl et al., 2014) although with inconclusive results of the obtained 
improvements. The melted samples were never refrozen for later analysis as this can result in a 
significant particle mass loss of up to 60% (Wendl et al., 2014).” 
 
Section 3 
 
Some sentences in the fourth paragraph are already mentioned in the second paragraph (e.g. 
lines 235- 237 are mentioned in lines 216-219). Technically, I do not see why the information in 
this fourth paragraph (which ultimately contains more details) could already be incorporated into 
the second paragraph. 
 
We restructured Section 3 in the revised manuscript to make it more concise. 

Lines 225-226: Could you present any quantitative numbers on this minor influence?  

The number nebulizing efficiency and the relative humidity are not changing (within a few percent) 
when varying the cooled section temperature in the low positive temperature range (i.e. 0 to 5°C). 
However, the efficiency increases and the r.h. decreases for sub-zero temperatures. Operating the 
nebulizer at a sub-zero cooled section temperature resulted in regular failures of the nebulizer, 
most likely due to water freezing in the cooled section. 
We changed added “a few percent” to the sentence.  

Section 4 

Lines 263-266: What about adding the size distribution of the fullerene in a figure, to show that the 
difference in fullerene MAC’s could be explained by differences in size? 
 
We added a figure of the size distributions to the manuscript. 
 
Section 5 
 
The results of the snow sample measurements could be highlighted even more. You have 33 
samples from one snow season. How do they differ from one another? In Fig. 7 you show how the 
BC snow concentration varies over this season, what about the air concentration of BC from the 
station? (it is mentioned that no correlation was found between the snow and air BC 
concentrations. I would argue that this is shown, possibly in fig. 7 or a different figure). Is there any 
seasonality in the size distribution of BC particles from snow? I’m not convinced that there is such 
a clear decrease in the size distribution of the larger BC particles, please elaborate on this to 
further convince the reader that this is the case. (It is true that since you have taken relatively 
fresh snow samples, there would be no thawing and freezing cycles, possibly leading to larger BC 
particles). One example comes to mind where fresh snow BC size distributions were measured 
(Sinha et al., https://doi.org/10.1002/2017JD028027). Although in a different setting, please put 
your results into context by comparing with this study. 



 
We agree with the reviewer that the presentation and discussion of the snow sample results in the 
context of concurrent meteorological and ambient aerosol measurements is too short or even 
lacking in the manuscript. That’s why we have replaced Fig. 7 by a stacked plot (Fig. 8 in the 
revised manuscript) showing maximum and minimum temperature, sunshine duration, 
precipitation, snow height as well as the air BC mass concentration records over the time period 
the snow samples were taken.   
To discuss the measured rBC snow concentrations in context with these other measurements we 
added the following paragraph to Section 5: 
 

“This BC concentration is shown in Error! Reference source not found.c in conjunction with the 
eBC mass concentration of ambient air that is routinely measured by the German Federal 
Environment Agency using a Multi-Angle Absorption Photometer (MAAP). Also, a selection of 
meteorological data is presented in Error! Reference source not found. to highlight the trends in 
ambient temperature, sunshine duration, snow precipitation and snow height over the period the 
snow samples were collected at the UFS station. Although there is no clear correlation between 
the fresh snow samples and ambient air eBC mass concentration, the enhanced air eBC mass 
concentration observed end of March and beginning of April might have resulted in additional 
deposition of BC particles in the snow surface that is reflected - with a time lag of several days - in 
the measured snow refractory BC mass mixing ratio. Interestingly, this period of higher air eBC 
concentration is distinguished by a low precipitation activity, long sunshine periods as well as 
frequent daily maximum temperatures above the melting point that resulted in frequent 
thaw/freeze cycles and, consequently, a gradual decrease of the snow height by 30 to 40 cm. All 
in all, the enhanced air eBC concentration in conjunction with the meteorological conditions would 
favor enhanced BC mass concentrations in the fresh snow samples collected after precipitation 
events within this period or shortly after.” 
 
Actually, from the 33 samples we use only 31 samples in the revised manuscript as two samples 
were discarded due to inexplicable high rBC mass concentrations and absorption coefficients 
(factor 5 to 10 outside the 95th percentile of the other samples). To investigate a possible 
seasonality in the measured rBC size distributions of the snow samples, we divided the 31 
samples into the three periods (1) November to January with 11 samples, (2) February and March 
with 11 samples, and (3) April and May with 9 samples. For each period the average rBC size 
distribution is calculated and is plotted in the updated Fig. 8 (which is Fig. 9 in the revised 
manuscript).  
 

We thank the reviewer for noticing the Sinha et al. paper. In Fig. 8 of their paper the BC mass size 
distribution of a fresh snow sample is shown that was collected after a snowfall event at Ny-
Ålesund, Svalbard, Norway. We also found the study by Schwarz et al. (2013) very useful as this 
study presents an averaged rBC mass size distribution of snow samples collected shortly after 
snowfall events in Colorado, USA (Fig. 1 in their study). Our averaged fresh snow sample size 
distributions peak at similar mass median diameters (MMD) between 194 and 227 nm compared 
to the 223 ± 28 nm of the Sinha et al. study and the ~220 nm of the Schwarz et al. study. In 
addition, our BC mass size distributions indicate a non-lognormal shoulder at the upper size limit 
of our measurement that is in a very good agreement with the Schwarz et al. (2013) samples 
where the BC mass size distribution was measured up to 2 µm (see Fig. 9 in the revised 
manuscript which shows a comparison with the Schwarz et al. data). As it is discussed by 
Schwarz et al. (2013) such a size distribution reflects the typical atmospheric BC distribution at 
remote locations that is altered by agglomeration and size selection processes during snow 
formation in the atmosphere.  
We also divided the snow samples into the three periods Nov-Jan, Feb-Mar, and Apr-May and 
present the averaged size distributions of these three periods in Fig. 9 of the revised paper. This 
clearly shows that here is no significant seasonality in the snow BC data. 
 

We have added the following paragraph to Section 5 to include these comparisons and their 



conclusions: 
 

“Figure 9 shows corresponding mass size distributions of the refractory BC concentrations shown 
in Figure 8c averaged over the periods November to January, February and March, as well as 
April and May. For comparison purposes, the average size distributions are normalized by the 
corresponding total mass concentration Mtotal, which was deduced from a lognormal fit. The SP2-
derived refractory BC mass size distribution only includes particles up to a mass-equivalent 
diameter of 560 nm, which means that larger BC particles are not recorded by the SP2. However, 
the average BC mass size distributions have distinct mode maxima at the mass median diameters 
(MMD) of 227, 194, and 222 nm for the Nov-Jan, Feb-Mar, and Apr-May periods, respectively. 
This indicates no strong seasonality in the snow BC mass size distribution even in the Apr-May 
period where the BC mass concentration in the snow was significantly enhanced (Figure 8c). This 
further implies that indeed fresh snow was sampled which hasn’t experienced thaw/freeze cycles 
severe enough to induce an agglomeration of the BC particles in the top snow layer. This 
conclusion is further supported by comparing the average BC mass size distributions of our snow 
samples with the BC mass size distribution of a fresh snow sample collected after a long-lasting 
snowfall event at Ny-Ålesund, Svalbard, Norway by Sinha et al. (2018) and with the averaged BC 
size distribution from five snow samples collected after three snowfall events in the semi-rural and 
rural surroundings of Denver, CO, USA by Schwarz et al. (2013). Our average fresh snow sample 
size distributions peak at similar MMD between 194 and 227 nm compared to the 223 ± 28 nm of 
the Sinha et al. study and the ~220 nm of the Schwarz et al. study. In addition, our size 
distributions indicate a non-lognormal shoulder at the upper size limit of the SP2 measurement 
that is in a very good agreement with the Schwarz et al. (2013) samples where the refractory BC 
mass size distributions were measured by a SP2 with modified detector gains up to 2 µm (see 
Figure 9). As pointed out by Schwarz et al. (2013) such snow BC mass size distributions reflect 
the typical atmospheric BC mass size distribution that is observed at remote locations altered by 
agglomeration and size selection processes during snow formation in the atmosphere. The good 
agreement between the mass size distributions of our snow samples and the average distribution 
of the Schwarz et al. (2013) samples allows us to estimate the refractory BC mass that is 
contained in the large particle size shoulder outside our measurement range. According to 
Schwarz et al. (2013) a fraction of 28% of the total BC mass can be attributed to particles with 
mass-equivalent diameters larger than 600 nm. A mass correction factor of 1.39 is therefore 
applied to the SP2-derived refractory BC snow concentrations in the following analysis.”     
 
What about the dust concentrations? How did the described Saharan dust episodes influence the 
BC mass (and the snow samples)? 
 
Although we cannot directly measure the dust concentrations in the snow samples, we can draw 
some conclusion by analyzing the spectral signature of the snow mass specific absorption cross 
section of the non-BC particles, i.e. after subtraction the spectral cross section that is expected 
from the SP2 mass data using the MAC of Fullerene soot (Equation 3 of the revised manuscript). 
We added a figure (Fig. 12 in the revised manuscript) that shows a comparison of the non-BC 
spectral absorption cross section with laboratory absorption data for Saharan dust particles. Thus, 
Saharan dust is a good candidate to explain the observed non-BC light absorption in the snow 
samples. We did the same comparison with laboratory data of OC, which reveals that OC could 
also explain the observed non-BC absorption - not only in terms of wavelength dependence but 
also in terms of variability. 
The whole paragraph on the analysis of the spectral absorption analysis has been rewritten to 
make our argumentation of a significant influence of non-BC particles on the light absorption in 
snow clearer.  
 
Through the measurement set-up that the authors present, they should have the data necessary 
to directly derive MAC values for the particles in the snow. How come this was not done? I believe 
one of the other referees also commented on this. Either the authors provide these MAC values 
also, and compare (and discuss) that in the manuscript with the data that they already have. If this 



is not possible, then it should be stated why, and more emphasized why the approach used 
currently in the manuscript is utilized. There is evidently other impurities other than the BC 
particles, which will influence the MAC value for the particles in the snow, but with the other 
instrumentation available, it should assist in describing those particles (i.e. the OC content). 
 
 
We did a thorough reanalysis of the snow samples following this strategy: 
 
 

1. The snow mass specific absorption cross section sabs [m2/mL] was deduced from the 
absorption coefficient babs [m-1] using the nebulizer flow settings and the nebulizing 
efficiency (Eq. 1 of the revised manuscript): 
 
𝜎"#$ = 10() ∙ 𝑏"#$ ∙ 𝑅-.# 𝑅//⁄ ∙ 𝜀-.#(2  

 
2. This snow mass specific absorption cross section is plotted as a function of the refractory 

BC mass concentrations in a new figure (Fig. 10 of the revised manuscript). Linear 
regression fits to the data then give the BC mass specific MAC of the snow samples. We 
found MAC values that are up to a factor of two larger than the MAC of Fullerene soot. A 
table is added to the manuscript contrasting the mass and optical properties (including the 
MAC) of Fullerene soot with those of the snow samples. 

 
3. To be comparable with other studies (e.g. Doherty et al., 2010), we calculated the 

equivalent BC mass concentration 𝑐45
.6789, i.e. the amount of BC that would need to be 

present in the snow to account for the measured absorption, from sabs using the MAC of 
Fullerene soot (Equation 2 of the revised manuscript): 
 
𝑐45
.6789 = 𝜎"#$ MAC=>⁄  

 
4. We plotted 𝑐45

.6789 as a function of the refractory BC mass concentration in a new figure 
(Fig. 11 of the revised manuscript) and found a good correlation of both concentrations but 
with correlation coefficients of 2.0, 1.9, and 1.4 for 405, 532, and 658 nm, respectively 
(note that 𝑐45

.6789	is a function of the wavelength). We conclude from this that there is 
additional non-BC light absorbing mass in the snow, which is correlated with the BC mass 
and which has a strong wavelength dependence between the green and the red part of the 
visible spectrum. This already indicates mineral dust and organic (brown) carbon as 
possible carriers of this additional absorption. 

 
5. We calculated the snow mass specific absorption cross section of the non-BC particles, 

𝜎"#$-@-45 (Equation 3 in the revised manuscript): 
 
𝜎"#$-@-45 = 𝜎"#$ − 𝑐45>BC ∙ MAC=> ∙ 10(D   
 
We added a figure (Fig. 12 in the revised manuscript) that shows the statistical analysis of 
the 𝜎"#$-@-45 for the snow samples and that compares this non-BC spectral behavior with 
laboratory data for Saharan dust and organic (brown) carbon (see answer to the previous 
comment).	
 



Line 313: What evidence is there to show that this one sample from March 10th is representative 
for all of the snow samples? (This sample contains a low amount of BC compared to the other 
samples and has an enhancement factor of 2.7 compared to the 2.34 presented for the others 
samples). Either present some evidence that this is representative for all of the samples or 
emphasize in the manuscript that these additional analyzes (presented in the following 
paragraphs) were only done to the one sample, and so it is difficult to draw conclusions for all of 
the snow samples. Ideally, I would argue that additional snow samples would be analyzed from 
different times during the season in the same way as the one sample from March 10th. 
 
Actually, after the reanalysis of the samples, which includes the correction for missing BC mass in 
the SP2 measurement, the March 10 sample has a mass concentration 𝑐45>BC=2.8 ng/mL and an 
equivalent BC mass concentration of 𝑐45

.6789=6.0 ng/ml for λ=532 nm, which gives an enhancement 
factor of 𝛾 = 2.1. It is therefore representative for 𝛾, but is on the lower side concerning the 𝑐𝐵𝐶𝑆𝑃2 
and 𝑐𝐵𝐶

𝑒𝑞𝑢𝑖𝑣 concentrations. We added a mark in the 𝑐𝐵𝐶
𝑒𝑞𝑢𝑖𝑣 versus 𝑐𝐵𝐶𝑆𝑃2 plot (Fig. 11 of the revised 

manuscript) to indicate the representativeness of this sample. As mentioned above, further analyses 
(especially with the ESEM) are very time consuming and expensive, which we couldn’t be 
invested within the scope of this pilot study. This is now clearly stated in the revised manuscript: 
 
“While these results give a detailed look into the physical and chemical nature of the of the 
particles that might contribute the light absorption in the March 10 snow sample, they cannot used 
to draw conclusions for all snow samples. Here, further analyses are required that couldn’t 
conducted within the scope of this pilot study.” 
 
Lines 320-326: Although you discuss it further in the following paragraph, please include some 
sentence (or sentences) of what these specific results indicate about the snow samples? 
 
Will be added to the revised manuscript. 
 
Line 329: It would be interesting to have some information (even if it is hypothetical) on where this 
biological information originate from? E.g. Local or long distance? 
 
We changed the terminology in the discussion of the ESEM and WIBS analysis by substituting the 
term “biological” with “biogenic”. Although we have indications of biological components in the 
ESEM analysis, like bacteria, pollen and spores, we cannot conclude that all biogenic EDX 
patterns are due to microorganisms or their fragments. We added a paragraph on possible origins 
of the biogenic material found in the March 10 sample, mainly in the context of the observed non-
BC light absorption by brown carbon. 
 
“However, one question that arises from the above findings is whether the biogenic particles found 
in the March 10 snow sample can be attributed to BrC, which was shown to be a good candidate 
for explaining the additional light absorption in the snow samples (Error! Reference source not 
found.). The term “brown carbon” is not clearly defined or characterized and is mainly related to a 
strong wavelength dependence of the visible light absorption observed in these materials. From a 
chemical perspective, BrC can generally be divided into humic-like substances (HULIS) and tar 
balls (Wu et al., 2016). HULIS can be characterised mainly as a mixture of macromolecular 
organic compounds with various functional groups and are expected e.g. in oxidation processes of 
biogenic precursors (Wu et al., 2016). Tar balls are emitted from biomass burning and are of 
spherical, amorphous structure and are typically not aggregated. Moreover, light absorbing 
organic material and HULIS can be formed from the water-soluble fraction of biomass burning 
aerosol compounds, and is therefore suggested as an atmospheric process for the formation of 
light absorbing BrC in cloud droplets (Hoffer et al., 2004). Further examination of snow samples 
from different locations as well as systematic investigations on the optical behaviour of biogenic 
particulate matter is therefore necessary to evaluate the influence of biogenic (including 
biological), BrC and mineral dust on the aerosol absorption properties in the visible spectral 
range.” 
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Abstract 

Light absorbing impurities in snow result in a darkening of the Earth’s white snow and ice covers. Airborne 

particles like mineral dust, volcanic ash or combustion aerosol particles are able to reduce the snow and ice albedo 15 

considerably with a very small mass fraction of deposited particles. In this study, a new laboratory method is 

applied that allows to measure the spectral light absorption coefficient of airborne particles that are released from 

fresh snow samples by an efficient nebulizing system. Three-wavelength photoacoustic absorption spectroscopy 

is combined with refractory black carbon (BC) mass analysis to determine the snow mass specific and the BC 

mass specific absorption cross sections. Fullerene soot in water suspensions are used for the characterization of 20 

the method and for the determination of the mass specific absorption cross section of this BC reference material. 

The analysis of 31 samples collected after fresh snowfall events at a high-altitude alpine station reveal a significant 

discrepancy between the measured snow mass specific absorption cross section and the cross section that is 

expected from the BC mass data, indicating that non-BC light absorbing particles are present in the snow. Mineral 

dust and brown carbon (BrC) are identified as possible candidates for the non-BC particle mass based on the 25 

wavelength dependence of the measured absorption. For one sample, this result is confirmed by environmental 

scanning electron microscopy and by single particle fluorescence measurements, which both indicate a high 

fraction of biogenic and organic particle mass in the sample.  

1. Introduction 

Light absorbing atmospheric particles like black carbon (BC), brown carbon (BrC), mineral dust or volcanic ash 30 

are eventually removed from the atmosphere by dry and wet deposition. Light absorbing particles that are deposited 

into snowpack result in a darkening of the otherwise white surface by increased absorption of solar radiation. 

Because pure snow is the most reflective natural surface on earth, the presence of small amounts of absorptive 

impurities changes the optical properties of snow resulting in a considerable reduction of the snow albedo (Warren, 

1982; Warren and Wiscombe, 1980). In cold fine-grained snow observed BC amounts of £100 ng/g can reduce 35 

the spectral albedo at visible wavelengths by up to 2%, while in melting snow, these reductions can even increase 

to 6% (Warren and Wiscombe, 1985). Although these numbers seem to be small,  they result in a significant impact 

on the radiation budget via the snow albedo effect (Clarke and Noone, 1985; Flanner et al., 2007), which also 
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includes secondary effects like rapid snow transformation (e.g. changes in the snow grain size) and the retreat of 

snow and ice covers in a warming climate. The IPCC reported a global annual mean radiative forcing for 40 

anthropogenic BC in snow and ice of + 0.04 W m-2 with an uncertainty range of 0.02 to 0.09 Wm-2 (Boucher et 

al., 2013). A considerably higher radiative forcing estimate for BC in snow is given in Bond et al. (2013). In their 

estimate they calculated an effective BC in snow forcing that includes feedback mechanisms, like rapid 

adjustments of the snowpack as well as the climate response to the snow and ice albedo changes, resulting in a 

best forcing estimate of + 0.13 W m-2 with an uncertainty of 0.04 to 0.33 W m-2.  45 

For a reliable assessment of the radiative forcing by light absorbing impurities in snow and ice, the response of the 

snow albedo to the presence of light absorbing particles has to be understood from a physical basis. This is not a 

trivial task as the spectral albedo of snow depends not only on the mass mixing ratio of the absorbing particles in 

the snowpack, but also on the chemical composition, the microphysical properties, as well as the spectral 

absorption properties of the particles in addition to the snow grain size distribution and the spatial variations of 50 

these parameters (Flanner et al., 2007). While the mass mixing ration of BC in snow (and also that of mineral dust 

and organic carbon) has been the subject of many recent studies (e.g. Kaspari et al., 2014; Schmale et al., 2017; 

Zhang et al., 2018), their microphysical as well as spectral optical properties are still poorly investigated. A few 

studies exist on the microphysical (Dong et al., 2018; Zhang et al., 2017) as well as optical properties (Dal Farra 

et al., 2018; Doherty et al., 2010; Kaspari et al., 2014; Schwarz et al., 2013), but these are too sparse from giving 55 

a conclusive picture. Further, the optical properties of light absorbing impurities are often indirectly addressed by 

either applying simplified optical particle models (e.g. Schwarz et al., 2013) or by using mass specific absorption 

cross sections (MAC) determined for atmospheric particles (e.g. Dong et al., 2018; Zhou et al., 2017). There is a 

need for more studies that address the question on the microphysical nature and the optical properties of particles 

in snow and ice. In a large-area study on light absorbing impurities in Arctic snow Doherty et al. (2010) applied 60 

the integrating-sandwich with integrating sphere technique (ISSW; Grenfell et al., 2011) to measure the snow mass 

specific spectral absorption cross section, 𝜎"#$, on filter samples. The ISSW is an improved version of the original 

integrating plate (IP) filter method that was used in the pioneering work of Clarke and Noone (1985) to determine 

the BC in the Arctic snowpack. Although their method measures 𝜎"#$, they used a fixed MAC for BC and assumed 

fixed absorption Angström exponents for BC and non-BC to calculate the BC mass mixing ratios and the fraction 65 

of non-BC particles in the snow, respectively. However, large biases have been revealed in laboratory tests of the 

ISSW when non-BC absorbing and purely light scattering particles are co-deposited on the filter (Schwarz et al., 

2012). This indicates a significant cross-sensitivity of the ISSW-determined 𝜎"#$ to particle light scattering.    

In the present study we used a different approach to measure 𝜎"#$ by applying three-wavelength photoacoustic 

spectroscopy on re-aerosolized snow samples. Photoacoustic aerosol spectroscopy is not prone to light scattering 70 

artefacts and, therefore, gives reliable results also in the presence of light scattering impurities. As a pilot study 

for this approach, freshly fallen snow was collected at the alpine research station Schneefernerhaus over a period 

of six months in Winter 2016/2017. Particulate impurities in the samples were re-aerosolized in the laboratory and 

were concurrently measured by a single particle soot photometer (SP2) as well as by a homebuilt three-wavelength 

photoacoustic spectrometer (PAAS-3l) to determine 𝜎"#$ and the BC mass specific MAC of the snow impurities. 75 

Suspensions of Fullerene soot in water were prepared as a standard for melted snow and were used to characterize 

the nebulizer efficiency and to determine the PAAS-3l detection sensitivity. From these measurements, also the 

MAC of the Fullerene soot standard was deduced and was compared with the MAC of the snow samples.  
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Sample preparation, test particle properties and experimental setup are given in Sect. 2. Sect. 3 describes the 

characterization of the nebulizer at different operational settings and gives the efficiency of the nebulizer in terms 80 

of particle number and mass concentrations. The MAC of the Fullerene soot standard is presented in Sect. 4. 

Measurement results of the snow samples are discussed Sect. 5 followed by conclusions given in Sect. 6.  

2. Experimental 

2.1 Snow samples  

The snow samples used in this study originate from the Environmental Research Station Schneefernerhaus (UFS). 85 

The station is located at a latitude of 47° 25’ 00’’ N, a longitude of 10° 58’ 46’’ E and an altitude of 2650 m a.s.l. 

During winter the UFS is situated in the free troposphere most of the time with low boundary layer influence 

(Gilge et al., 2010) but can be occasionally affected by long range transported Saharan dust plumes (Flentje et al., 

2015) or in rare events by transatlantic aerosol transport (Birmili et al., 2010). However, the station is located 

within a skiing and hiking resort and is therefore sporadically affected by local anthropogenic emissions during 90 

daytime, e.g. from snow groomers during the skiing season. Yuan et al. (2019) report multiple short-term 

atmospheric CO events and higher atmospheric NO peaks during the weekdays (mostly around 09:00 LT) at the 

station. Disregarding these local pollution events at the station, the multi-annual median BC mass concentration is 

0.1 μg/m³ and is typically well below this value during the winter months (Sun et al., 2019). 

Snow samples were collected during a time period from December 2016 to May 2017. During this time period 95 

basic meteorological data of precipitation, maximum and minimum temperatures, sunshine duration and wind 

speed are provided by the German Meteorological Service (DWD). Aerosol parameters like number concentrations 

from condensation particle counter (CPC) and optical particle counter (OPC) instruments, equivalent BC mass 

concentrations from multi-angle absorption photometer (MAAP) measurements as well as dust loads are provided 

by the German Federal Environment Agency (UBA) and the German Meteorological Service (DWD).  The snow 100 

samples were taken either during or just after snowfall events by scraping off only the top few centimeters of the 

snowpack to avoid sampling older snow. A metallic hand shovel is used to sample the snow from an area of about 

30 x 30 cm into a zipper sealed polyethylene household plastic bag with a volume of 1 L (Toppits, Germany). In 

this way, snow from the beginning of the snowfall event could be missed, but most of the time the events were 

accompanied by heavy wind, so that it was impossible to completely sample the fresh snow layer. After collection, 105 

the samples were stored at the UFS in a freezer at -18°C until they were transported under frozen conditions to the 

laboratory at KIT. During six months, 33 samples were taken at the UFS. 

Right before the analysis, which is described in the following sections, approximately 30 mL snow is detached 

from the plastic bag and is put in a glass beaker for further treatment. This subsample is then melted by sonication 

in an ultrasonic bath (EMAG Technologies, Germany) at room temperature for about 5 minutes. Sonication during 110 

the melting process should help to avoid particle adhesion to the wall of the glass beaker. Aqueous snow/ice sample 

sonication prior to the analysis is recommended by several groups (e.g. Kaspari et al., 2011; Wendl et al., 2014) 

although with inconclusive results of the obtained improvements. The melted samples were never refrozen for 

later analysis as this can result in a significant particle mass loss of up to 60% (Wendl et al., 2014).  

2.2 Setup of instruments 115 
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The experimental setup consisting of a Marin-5 Enhanced Nebulizer System (Teledyne CETAC Technologies, 

USA), a self-built three-wavelength photoacoustic aerosol absorption spectrometer (PAAS-3l, Linke et al., 2016) 

and a single particle soot photometer (SP2, Droplet Measurement Technologies, USA) is shown in Figure 1. The 

liquid samples are fed by a peristaltic pump (ISM795, ISMATEC, Wertheim, Germany) equipped with Tygon 

tubing (ID 0.76 mm, E-LFL, Fisher Scientific, USA) into a concentric pneumatic glass nebulizer (“MicroMist 120 

500” with a critical orifice of 500 µm), which is positioned inside of the Marin-5 nebulizer. The glass nebulizer 

consists of a capillary that directs the liquid sample to the nebulizer tip where a concentric sheath flow of 

pressurized synthetic air disperses the supplied liquid sample into a spray (Katich et al. 2017). The optimum 

specified liquid sample flow rate of the glass nebulizer, which is set on the peristaltic pump, is 𝑅&&=0.5 mL/min. 

The generated spray is released into the nebulizing chamber of the Marin-5 nebulizer with the maximum specified 125 

gas flow rate of 𝑅'(#=1.1 L/min (see Figure 2). The spray enters the heated section of the chamber where the water 

is evaporated forming a moist aerosol of residual particles. This aerosol comprises refractory aerosol particles and 

residues from soluble material that were contained in the liquid sample. Subsequently, the aerosol passes the cooled 

section of the chamber where excess water is eliminated from the sample flow by condensation to the chamber 

walls, so that the bulk of water vapour in the moist aerosol is drained before the particles leave the nebulizer. The 130 

aerosol that exits the nebulizer is then directed through a homebuilt silica gel dryer to reduce the relative humidity 

of the aerosol flow below 20% r.h.  Finally, sample flows for the SP2 and the PAAS-3l are taken from the aerosol 

flow, which is otherwise exhausted to the ambient.  

The SP2 was used to determine the refractory black carbon (BC) mass concentration 𝑐*+,-. of the BC suspension 

standards and the snow samples. The instrument is typically operated with a sample flow rate of 0.12 L/min. For 135 

single particle mass determination, the two incandescence channels of the instrument are calibrated with Fullerene 

soot particles (Alfa Aesar, #40971, lot #F12S011) size selected by a differential mobility analyser (DMA) in the 

range of 100 nm to 450 nm, corresponding to single particle refractory BC masses of about 0.5 fg to 30 fg. Note 

that this “Fullerene soot” material actually contains only a minor mass fraction of Fullerenes of less than 10% 

(Laborde et al., 2012a). The gains of the two incandescence channels of the SP2 are adjusted in a way that they 140 

cover a combined volume-equivalent size range from 60 to 560 nm (Laborde et al., 2012b). For quantifying the 

number efficiency of the nebulizer, number concentrations of non-absorbing PSL particles are determined from 

the SP2 single particle scattering data. For analysis of the SP2 data, the software toolkit developed and provided 

by Martin Gysel from the Paul Scherrer Institute, Switzerland is used (Gysel et al., 2011). 

The PAAS-3l is a single cavity three-wavelength photoacoustic aerosol absorption spectrometer, which has been 145 

designed and built at KIT and which is currently marketed by schnaiTEC GmbH. The instrument concept and 

working principle are described in detail in Linke et al. (2016). Briefly, to measure the absorption coefficient 𝑏"#$ 

of aerosols, a controlled sample flow of 0.85 L/min is led through the acoustic resonator of the instrument. This 

open-ended cylindrical cavity has a diameter of 6.5 mm and a length of 49 mm resulting in a fundamental acoustic 

resonance frequency of about 3200 Hz. Acoustic buffers of 24.5 mm length and 78 mm diameter are attached to 150 

both ends of the cavity to filter acoustic disturbances that may exist in the frequency range of the resonator. 

Possible disturbances comprise noise generated in the flow system as well as ambient sound. The photoacoustic 

cell composed of the acoustic resonator and the buffers has a total volume of 236 cm3. The PAAS-3l system was 

developed to determine the absorption coefficients at three wavelengths across the visible spectral range. Three 

lasers (Dragonlaser, Changchun, China), modulated at the resonance frequency of the acoustic cavity, are used in 155 
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this study. The lasers have emitting wavelengths of 405, 532, and 658 nm and generate modulated emission power 

of 100, 150 and 130 mW, respectively. The modulation frequency has a duty cycle of 50% and is tuned to the 

resonance frequency of the acoustic cavity on a daily basis. The detection limit (2s) of this setup was derived from 

an Allan deviation analysis of long-term background signal measurements similar to the analysis presented in 

Fischer and Smith (2018). The Allan deviation plot for the three PAAS-3l wavelengths is shown in Figure 3. 160 

According to this analysis, the PAAS-3l instrument has a 2s detection limit in the range of 1.2 to 2.1 1/Mm for 

all three wavelengths and for a typical averaging time of 60 seconds. 

2.3 PSL particles 

The characterisation of the particle number efficiency of the nebulizer and the daily performance control was 

performed with monodisperse polystyrene latex (PSL) particles (Postnova Analytics GmbH, Landsberg am Lech, 165 

Germany) with nominal diameters of 240 ± 5 nm and 304 ± 5 nm. The particle number concentration within these 

suspensions is about 3·108 1/mL. A diluted PSL standard suspension sample was prepared daily by pipetting 1 mL 

suspension into a 100 mL graduated flask filled with Nanopure water. 

2.4 Fullerene Soot Standards 

Suspensions of known Fullerene soot mass concentrations were prepared to determine the particle mass efficiency 170 

𝜀'(# of the nebulizer. The material has been widely used to calibrate SP2 instruments (including the present study) 

as it gives a sensitivity that is similar to Diesel soot (Laborde et al., 2012a). A stock suspension of Fullerene soot 

particles (Alfa Aesar, USA; stock #40971, lot #F12S011) suspended in Nanopure water was stored in a 250 mL 

graduated glass bottle with polypropylene cap (Simax, Czech Republic) for several days to allow larger particles 

to settle out of the suspension. From this stock suspension the supernatant suspension was taken to (a) determine 175 

the Fullerene soot mass concentration gravimetrically and to (b) prepare diluted Fullerene soot standard 

suspensions for daily particle mass efficiency control of the nebulizer.  

For the gravimetric analysis of the settled stock suspension two empty quartz fibre filters (MK360, Ahlstrom 

Munksjö, Finland) were dried over night at 50°C, stored in a dehydrator for 2 hours and weighed with a 

microbalance (M3P, Sartorius, Germany). Then 30 mL of the supernatant suspension were extracted from the 180 

stock Fullerene soot suspension and were dropped on both quartz filters. The filters were then temperature treated 

the same way as the empty filters before being weighed again. From the gravimetric Fullerene soot mass, the mass 

concentration of the stock suspension was determined to be 5.8 ± 2.6 µg/mL (mean ± 1σ; N=2). Four Fullerene 

soot standard suspensions for the determination of the mass efficiency 𝜀'(# of the nebulizer were prepared on each 

measurement day from the stock suspension. This was performed in two dilution steps resulting in samples of 185 

Fullerene soot suspended in Nanopure water with nominal mass concentrations of 𝑐1,= 11.5 ± 2.5, 23 ± 7.3, 34.5 

± 6.3 and 46 ± 7.7 ng/mL. Note that the given uncertainty range is based on the analysis of the SP2 mass 

measurements acquired during the characterization of the Marin-5 nebulizing efficiency (Sec. 3) and does not 

reflect possible systematic biases in the above gravimetric analysis of the stock suspension and the subsequent 

dilution process.  190 
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3. Characterization of the nebulizer 

Particles suspended in liquid samples are not completely dispersed during the nebulizing process in the Marin-5 

nebulizer but are partially lost in the drain water of the instrument. In order to characterize the Marin-5 dispersion 

efficiency the nebulizer settings were varied while measuring the particle output by a CPC. In this characterization 

the operation recommendations given by Katich et al. (2017) for applying the Marin-5 in snow sample analyses 195 

were mainly adopted. However, a minimum gas flow rate of 𝑅'(#=0.97 L/min is necessary in the present study to 

simultaneously operate the SP2 and the PAAS-3l downstream the Marin-5. Also, the relative humidity of the 

Marin-5 output flow is an important property here as reliable photoacoustic measurements of aerosol systems 

require a relative humidity below ~30% (Langridge et al., 2013). The particle output (in terms of particle number 

and particle mass) and the relative humidity depend on the 𝑅&& and 𝑅'(# flow rates and the temperatures of the 200 

heated and cooled sections of the nebulizing chamber. As a starting point of the Marin-5 characterization the 

nebulizer parameters were set to heating and cooling temperatures of 120°C and 5°C, respectively, the maximum 

specified input air flow rate of 𝑅'(#=1.1 L/min, and a liquid sample flow rate of 𝑅&&=0.08 mL/min. Each 

parameter, except 𝑅'(#, was varied while keeping the others constant. It turned out that the temperature of the 

cooled section of the chamber has only a minor influence of a few percent on the dispersion efficiency and the 205 

relative humidity in the output flow. 

In Figure 4, the PSL particle number nebulizing efficiency and the relative humidity of the Marin-5 exit flow are 

shown as a function of the liquid sample flow rate 𝑅&& of the nebulizer. From Figure 4 it is clear that the higher 

the applied sample flow rate 𝑅&& the higher the relative humidity at the exit at a fairly constant efficiency of around 

36%. Note that the observed constant nebulizing efficiency reflects a nearly linear correlation between the PSL 210 

number concentration at the nebulizer exit and the liquid supply rate 𝑅&& at the input. Even for the lowest 𝑅&& of 

0.08 mL/min the relative humidity approaches 50% and is therefore far above the threshold humidity of 30% for 

unbiased photoacoustic measurements. Therefore, the silica gel aerosol dryer downstream the Marin-5 is a 

prerequisite in the Fullerene soot and snow sample analysis with the PAAS-3λ instrument. The PSL number 

concentration and relative humidity behave in a similar way when 𝑅&& is kept constant at 0.16 mL/min and the 215 

temperature of the heated section of the chamber is varied between 110 and 150°C, i.e. higher values with higher 

temperatures (not shown here). As a result of this characterization the liquid sample flow rate was set to 𝑅&&=0.32 

mL/min in the Fullerene soot and snow sample analyses in order to generate a sufficient absorption signal in the 

PAAS-3λ while the aerosol can still be dried to a relative humidity below 30%. The nebulizer temperatures were 

set to 120°C and 5°C for the heated and cooled section, respectively.     220 

With the above settings and the setup shown in Figure 1, the mass nebulizing efficiency 𝜀'(# = 𝑐*+,-. 𝑐1,⁄ ∙

𝑅'(# 𝑅&&⁄  of the Marin-5 nebulizer was derived from measurements using the Fullerene soot standard suspensions 

described in Sec. 2.4. In Figure 5 the detected SP2 mass concentrations 𝑐*+,-. are shown for the four Fullerene soot 

standards which were daily prepared. The mass nebulizing efficiency was determined to be 39% from these 

measurements, which is in a very good agreement with the findings of Katich et al. (2017) for similar settings. 225 

Figure 6 shows the average mass size distributions of the four Fullerene soot suspension standards used in the 

characterization of the Marin-5 mass nebulizing efficiency 𝜀'(# shown in Figure 5. Each size distribution is an 

average over 8 individual suspensions that were prepared on a daily basis. The measured mass size distribution of 
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each of the 32 individual suspensions was fitted by a lognormal function to get the mass-equivalent median 

diameter (MMD), the width of the distribution (i.e. geometric standard deviation 𝜎5), as well as the integrated 230 

mass concentration, 𝑐*+,-.. Note that the integrated mass concentration 𝑐*+,-. from the lognormal fit was used in 

determination of 𝜀'(# and the Fullerene soot mass absorption cross sections, MAC1,, in Sec. 4. This is necessary 

as the summed particle mass from the SP2 measurement alone ignores particles with sizes larger than 560 nm, 

which represent a mass fraction of about 10% (see Figure 6). The suspensions show a very stable MMD of 227 ± 

3.7, 226 ± 1.7, 228.5 ± 2.5, and 229 ± 1.7 nm and 𝜎5 of  1.57 ± 0.018, 1.56 ± 0.024, 1.57 ± 0.017, and 1.57 ± 0.016 235 

for the 11.5, 23, 34.5, and 46 ng/mL suspensions, respectively with a MMD of 228 ± 3 nm and a 𝜎5 of 1.57 ± 

0.018 when averaging over all 32 samples (Table 1). 

4. Specific mass absorption cross sections (MACFS) of Fullerene soot 

Simultaneously to the BC mass concentration measurements with the SP2, the absorption coefficients 𝑏"#$ of the 

Fullerene soot suspensions were measured for the three PAAS-3l wavelengths. Both measurements together 240 

enable the determination of the mass specific absorption cross section MAC1, = 𝑏"#$ 𝑐*+,-.⁄  of airborne Fullerene 

soot at 405, 532, and 658 nm. In Figure 7, the absorption coefficients 𝑏"#$ are plotted against the SP2-derived BC 

mass concentrations 𝑐*+,-. of the Fullerene soot suspension standards. Linear regression fits of the data result in 

MAC1, values of 10.5 ± 3.2 m2/g, 9.5 ± 2.2 m2/g, and 8.6 ± 3.3 m2/g for 405, 532, and 658 nm, respectively. The 

MAC1, at 532 nm is comparable to the value of 8.84 m2/g given by Schwarz et al. (2012) for Fullerene soot (lot 245 

#F12S011) deduced from ISSW measurements, but is significantly higher than the 6.1 ± 0.4 m2/g (mean ± 2σ) 

measured recently by photoacoustic absorption spectroscopy for size selected Fullerene soot particles by 

Zangmeister et al. (2018). They used a combination of a differential mobility analyzer (DMA) and an aerosol 

particle mass analyzer (APM) to select Fullerene soot particles within a narrow mass range from aerosol generated 

by an atomizer. Their MAC1, of 6.1 m2/g, which is given for a wavelength of 550 nm, a mobility-equivalent 250 

diameter of 350 nm, and for a particle mass of 16.6 ∙ 10=>? g, corresponds to a volume-equivalent diameter of 264 

nm using a density of 1.72 g/cm3 of Fullerene soot (Kondo et al., 2011). Although, this diameter is not very 

different to the MMD of 228 nm of the Fullerene soot suspensions used here, part of the observed discrepancy can 

be attributed to the different sizes as the MAC is strongly depending on the particle diameter for particles larger 

than about 200 nm (e.g. Moosmüller et al., 2009). To be comparable, we measured the MAC1, of size selected 255 

Fullerene soot particles in a separate study by adding a DMA behind the Marin-5 in the setup shown in Figure 1.  

A MAC1, of 8.6 m2/g was measured for the mobility-equivalent diameter of 350 nm, which is still ~40% larger 

than the MAC1, given by Zangmeister et al. (2018) for the same diameter. However, they used an APM to measure 

the BC mass, while a SP2 was used here to deduce the refractory BC mass. According to Laborde et al. (2012a), 

the Fullerene soot product shows a variability from batch to batch, which results in a SP2 calibration uncertainty 260 

of up to 15% (actually only two batches were compared; lot #F12S011 and lot #L18U002). They explained the 

differences in the SP2 response (i.e. the calibration curves) by a substantial non-refractory coating in case of the 

L18U002 batch that could be identified by thermodenuding the samples. Assuming that lot #W08A039 used in 

Zangmeister et al. (2018) has a similar coating, this would increase the APM mass measurement by about 15% 

compared to the SP2-derived BC mass of lot # F12S011 used in the present study. This in turn would increase the 265 

MAC1, from 6.1 m2/g reported by Zangmeister et al. (2018) to about 7 m2/g when using only the refractory BC 
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mass fraction in the calculation of the MAC1,. This assumption reduces the discrepancy between the two MAC1, 

values to 35%, which is within the uncertainty range of ± 2.2 m2/g for our 532 nm value. It is further conceivable 

that different batches of the Fullerene soot material have different electronic band structure (i.e. refractive index) 

and/or fractal aggregate structures that both change the absorption cross section of the particles at a constant 270 

particle mass (e.g. Liu et al., 2019; Zangmeister et al., 2018). Figure 17 shows an electron micrograph of a typical 

Fullerene soot aggregate sampled from the dry aerosol output of the Marin-5 nebulizer. Thus, the Fullerene soot 

particles do not have a simple fractal aggregate structure, but are rather complex-structured with polydisperse 

monomer sizes, monomer nonsphericity (irregularity), necking, and overlapping, which all have a significant 

impact on the optical particle properties (including the absorption cross section) compared to the idealized fractal 275 

aggregate (Teng et al., 2019). Since these microphysical details of the soot particles are very sensitive to the actual 

formation and subsequent treatment conditions (Gorelik et al., 2002), it is conclusive that the MAC1, has an even 

higher variability between different Fullerene soot batches compared to what is expected from the SP2 mass 

sensitivity only.      

The wavelength dependence of the aerosol light absorption, expressed by the so-called absorption Angström 280 

exponent (AAE), was determined to be 0.46 ± 0.07 for the used Fullerene soot suspensions by analysing the 𝑏"#$ 

data for the 405 and 658 nm wavelengths. This AAE is close to the ~0.6 reported by Baumgardner et al. (2012) 

for Fullerene soot derived from multiwavelength PSAP and Aethalometer measurements and it is within the range 

of the 0.54 ± 0.06 determined by Zhou et al. (2017) from ISSW spectrometer measurements on Fullerene soot 

filter samples in the 450 nm to 750 nm spectral range. However, it is significantly lower than the 0.92 ± 0.05 given 285 

by Zangmeister et al. (2018) for Fullerene soot lot #W08A039. Here again, we have to take into account that 

Zangmeister et al. (2018) analyzed size segregated absorption spectra and their AAE is given for a mobility-

equivalent diameter of 350 nm. Analyzing our size segregated measurements gives an AAE of 0.82 ± 0.02 for the 

same mobility-equivalent diameter, which is close but smaller than the Zangmeister et al. value, further  supporting 

the above assumption that there is a difference in the chemical as well as physical (including optical) properties 290 

between different batches of the Fullerene soot product.  

In conjunction with the 𝑏"#$ detection limit of 2.1 1/Mm given in Sec. 2.2 for the PAAS-3l and the mass nebulizing 

efficiency 𝜀'(# of the Marin-5 nebulizer given in Sec. 3, the MAC1, analysis shown in Figure 7 can be used to 

assess the detection limit of the PAAS-3l in terms of the BC mass mixing ratio in the snow. A conservative 

estimate that also accounts for the uncertainties in the preparation and quantification of the Fullerene soot 295 

suspension standards gives a lower BC mass mixing ratio of 4 ng/mL that can be optically detected by the PAAS-

3l within the setup shown in Figure 1. Therefore, the method presented here should be suitable to analyse the 

visible light absorption of BC snow impurities for continental as well as for the most of the Arctic areas (e.g. Table 

1 in Warren (2019)).        

5. Results and discussion of the snow sample measurements 300 

The instrumental setup was used to measure a set of 33 snow samples from the UFS in the same way as the 

Fullerene soot standards before. The results of two samples were discarded from data presented here, because they 

show inexplicable high BC mass concentrations and absorption coefficients (factor 5 to 10 outside the 95th 

percentile of the other samples), which indicates a possible contamination from local sources. The measured 
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refractory BC mass concentrations of the aerosolized snow samples were corrected for the Marin-5 nebulizing 305 

efficiency to determine the BC mass concentrations per mL volume of melted snow. This BC concentration is 

shown in Figure 8c in conjunction with the eBC mass concentration of ambient air that is routinely measured by 

the German Federal Environment Agency using a Multi-Angle Absorption Photometer (MAAP). Also, a selection 

of meteorological data is presented in Figure 8 to highlight the trends in ambient temperature, sunshine duration, 

snow precipitation and snow height over the period the snow samples were collected at the UFS station. Although 310 

there is no clear correlation between the fresh snow samples and ambient air eBC mass concentration, the enhanced 

air eBC mass concentration observed end of March and beginning of April might have resulted in additional 

deposition of BC particles in the snow surface that is reflected - with a time lag of several days - in the measured 

snow refractory BC mass mixing ratio. Interestingly, this period of higher air eBC concentration is distinguished 

by a low precipitation activity, long sunshine periods as well as frequent daily maximum temperatures above the 315 

melting point that resulted in frequent thaw/freeze cycles and, consequently, a gradual decrease of the snow height 

by 30 to 40 cm. All in all, the enhanced air eBC concentration in conjunction with the meteorological conditions 

would favor enhanced BC mass concentrations in the fresh snow samples collected after precipitation events within 

this period or shortly after. Figure 9 shows corresponding mass size distributions of the refractory BC 

concentrations shown in Figure 8c averaged over the periods November to January, February and March, as well 320 

as April and May. For comparison purposes, the average size distributions are normalized by the corresponding 

total mass concentration Mtotal, which was deduced from a lognormal fit. The SP2-derived refractory BC mass size 

distribution only includes particles up to a mass-equivalent diameter of 560 nm, which means that larger BC 

particles are not recorded by the SP2. However, the average BC mass size distributions have distinct mode maxima 

at the mass median diameters (MMD) of 227, 194, and 222 nm for the Nov-Jan, Feb-Mar, and Apr-May periods, 325 

respectively. This indicates no strong seasonality in the snow BC mass size distribution even in the Apr-May 

period where the BC mass concentration in the snow was significantly enhanced (Figure 8c). This further implies 

that indeed fresh snow was sampled which hasn’t experienced thaw/freeze cycles severe enough to induce an 

agglomeration of the BC particles in the top snow layer. This conclusion is further supported by comparing the 

average BC mass size distributions of our snow samples with the BC mass size distribution of a fresh snow sample 330 

collected after a long-lasting snowfall event at Ny-Ålesund, Svalbard, Norway by Sinha et al. (2018) and with the 

averaged BC size distribution from five snow samples collected after three snowfall events in the semi-rural and 

rural surroundings of Denver, CO, USA by Schwarz et al. (2013). Our average fresh snow sample size distributions 

peak at similar MMD between 194 and 227 nm compared to the 223 ± 28 nm of the Sinha et al. study and the ~220 

nm of the Schwarz et al. study. In addition, our size distributions indicate a non-lognormal shoulder at the upper 335 

size limit of the SP2 measurement that is in a very good agreement with the Schwarz et al. (2013) samples where 

the refractory BC mass size distributions were measured by a SP2 with modified detector gains up to 2 µm (see 

Figure 9). As pointed out by Schwarz et al. (2013) such snow BC mass size distributions reflect the typical 

atmospheric BC mass size distribution that is observed at remote locations altered by agglomeration and size 

selection processes during snow formation in the atmosphere. The good agreement between the mass size 340 

distributions of our snow samples and the average distribution of the Schwarz et al. (2013) samples allows us to 

estimate the refractory BC mass that is contained in the large particle size shoulder outside our measurement range. 

According to Schwarz et al. (2013) a fraction of 28% of the total BC mass can be attributed to particles with mass-

equivalent diameters larger than 600 nm. A mass correction factor of 1.39 is therefore applied to the SP2-derived 

refractory BC snow concentrations in the following analysis.       345 

Text Replaced�
Text
[Old]: "rBC mass concentration" 
[New]: "305 refractory BC mass concentrations"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "shown in Figure 7 was" 
[New]: "were"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "the rBC SP2 mass concentration of the snow samples. Figure 8 shows the associated mass size distribution of the measured particles averaged over all snow samples shown in Figure 7. The SP2 rBC mass measurements only include particles up to a mass equivalent diameter of 500 nm, which means that larger rBC particles would not be 280 recorded by the SP2. However, the rBC mass size distribution peaks around 190 nm with a clear decrease to larger sizes. Thus, the majority of the rBC particles in fresh snow samples have sizes below 0.6 μm, which implies that the snow hasn’t experienced thaw/freezing cycles (Schwarz et al., 2013). A “Fullerene” soot absorption equivalent rBC mass concentration of the snow samples was determined from the absorption coefficients by applying the MAC values determined for “Fullerene” soot at the three 285 PAAS-3λ wavelengths. This absorption derived mass concentration is henceforth referred to as PAAS-3λ equivalent rBC mass concentration rBC PAAS . In Figure 9, rBC PAAS mass concentrations" 
[New]: "the BC mass concentrations per mL volume of melted snow. This BC concentration is shown in Figure 8c in conjunction with the eBC mass concentration of ambient air that is routinely measured by the German Federal Environment Agency using a Multi-Angle Absorption Photometer (MAAP). Also, a selection of meteorological data is presented in Figure 8 to highlight the trends in ambient temperature, sunshine duration, 310 snow precipitation and snow height over the period the snow samples were collected at the UFS station. Although there is no clear correlation between the fresh snow samples and ambient air eBC mass concentration, the enhanced air eBC mass concentration observed end of March and beginning of April might have resulted in additional deposition of BC particles in the snow surface that is reflected -with a time lag of several days -in the measured snow refractory BC mass mixing ratio. Interestingly, this period of higher air eBC concentration is distinguished 315 by a low precipitation activity, long sunshine periods as well as frequent daily maximum temperatures above the melting point that resulted in frequent thaw/freeze cycles and, consequently, a gradual decrease of the snow height by 30 to 40 cm. All in all, the enhanced air eBC concentration in conjunction with the meteorological conditions would favor enhanced BC mass concentrations in the fresh snow samples collected after precipitation events within this period or shortly after. Figure 9 shows corresponding mass size distributions of the refractory BC 320 concentrations shown in Figure 8c averaged over the periods November to January, February and March, as well as April and May. For comparison purposes, the average size distributions are normalized by the corresponding total mass concentration M total , which was deduced from a lognormal fit. The SP2-derived refractory BC mass size distribution only includes particles up to a mass-equivalent diameter of 560 nm, which means that larger BC particles are not recorded by the SP2. However, the average BC mass size distributions have distinct mode maxima 325 at the mass median diameters (MMD) of 227, 194, and 222 nm for the Nov-Jan, Feb-Mar, and Apr-May periods, respectively. This indicates no strong seasonality in the snow BC mass size distribution even in the Apr-May period where the BC mass concentration in the snow was significantly enhanced (Figure 8c). This further implies that indeed fresh snow was sampled which hasn’t experienced thaw/freeze cycles severe enough to induce an agglomeration of the BC particles in the top snow layer. This conclusion is further supported by comparing the 330 average BC mass size distributions of our snow samples with the BC mass size distribution of a fresh snow sample collected after a long-lasting snowfall event at Ny-Ålesund, Svalbard, Norway by Sinha et al. (2018) and with the averaged BC size distribution from five snow samples collected after three snowfall events in the semi-rural and rural surroundings of Denver, CO, USA by Schwarz et al. (2013). Our average fresh snow sample size distributions peak at similar MMD between 194 and 227 nm compared to the 223 ± 28 nm of the Sinha et al. study and the ~220 335 nm of the Schwarz et al. study. In addition, our size distributions indicate a non-lognormal shoulder at the upper size limit of the SP2 measurement that is in a very good agreement with the Schwarz et al. (2013) samples where the refractory BC mass size distributions were measured by a SP2 with modified detector gains up to 2 µm (see Figure 9). As pointed out by Schwarz et al. (2013) such snow BC mass size distributions reflect the typical atmospheric BC mass size distribution that is observed at remote locations altered by agglomeration and size 340 selection processes during snow formation in the atmosphere. The good agreement between the mass size distributions of our snow samples and the average distribution of the Schwarz et al. (2013) samples allows us to estimate the refractory BC mass that is contained in the large particle size shoulder outside our measurement range. According to Schwarz et al. (2013) a fraction of 28% of the total BC mass can be attributed to particles with mass-equivalent diameters larger than 600 nm. A mass correction factor of 1.39 is therefore applied to the SP2-derived 345 refractory BC snow concentrations in the following analysis."

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Inserted�
Text
"9"



10 
 

For the assessment of the albedo effect of particulate impurities in snow surfaces the spectral absorption that is 

contained in the snow has to be quantified. As already mentioned in the introduction this is usually achieved by 

quantifying the mass mixing ratio of light absorbing particles in the snow and applying a mass specific absorption 

cross section to that particle mass resulting in a total absorption cross section per snow mass 𝜎"#$ (given in m2/mL). 

With the measurement setup given in Figure 1, this quantity is directly assessible. To deduce 𝜎"#$ the measured 350 

absorption coefficient 𝑏"#$ [m-1] of the aerosol released from the snow sample is converted by following equation 

𝜎"#$ = 10=@ ∙ 𝑏"#$ ∙ 𝑅'(# 𝑅&&⁄ ∙ 𝜀'(#=>  ,        (1) 

with 𝑅'(# and 𝑅&& the air and liquid sample flow rates of the nebulizer, and 𝜀'(# the nebulizing efficiency. A unit 

conversion factor of 10=@ is necessary because 𝑏"#$ is given as [m2/m3], while 𝑅'(# is given as [L/min]. 𝜎"#$ 

values are calculated for the 31 UFS snow samples using Eq. (1) and are plotted in Figure 10 as a function of the 355 

corresponding refractory BC mass concentrations 𝑐*+,-., which were corrected for the missing larger particle mass 

in accordance with the discussion above. This results in a good correlation between the snow mass specific 

absorption cross section 𝜎"#$ and the refractory BC mass concentration of the snow samples with the mass 

absorption cross section, MAC, of the snow particles as correlation factor. In Table 1, the MAC values of the snow 

samples are compared with those determined for the Fullerene soot suspension standards. It is clear from Table 1 360 

that the MAC of the snow particles is significantly larger than the MAC of the Fullerene soot with wavelength-

dependent “enhancement” factors of 2.0, 1.9, and 1.4 for 405, 532, and 658 nm, respectively. This observation 

suggests that (i) the BC particles in the snow are thickly coated with transparent or low absorbing material that 

results in a real absorption amplification of the internally mixed particles by the so called lensing effect (e.g. 

Schnaiter et al., 2005), and/or (ii) part of the absorbing aerosol mass in these samples might be mineral dust or 365 

brown carbon that is co-deposited with the BC mass and that has a significant and strong wavelength-dependent 

mass absorption cross section in the visible spectral region (Schnaiter et al., 2006; Wagner et al., 2012). Both 

explanations are conclusive for atmospheric aerosol observed at a remote location like the UFS. Although the 

wavelength-dependence of the observed absorption “enhancement” suggests an insignificant impact from thickly 

coated BC particles – as this should show a larger absorption amplification in the red compared to the blue spectral 370 

range (Schnaiter et al., 2005) – the lensing effect is strongly depending on the actual coating thickness, the coating 

material, the composite particle size, and the geometrical particle configuration (Kahnert et al., 2012; You et al., 

2016). Further, the mean AAE of the snow samples for the spectral ranges from 405 to 658 nm and 532 to 658 nm 

is 1.20 ± 0.85 and 2.10 ± 2.24, respectively, which is significantly larger but more varying than 0.46 ± 0.07 and 

0.60 ± 0.12 deduced for the Fullerene soot suspensions for the same spectral ranges (Table 1). This suggests that 375 

it is more likely that the BC particles in the snow are accompanied by non-BC aerosol particles in varying amounts 

that induce additional absorption predominantly in the blue and green part of the visible spectrum. 

Doherty et al. (2010) analyzed spectroscopic measurements of Arctic snow samples using the ISSW photometer 

to deduce the equivalent BC mass concentration 𝑐*+
(ABCD, i.e. the amount of BC that would need to be present in the 

snow to account for the measured absorption. With the concurrent PAAS-3λ and SP2 measurements presented 380 

here, this quantity can be deduced in a similar way for the fresh snow samples from the UFS. For this purpose, the 

Fullerene soot absorption-equivalent mass concentration 𝑐*+
(ABCD was determined from the snow mass specific 

absorption cross section 𝜎"#$ (Eq. 1)  by applying the MAC1, determined for the Fullerene soot suspensions (Sect. 

4 and Figure 7)  
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[New]: "For the assessment of the albedo effect of particulate impurities in snow surfaces the spectral absorption that is contained in the snow has to be quantified. As already mentioned in the introduction this is usually achieved by quantifying the mass mixing ratio of light absorbing particles in the snow and applying a mass specific absorption cross section to that particle mass resulting in a total absorption cross section per snow mass  "#$ (given in m 2 /mL). 350 With the measurement setup given in Figure 1, this quantity is directly assessible. To deduce  "#$ the measured absorption coefficient  "#$ [m -1 ] of the aerosol released from the snow sample is converted by following equation  "#$ = 10 =@ ∙  "#$ ∙  '(# ⁄  && ∙  '(# => , (1) with  '(# and  && the air and liquid sample flow rates of the nebulizer, and  '(# the nebulizing efficiency. A unit conversion factor of 10 =@ is necessary because  "#$ is given as [m 2 /m 3 ], while  '(# is given as [L/min].  "#$ 355 values are calculated for the 31 UFS snow samples using Eq. (1) and are plotted in Figure 10 as a function of the corresponding refractory BC mass concentrations  *+ ,-. , which were corrected for the missing larger particle mass in accordance with the discussion above. This results in a good correlation between the snow mass specific absorption cross section  "#$ and the refractory BC mass concentration of the snow samples with the mass absorption cross section, MAC, of the snow particles as correlation factor. In Table 1, the MAC values of the snow 360 samples are compared with those determined for the Fullerene soot suspension standards. It is clear from Table 1 that the MAC of the snow particles is significantly larger than the MAC of the Fullerene soot with wavelength-dependent “enhancement” factors of 2.0, 1.9, and 1.4 for 405, 532, and 658 nm, respectively. This observation suggests that (i) the BC particles in the snow are thickly coated with transparent or low absorbing material that results in a real absorption amplification of the internally mixed particles by the so called lensing effect (e.g. 365 Schnaiter et al., 2005), and/or (ii) part of the absorbing aerosol mass in these samples might be mineral dust or brown carbon that is co-deposited with the BC mass and that has a significant and strong wavelength-dependent mass absorption cross section in the visible spectral region (Schnaiter et al., 2006; Wagner et al., 2012). Both explanations are conclusive for atmospheric aerosol observed at a remote location like the UFS. Although the wavelength-dependence of the observed absorption “enhancement” suggests an insignificant impact from thickly 370 coated BC particles – as this should show a larger absorption amplification in the red compared to the blue spectral range (Schnaiter et al., 2005) – the lensing effect is strongly depending on the actual coating thickness, the coating material, the composite particle size, and the geometrical particle configuration (Kahnert et al., 2012; You et al., 2016). Further, the mean AAE of the snow samples for the spectral ranges from 405 to 658 nm and 532 to 658 nm is 1.20 ± 0.85 and 2.10 ± 2.24, respectively, which is significantly larger but more varying than 0.46 ± 0.07 and 375 0.60 ± 0.12 deduced for the Fullerene soot suspensions for the same spectral ranges (Table 1). This suggests that it is more likely that the BC particles in the snow are accompanied by non-BC aerosol particles in varying amounts that induce additional absorption predominantly in the blue and green"
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𝑐*+
(ABCD = 𝜎"#$ MAC1,⁄  .          (2) 385 

In Figure 11, the deduced 𝑐*+
(ABCDvalues for the 31 snow samples are plotted as a function of the 𝑐*+,-. mass 

concentrations. Interestingly, the two quantities are well correlated (R2 between 0.89 and 0.93) with correlation 

coefficients 𝛾 = Δ𝑐*+
(ABCD Δ𝑐*+,-.G  of 2.0, 1.9, and 1.4 for the 405, 532, and 658 nm wavelength, respectively, i.e. 

substantially different from unity. This indicates that (i) there is a significant fraction of light absorption in the 

particle mass that cannot be attributed to refractory BC, (ii) the reason for this additional absorption is correlated 390 

with the BC mass, and (iii) the additional absorption has a strong wavelength dependence between the blue and 

red part of the visible spectrum. To further elaborate this observation the snow mass specific absorption cross 

section of the non-BC particles, 𝜎"#$'H'*+, was calculated from 𝜎"#$ of all particles 

𝜎"#$'H'*+ = 𝜎"#$ − 𝑐*+,-. ∙ MAC1, ∙ 10=J ,        (3) 

with MAC1S the mass absorption cross section of Fullerene soot and a conversion factor of 10J[ng g⁄ ]. Figure 12 395 

shows the statistical analysis of 𝜎"#$'H'*+ for the 31 snow samples of the present study. Thus, the non-BC particles 

show an absorption characteristic with a gradual increase of  𝜎"#$'H'*+ with decreasing wavelength, which is 

accompanied by a strong increase of its variability. Again, this points to co-deposited aerosol mass that 

predominantly absorbs in the blue and green part of the visible spectrum. As already mentioned, possible 

candidates for this additional light absorption are mineral dust and BrC.  400 

Saharan dust events are routinely monitored by DWD based on a combination of particle size distribution and 

calcium (Ca2+) concentration measurements, which defines the Saharan Dust Index (SDI; Flentje et al., 2015). 

Based on the latest SDI inventory1, the UFS station was influenced by Saharan dust on approximately 20 days 

within the period January to May 2017. Therefore, it is conclusive that Saharan dust likely influences the light 

absorption of the UFS snow samples. In an aerosol chamber study Wagner et al. (2012) deduced the complex 405 

refractive index, 𝑚 = 𝑛 + 𝑖𝑘, of Saharan soil dust samples collected in a source region in southern Morocco during 

the SAMUM-1 field project (Heintzenberg, 2009). In Figure 12, 𝜎"#$'H'*+ is compared with the average spectrum 

of the imaginary part, 𝑘, of the refractive index deduced for the three Moroccan dust samples of the Wagner et al. 

(2012) study. Such a comparison is reasonable as the absorption cross section of mineral dust is dominated by the 

imaginary part of the refractive index (as well as the particle size distribution) and less by the real part. While the 410 

Saharan dust spectrum closely resembles the spectral signature of 𝜎"#$'H'*+ with a very good match of the average 

values, the low spectral resolution and the high statistical variation of the 𝜎"#$'H'*+ data might also allow for a 

different interpretation. Schnaiter et al. (2006) used a propane diffusion flame to generate carbonaceous aerosol 

particles with different organic carbon (OC) mass fractions in the range from about 10 to 70%. They found a strong 

correlation between the OC mass fraction and the wavelength dependence of the aerosol absorption with AAE 415 

between 1 and as large as 9. Consequently, the particulate combustion emissions had different colors from black 

to brown to yellow, therefore representing brown carbon aerosol. Two examples from the Schnaiter et al. (2006) 

study are shown in Figure 12 to highlight a possible contribution of BrC to the non-BC absorbing aerosol mass in 

the snow samples. These two examples with OC mass fractions of 30 and 50% and mass specific absorption cross 

sections of 3.8±0.5 and 1.4±0.5 m2/g, respectively, are capable to cover the short-wavelength variation in 𝜎"#$'H'*+ 420 

                                                        
1 https://www.dwd.de/EN/research/observing_atmosphere/composition_atmosphere/aerosol/cont_nav/saharan_dust.html 
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observed for the UFS snow samples. Here, a reasonable mass concentration of 4 and 18 ng/mL was assumed for 

the 30 and 50% OC sample, respectively, to calculate the snow mass specific absorption cross section of BrC, 

𝜎"#$*U+, from the corresponding MAC that is given in Schnaiter et al. (2006). In summary, from a spectroscopic 

perspective the additional light absorbing particle mass observed in the fresh UFS snow samples can be explained 

by long-range transported Saharan desert dust and/or BrC particles that are co-deposited in the snow together with 425 

the BC particles in varying compositions and mass concentrations.  

To further examine the nature of the particulate components that are deposited in the snow samples ion 

chromatography (IC) and an inductive coupled plasma mass spectrometry (ICP-MS) analysis were exemplarily 

conducted for the snow sample from March 10, 2017, mainly to clarify the concentration of higher ions which 

might be present in the snow. Additionally, the aerosol released from this snow sample was fed to a Waveband 430 

Integrated Bioaerosol Sensor (University of Hertfordshire, UK, WIBS4) to get information on the biogenic particle 

fraction. For these additional analyses, re-aerosolized airborne particles were sampled downstream the nebulizing 

system behind the dryer by substituting the PAAS-3λ and the SP2 (see Figure 1). A Nuclepore™ filter with pore 

sizes of 0.2 µm was taken for Environmental Scanning Electron Microscopy (ESEM; Quattro S, ThermoFisher 

Scientific, USA) microscopy combined with EDX microanalysis (EDAX, Octane Elite Super) to further 435 

characterize the different particle types found mainly in the larger particle size range (larger than ~500 nm) of this 

sample. The snow sample from March 10, 2017 has a mass concentration 𝑐*+,-.=2.8 ng/mL and an equivalent BC 

mass concentration of 𝑐*+
(ABCD=6.0 ng/ml for λ=532 nm, which gives an enhancement factor of 𝛾 = 2.1. Therefore, 

the March 10 sample represents the bulk of the samples in terms of 𝛾, but is on the lower side concerning 𝑐*+,-. and 

𝑐*+
(ABCD concentrations (see Figure 11). The IC analysis of the snow sample, which was set to detect anions, shows 440 

only little concentrations of chloride, nitrate and sulphate of 0.29, 1.1 and 0.3 mg/L, respectively. Only very low 

concentrations of alkaline and alkaline earth metals were found from the ICP-MS analysis. For the trace metals 

manganese, iron, copper and zinc concentrations of 9.7 µg/L, 1.7 µg/L, 1.1µg/L and 8.7µg/L were found, 

respectively.  

The ESEM micrographs reveal that the larger (>~500 nm) particles extracted from the March 10 snow sample 445 

predominantly consist of biogenic and biological materials including fragments of cellular membranes, whole 

bacteria, pollen, spores, and their mixtures. Mineral dust particles could be identified in the sample too, but to a 

much less extent than the biogenic particles. Figure 13 gives an overview composite image of a typical 

Nuclepore™ filter area, where particles with heavier elements like Al, Si, Fe, Mg, K, and Ti, are accentuated in 

green color due to their brighter response in the backscatter electron detector (BSED). These elements are typically 450 

found in mineral dust particles, as compared to the lighter elements like C, N, O, Na, and S typical for biological 

material. This overview picture highlights the low relative abundance of mineral dust particles in the coarse mode 

particle size range of the sample. Representative examples of individual particles are given in Figure 14 Figure 16. 

Note that the EDX spectra of all analyzed particles are very characteristic for particle agglomerates or for chemical 

aging. The biogenic particle (Figure 14) has areas showing intracellular composition (spot A) and pure cellular 455 

membrane fragments (spot B), whereas the mineral dust particle (Figure 15) and soot particle (Figure 16) exhibit 

spectra characteristics for both inorganic and biogenic material. An example of a Fullerene soot aggregate, emitted 

from one of the aqueous suspension standards is shown in Figure 17. As expected, the Fullerene soot particle does 

not contain any foreign chemical elements, as shown by the EDX spectrum in the right panel of Figure 17. 

Text Replaced�
Text
[Old]: "was influenced for several days by Saharan dust. (https://www.dwd.de/EN/research/observing_atmosphere/composition_atmosphere/aerosol/cont_nav/sahara_dus ) 310 t_index.html To get a general idea of the nature of the components that are solved and dissolved within the snow samples ionic chromatography (IC) and an inductive coupled plasma mass spectrometry (ICP-MS) analysis were exemplarily conducted for the snow sample from March 10, 2017, mainly to clarify the concentration of higher ions which might be present in the snow. Additionally, the aerosol released from this snow sample was fed to a Waveband Integrated Bioaerosol Sensor (WIBS4) to get information on the biological particle fraction. A 315 Nuclepore filter was taken for ESEM microscopy to further characterize the different particle types found mainly in the larger particle size range (larger than ~500 nm) of this sample. The sampling for WIBS4 instrument and for the Nuclepore filter was performed behind the dryer downstream the nebulizing system by substituting the PAAS-3λ and the SP2 (see Figure 1). =2.3 ng/ml and an absorption 320 The snow sample from March 10, 2017 has a mass concentration of rBC SP2 equivalent mass concentration of rBC PAAS =6.3 ng/ml for λ=405 nm, which gives a mass enhancement factor of 2.7. The sample is therefore representative for all samples. The IC analysis of the snow sample conducted for anionic ions shows only little concentrations of chloride, nitrate and sulphate of 0.29, 1.1 and 0.3 mg L -1 , respectively. Only very low concentrations of alkaline and alkaline earth metals were found from the ICP-MS 325 analysis. For the trace metals manganese, iron, copper and zinc concentrations of 9.7 µg L -1 , 1.7 µg L -1 , 1.1µg L 1 and 8.7µg L -1 were found, respectively. The ESEM micrographs (ThermoFischer Scientific) combined with EDX microanalysis (EDAX, Octane Elite Super) reveal that the larger (>~500 nm) particles extracted from the snow sample predominantly consist of biological materials, such as fragments of cellular membrane, whole bacteria, pollen, spores, and their mixtures. The mineral dust particles could be identified in the sample too, but to a much less extent than the biological 330 particles. Figure 10 gives an overview composite image of a typical Nuclepore® filter area, where particles with heavier elements like Al, Si, Fe, Mg, K, and Ti, are accentuated in green colour due to their brighter response in backscatter electron detector (BSED). These elements are typically found in mineral dust particles, as compared to the lighter elements like C, N, O, Na, and S, typical for biological material. This overview picture highlights the low relative abundance of the" 
[New]: "observed for the UFS snow samples. Here, a reasonable mass concentration of 4 and 18 ng/mL was assumed for the 30 and 50% OC sample, respectively, to calculate the snow mass specific absorption cross section of BrC,  "#$ *U+ , from the corresponding MAC that is given in Schnaiter et al. (2006). In summary, from a spectroscopic perspective the additional light absorbing particle mass observed in the fresh UFS snow samples can be explained 425 by long-range transported Saharan desert dust and/or BrC particles that are co-deposited in the snow together with the BC particles in varying compositions and mass concentrations. To further examine the nature of the particulate components that are deposited in the snow samples ion chromatography (IC) and an inductive coupled plasma mass spectrometry (ICP-MS) analysis were exemplarily conducted for the snow sample from March 10, 2017, mainly to clarify the concentration of higher ions which 430 might be present in the snow. Additionally, the aerosol released from this snow sample was fed to a Waveband Integrated Bioaerosol Sensor (University of Hertfordshire, UK, WIBS4) to get information on the biogenic particle fraction. For these additional analyses, re-aerosolized airborne particles were sampled downstream the nebulizing system behind the dryer by substituting the PAAS-3λ and the SP2 (see Figure 1). A Nuclepore™ filter with pore sizes of 0.2 µm was taken for Environmental Scanning Electron Microscopy (ESEM; Quattro S, ThermoFisher 435 Scientific, USA) microscopy combined with EDX microanalysis (EDAX, Octane Elite Super) to further characterize the different particle types found mainly in the larger particle size range (larger than ~500 nm) of this sample. The snow sample from March 10, 2017 has a mass concentration  *+ ,-. =2.8 ng/mL and an equivalent BC mass concentration of  *+ (ABCD =6.0 ng/ml for λ=532 nm, which gives an enhancement factor of  = 2.1. Therefore, the March 10 sample represents the bulk of the samples in terms of , but is on the lower side concerning  *+ ,-. and 440  *+ (ABCD concentrations (see Figure 11). The IC analysis of the snow sample, which was set to detect anions, shows only little concentrations of chloride, nitrate and sulphate of 0.29, 1.1 and 0.3 mg/L, respectively. Only very low concentrations of alkaline and alkaline earth metals were found from the ICP-MS analysis. For the trace metals manganese, iron, copper and zinc concentrations of 9.7 µg/L, 1.7 µg/L, 1.1µg/L and 8.7µg/L were found, respectively. 445 The ESEM micrographs reveal that the larger (>~500 nm) particles extracted from the March 10 snow sample predominantly consist of biogenic and biological materials including fragments of cellular membranes, whole bacteria, pollen, spores, and their mixtures. Mineral dust particles could be identified in the sample too, but to a much less extent than the biogenic particles. Figure 13 gives an overview composite image of a typical Nuclepore™ filter area, where particles with heavier elements like Al, Si, Fe, Mg, K, and Ti, are accentuated in 450 green color due to their brighter response in the backscatter electron detector (BSED). These elements are typically found in mineral dust particles, as compared to the lighter elements like C, N, O, Na, and S typical for biological material. This overview picture highlights the low relative abundance of"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Deleted�
Text
"335"

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "the figures 11 to 13. Note that EDX spectra of all individual" 
[New]: "Figure 14 Figure 16. Note that the EDX spectra of all analyzed"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "aging: thus, the biogenic particle (Figure 11)" 
[New]: "455 aging. The biogenic particle (Figure 14)"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "fragment" 
[New]: "fragments"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "12)" 
[New]: "15)"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "13)" 
[New]: "16)"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "characteristic both for" 
[New]: "characteristics for both"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "The particle of “Fullerene” soot, produced from aqueous suspension 340" 
[New]: "An example of a Fullerene soot aggregate, emitted from one of the aqueous suspension standards"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "9" 
[New]: "12"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "exactly in the same way as the other residual particles discussed above, is shown in Figure 14. As expected, the “Fullerene”" 
[New]: "is shown in Figure 17. As expected, the Fullerene"

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Attributes Changed�
Text
Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.

Text Replaced�
Text
[Old]: "14." 
[New]: "17."

Font "Times-Roman" changed to "TimesNewRomanPSMT".
Font-color changed.



13 
 

The WIBS4 discriminates fluorescing biological aerosol particles (FBAP) by combining single particle 460 

fluorescence signals from two excitation/emission wavebands with a low cross-sensitivity to inorganic, 

combustion, and mineral dust particles (Toprak and Schnaiter, 2013). The WIBS4 measurement of the March 10, 

2017 snow sample supports the ESEM results of a high fraction of biogenic particles (43%) in the size range larger 

than 0.5 μm. The size segregated analysis reveals biogenic particle fractions of 80% and 100% for sizes larger than 

2 μm and 3 μm, respectively.  465 

While these results give a detailed look into the physical and chemical nature of the of the particles that might 

contribute the light absorption in the March 10 snow sample, they cannot used to draw conclusions for all snow 

samples. Here, further analyses are required that couldn’t conducted within the scope of this pilot study. However, 

one question that arises from the above findings is whether the biogenic particles found in the March 10 snow 

sample can be attributed to BrC, which was shown to be a good candidate for explaining the additional light 470 

absorption in the snow samples (Figure 12). The term “brown carbon” is mainly related to a strong wavelength 

dependence of the visible light absorption observed in these materials. From a chemical perspective, BrC can 

generally be divided into humic-like substances (HULIS) and tar balls (Wu et al., 2016). HULIS can be 

characterised mainly as a mixture of macromolecular organic compounds with various functional groups and are 

expected e.g. in oxidation processes of biogenic precursors (Wu et al., 2016). Tar balls are emitted from biomass 475 

burning and are of spherical, amorphous structure and are typically not aggregated. Moreover, light absorbing 

organic material and HULIS can be formed from the water-soluble fraction of biomass burning aerosol 

compounds, and is therefore suggested as an atmospheric process for the formation of light absorbing BrC in cloud 

droplets (Hoffer et al., 2004). Further examination of snow samples from different locations as well as systematic 

investigations on the optical behaviour of biogenic particulate matter is therefore necessary to evaluate the 480 

influence of biogenic (including biological), BrC and mineral dust on the aerosol absorption properties in the 

visible spectral range. 

6. Conclusions 

In this study a new laboratory analysis method for snow and ice samples was presented. With this method the snow 

mass specific absorption cross section 𝜎"#$ is directly measured by the three-wavelength photoacoustic absorption 485 

spectrometer PAAS-3λ on re-aerosolized snow samples without particle deposition on filters. The refractory black 

carbon (BC) mass concentration in the snow samples was concurrently determined using a single particle soot 

photometer (SP2). Using water suspensions of Fullerene soot particles of known BC mass concentrations as a BC 

reference for the snow samples, the aerosolization efficiency of the nebulizer was quantified and the detection 

limit of the method was assessed. Further, the mass specific absorption cross section of Fullerene soot (MAC1,) 490 

was determined for the visible spectral range from the concurrent PAAS-3λ and SP2 measurements.  

The method was then used to analyse 31 fresh snow samples collected at the Environmental Research Station 

Schneefernerhaus (UFS) in the winter period 2016/2017. The spectral snow mass specific absorption cross sections 

𝜎"#$ measured by the PAAS-3λ were analysed as a function of the refractory BC snow mass mixing ratio 𝑐*+,-. 

deduced by the SP2 to determine the BC mass specific absorption cross section (MAC) and the equivalent BC 495 

mass mixing ratio 𝑐*+
(ABCD of the snow samples. Contrasting the MAC of the snow samples with the MAC1, of the 

Fullerene soot reference BC material, it was found that the MAC of the snow particles was enhanced by a factor 
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of two in the blue and green part of the visible spectrum, resulting in an enhanced 𝑐*+
(ABCDmass mixing ratio 

compared to 𝑐*+,-.. While the latter accounts only for the refractory BC it was concluded that the discrepancy 

between the optically deduced 𝑐*+
(ABCD and the 𝑐*+,-. suggests the presence of light absorbing non-BC particles in the 500 

snow samples. The good correlation between 𝑐*+
(ABCD and 𝑐*+,-. further indicates that the non-BC and BC aerosol 

particles have either the same source (e.g. biomass burning) or experienced a significant atmospheric processing 

(internal mixing) before they were deposited into the snow. Using the MAC1, of Fullerene soot and the 𝑐*+,-. mass 

mixing ratio measured for the snow samples, the snow mass specific absorption cross section 𝜎"#$'H'*+ of the non-

BC particles could be determined. The spectral behaviour of 𝜎"#$'H'*+ gives mean absorption Angström exponents 505 

of 2.2 and 1.5 for the 405 to 532 nm and 532 to 658 nm spectral ranges, respectively, indicating that the non-BC 

light absorbing particle mass is predominantly absorbing in the blue to green part of the visible spectrum and less 

in the red. By comparing 𝜎"#$'H'*+ with laboratory data for Saharan dust and organic (brown) carbon, it could be 

shown that these atmospheric aerosol components can explain the observed non-BC light absorption in the snow. 

Additional analyses of an exemplary snow sample using environmental scanning electron microscopy combined 510 

with EDX microanalysis as well as single particle fluorescence measurements revealed that the larger particles of 

the snow sample are predominantly of biogenic or organic origin with lower contributions from mineral dust. This 

finding supports the above interpretation that the additional non-BC light absorbing aerosol mass is likely due to 

biogenic particles, brown carbon, and mineral dust. However, further studies are required including samples from 

other locations, to quantify the general contribution of these non-BC atmospheric aerosol components to the visible 515 

light absorption in snow and ice surfaces and the resulting albedo reduction.  
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8. Tables 

Table 1: Overview of the optical and BC mass properties measured for the Fullerene soot suspension standards 525 
as well as the fresh snow samples. 

 Fullerene Soot UFS Snow Samples 

MAC (405 nm) [m2/g] 
(mean ± 1σ) 

(5 - 95th percentile range) 

10.5 ± 3.2 
7.6 - 14.0 

21.1 ± 7.9 
13.4, 33.1 

MAC (532 nm) [m2/g] 
(mean ± 1σ) 

(5 - 95th percentile range) 

9.5 ± 2.2 
7.7 - 16.0 

18.2 ± 7.2 
10.9, 27.2 

MAC (658 nm) [m2/g] 
(mean ± 1σ) 

(5 - 95th percentile range) 

8.6 ± 3.3 
5.7, 10.9 

11.9 ± 4.6 
8.1, 20.2 

AAE (405 - 658 nm) 
AAE (405 - 532 nm) 
AAE (532 - 658 nm) 

(mean ± 1σ) 

0.46 ± 0.07 
0.35 ± 0.08 
0.60 ± 0.12 

1.20 ± 0.85 
0.49 ± 1.00 
2.10 ± 2.24 

Mass Median Diameter [nm] 
(mean ± 1σ) 

(5 - 95th percentile range) 

228 ± 3 
223.5 - 233 

207.5 ± 42.1 
146.2 - 290.4 

1σ Distribution Width 
(mean ± c) 

(5 - 95th percentile range) 

1.57 ± 0.018 
1.54 - 1.6 

1.83 ± 0.13 
1.64 - 2.06 

σabs (405 nm) [10-8 m2/mL] 
(median, 5 - 95th percentile range)  9.9, 4.3 - 37.9 

σabs (532 nm) [10-8 m2/mL] 
(median, 5 - 95th percentile range)  8.4, 2.9 - 34.2 

σabs (658 nm) [10-8 m2/mL] 
(median, 5 - 95th percentile range)  5.9, 1.9 - 21.5 

𝑐*+,-. [ng/mL] 
(median, 5 - 95th percentile range)  5.0, 1.7 - 20.4 

𝑐*+
(ABC (532 nm) [ng/mL] 

(median, 5 - 95th percentile range)  8.9, 3.1 - 36.1 
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9. Figures 

 530 

 

 

Figure 1: Schematic of the instrumental setup used in the present study. 

 

 535 

 

 

 

Figure 2: Operation principle of the CETAC Marin-5 nebulizer used in the present study. 
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 540 

Figure 3: Allan deviation analysis of a long-term photoacoustic background measurement. The red dashed lines 
indicate the typical averaging time of 60 s used in the PAAS-3λ measurements and the corresponding Allan 

deviation (1σ) of 0.7 1/Mm. 

 

 545 

Figure 4: Particle number nebulizing efficiency and relative humidity of the output aerosol flow as a function of 
the peristaltic pump flow rate  applied in Marin-5 nebulizing tests with PSL particle suspensions.  
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Figure 5: Particle mass nebulizing efficiency  of the Marin-5 nebulizer using Fullerene soot suspensions with 550 
defined BC mass concentrations 𝑐1,. The refractory BC mass concentration 𝑐*+,-. was measured in the dry 

aerosol exit flow of the nebulizer using a Single Particle Soot Photometer (SP2). 𝑅'(# and 𝑅&& define the flow 
rates of the dispersing gas and the liquid sample supply, respectively. See text for details. 

 

 555 

 

Figure 6: Particle mass size distributions of the Fullerene soot suspensions used to characterize the Marin-5 
nebulizer. The measurements were conducted with the SP2, which has an upper size limit of 560 nm in the 

present study. Results from lognormal fits are represented by the thin lines.   
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 560 

Figure 7: Determination of the mass specific absorption cross section (MAC) of re-aerosolized Fullerene soot 
suspension standards at 405, 532, and 658 nm. The MAC values are given in the legend and are derived from 

concurrent measurements of the absorption coefficient, 𝑏"#$, using the photoacoustic aerosol absorption 
spectrometer PAAS-3λ and the refractory BC mass concentration, 𝑐*+,-., using the SP2.   
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Figure 8: Overview of the meteorological and ambient BC conditions during the period the snow samples were 
collected at UFS. The data in (a) to (b) are on a daily basis. The atmospheric equivalent black carbon (eBC) mass 

concentrations shown in panel (c) represent 30 min averages of the MAAP measurements. Note that the 
refractory black carbon mass concentrations, 𝑐*+,-., deduced from the SP2 measurements of the re-aerosolized 575 

snow samples are compared in panel (c) with the atmospheric eBC mass concentration. See text for details 
concerning data providers, sampling, and measurement methods. 
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 580 

Figure 9: BC mass size distributions of the snow samples deduced from the SP2 measurements. The size 
distributions are averaged over the three periods Nov-Dec-Jan (green), Feb-Mar (red), and Apr-May (blue) and 
are normalized by the total mass (Mtotal). Lognormal fits are represented by the dashed lines. Fit results in terms 

of mass median diameter (MMD) and integrated mass (Mtotal) are given in the legend. An averaged size 
distribution for fresh snow samples published by Schwarz et al. (2013) is shown for comparison (black line and 585 

open circles)  

 

 

Figure 10: Snow mass specific absorption cross section 𝜎"#$of the snow samples (Eq. 1) as a function of the 
mass concentration 𝑐*+,-. deduced from the SP2 measurements. The BC mass specific absorption cross section, 590 
MAC, is deduced from a linear regression fit of the data per wavelength and is given in the legend. See text for 

details. 
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 595 

Figure 11: Equivalent BC mass concentration 𝑐*+
(ABCD , Eq. (2), of the snow samples as a function of the refractory 

BC mass concentration 𝑐*+,-.. The dashed black line represents the 1:1 line. Linear regression fits per wavelength 
gives the mass “enhancement” factor 𝛾, which is given in the legend. The white diamond symbol marks the 532 

nm values of the March 10 snow sample that was further analyzed for elemental composition, particle 
morphology, and fluorescence response. See text for details.   600 

 

 

Figure 12: Statistical analysis of the snow mass specific absorption cross section 𝜎"#$'H'*+of the non-BC paricles 
deduced from Eq. (3). Laboratory data for Saharan dust (blue) and brown carbon (red) are shown for 

comparison. Two examples of brown carbon (BrC) with organic to total carbon mass ratio, OC/TC, of 30% and 605 
50% are selected to emphasize the possible variability in spectral absorption of this class of atmospheric aerosol 

mass. A BrC in snow mass concentration of 4 and 18 ng/mL was assumed for the 30 and 50% example, 
respectively.  
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Figure 13: Overview of residual particles extracted from a snow sample via Marin-5. The image is a false color 610 
overlay from secondary electron (SE) detector (black and white image) and backscatter electron detector, BSED 
(the green spots). The particles containing elements with higher atomic number are visible as green spots and are 

highlighted by green arrows. 

 

  615 

Figure 14: Morphology and composition of biological residual particle extracted from snow sample behind 
Marin-5 on a Nuclepore™ filter. Left panel: the SEM secondary electron image. Right panel: EDX-spectrum 

obtained from different areas of the particle (marked as color spots in the image). A clear biogenic signature (N, 
S, Na) is visible for the central bulky part suggesting intracellular composition (spot A, blue color), whereas the 
exterior part of the particle shows pure carbonaceous compounds (C, O) (spot B, orange color). Sample coating 620 

is responsible for the platinum peak. 
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Figure 15: Same as Fig. 14 but for a mineral dust particle. The EDX-spectrum of the particle identifies chemical 
patterns that are characteristic for mineral dust (Al, Si, Mg, Fe, K, Ca), biogenic (N, Na, Cl, S), and 

carbonaceous (C, O) materials. 625 

  

   

Figure 16: Same as Fig. 14 but for a soot (BC) particle. The EDX-spectrum of the particle reveals trace elements 
of Fe, Na, Si, and S in addition to the dominating C, O pattern that is characteristic for carbonaceous matter. 

 630 

  

Figure 17: Same as Fig. 14 but for a Fullerene soot particle from the particle standard suspensions. The EDX-
spectrum of the particle collected from the spot A shows a pure carbonaceous signature with only the C and O 

peaks. Sample coating is responsible for the Pt peak at 2.08 keV. 

  635 
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Abstract 


Darkening of pristine white areas on Earth could happen when light absorbing particles are deposited on snow 


and ice surfaces. Airborne particles like mineral dust, ashes or carbonaceous aerosols are able to reduce the snow 15 


and ice albedo already by a small quantity of deposited particles. In this study we developed a laboratory 


analysis method to address mass and absorption properties of snow particles simultaneously. For a set of snow 


samples, taken at the Environmental Research Station Schneefernerhaus (UFS) during winter 2016/2017, we 


combine the determination of refractory Black Carbon mass (rBC) by a Single Particle Soot Photometer (SP2) 


with photo acoustic aerosol absorption spectroscopy at three distinct wavelengths across the visible spectral 20 


range (PAAS-3λ). For the calibration of the method, “Fullerene” standard aerosol was used and its mass specific 


absorption cross section was determined. The analysis of the UFS snow sample measurements reveals a 


significant difference between the particle masses determined from the PAAS-3λ and the SP2 data. Our findings 


suggest that the light absorbing particles included in the snow could not only be composed of rBC but must have 


particulate matter of different nature. This result is confirmed by Environmental Scanning Electron Microscopy 25 


(ESEM) and single particle fluorescence measurements with the Waveband Integrated Bioaerosol Sensor 


(WIBS-4) which both revealed a significant portion of biological material to be present in the snow samples.  


1. Introduction 


Naturally released aerosols like mineral dust or volcanic ash as well as anthropogenic carbonaceous aerosols like 


black carbon (BC) are airborne particles which finally are deposited on the ground. Light absorbing particles 30 


settled on snow or ice surfaces can significantly reduce the snow or ice albedo. The otherwise white surface 


becomes darker resulting in an increased absorption of solar radiation in the snow and ice packs (Doherty et al., 


2010; Ramanathan and Carmichael, 2008). Because pure snow is the most reflective natural surface on earth, the 


presence of small amounts of absorptive impurities, such as BC and dust particles in snow, reduce the albedo 


considerably (Warren, 1982). This reduction then contributes to the so-called snow-albedo feedback, the 35 


metamorphosis and eventually the retreat of snow covers in a warming climate. The IPCC 2013 reported a global 


annual mean radiative forcing for anthropogenic BC in snow and ice of + 0.04 W m-2 with an uncertainty range 


of 0.02 to 0.09 Wm-2 (5th and 95th percentiles). A considerably higher estimate from BC deposition in snow and 
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sea ice was given by Bond et al. (2013). They combined forcing results from radiative transfer, rapid adjustment 


and snow albedo feedback resulting in a best forcing estimate of + 0.13 W m-2 with an uncertainty of 0.04 to 40 


0.33 W m-2 (90% uncertainty bounds). In cold fine-grained snow the BC amounts can reduce the spectral albedo 


at visible wavelengths by 0-2%, in melting snow these reductions can even increase to 1-6%, representing a 


significant climatic forcing (Clarke and Noone, 1985; Warren, 2013). 


Not only Arctic (Clarke and Noone, 1985) and Antarctic (Bisiaux et al., 2012) regions but also glaciers and 


permafrost regions in the mountains (Jacobi et al., 2015; Kaspari et al., 2014; Li et al., 2016; Painter et al., 2007; 45 


Schmitt et al., 2015) are affected. In Arctic snow and ice the light absorbing aerosols are considered to be the 


important factors leading to a rapid melting (Bond et al., 2013; Clarke and Noone, 1985; Warren, 1982). The 


snow-albedo feedback is accelerating over springtime Eurasia, which had lost about 14% of its snow cover since 


1979 and warmed more rapidly during the last 30 years (0.64°C per decade) than most other locations and 


seasons on earth (Flanner et al., 2009; Flanner et al., 2007). Doherty et al. (2010) and Flanner et al. (2007) 50 


resumed measurements of BC from Greenland and the Arctic and reported for BC in snow values between 2 ng 


g-1 and 60 ng g-1. 


Soot is the most efficient absorbing constituent of the atmospheric aerosol and 1 ng g-1 of soot in snow has 


approximately the same effect on the albedo as 100 ng g-1 of dust in the visible wavelength range at 500 nm 


(Warren, 1982).  Even if dust is a less efficient absorber than soot the dust mass loads detected in the Greenland 55 


ice shield might be able to achieve values to an extend of 500 ng g-1 (Dumont et al., 2014) thus significantly 


contributing to the albedo reduction. To assess the impact of impurities in snow the authors performed a 


numerical experiment and reduced the broadband albedo of snow in their model by 0.01 thus simulating the 


increase of snow impurity content. Their results show enhanced sublimation everywhere and enhanced snow 


melt at low elevations. Doherty et al. (2010) showed that 20–50% of the light absorption by particles in the arctic 60 


snowpack is by non-black carbon constituents, such as brown carbon and dust (Doherty et al., 2010). The 


springtime melt period in Sodankylä, Finland was observed during the Snow Reflectance Transition Experiment 


(SNORTEX) in April 2009 (Meinander et al., 2013). The authors determined albedo values of only 0.5 – 0.7 for 


the ultraviolet and visible wavelength range. The ultraviolet and visible albedo for clean snow should be about 


0.97-0.99. They explain the low albedo values amongst other reasons with the absorption of BC and OC 65 


impurities in the snow of 87 ppb and 2894 ppb, respectively.  


Most Himalayan glaciers as glaciers elsewhere have retreated and lost mass since the mid-19th century .When 


dust concentrations are high, dust dominates absorption, snow albedo reduction and radiative forcing and the 


impact of BC may be negligible (Bolch et al., 2012; Kaspari et al., 2014). Zhang et al. (2018) estimated the 


effects of BC and dust on glaciers and snowmelt across the Tibetan Plateau based on the simulations of albedo 70 


reduction and radiative forcing. They found that glacial snowmelt water caused by light absorbing particles 


contribute to about 20% of the glacier mass loss (Zhang et al., 2018). 


Despite their significance for the snow albedo feedback, the light absorbing particles in snow are poorly 


investigated regarding their chemical, microphysical, and spectral optical properties. In the last decades 


particularly mass concentrations of light absorbing particles in snow were determined. For comparison purposes, 75 


BC mass concentrations were recalculated from optical methods by accepted mass specific absorption cross 


sections (MAC). Therefore filter based spectrophotometry measurement techniques (Clarke and Noone, 1985; 
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Doherty et al., 2010; Grenfell et al., 2011; Wang et al., 2013; Zhou et al., 2017) or filter based thermo-optical 


analysis (Forsström et al., 2009; Lim et al., 2014)) were used to gain BC mass concentrations from snow 


samples.   80 


Based on the method given in Clarke and Noone (1985), Grenfell et al. (2011) developed an Integrating Plate-


Integrating SandWich (ISSW) spectrophotometer where the melted snow samples are deposited by filtration on 


filters for optical analysis. The ISSW determines the total absorption of the particles in the snow sample in range 


of visible and near-UV solar radiation and is able to discriminate between the fraction of BC and non-BC.  


Under the assumption that all absorption in the wavelength range between 650 nm and 700 nm is due to BC, an 85 


upper BC mass concentration is determined by the use of an absorption Angström exponent of one. The BC 


mass concentrations are then quantified using MAC values of the Monarch-71 soot standard.   


For the thermo-optical analysis of snow or ice samples in terms of their EC and OC mass content, the melted 


samples are filtrated on Quartz filters, which are subsequently heat treated with a defined temperature protocol. 


Following this protocol, the filter is first heated under inert conditions to desorb OC. After cooling of the filter it 90 


is reheated in several temperature steps under a Helium/Oxygen atmosphere where EC is oxidized under defined 


conditions (Forsström et al., 2009; Lim et al., 2014). Forsström et al. (2009) used an EC/OC Sunset instrument 


with NIOSH 5040 temperature protocol to analyze snow samples 


A further method without filtration is now given with the Single Particle Soot Photometer (SP2) combined with 


a nebulizer to aerosolize the particles after melting of the snow sample (Katich et al., 2017; Lim et al., 2014; 95 


Schwarz et al., 2012). The single particle soot photometer (SP2) analyses spectral thermal radiation of laser-


heated particles. The calibration of the instrument with “Fullerene” soot delivers a refractory Black Carbon 


(rBC) mass concentration. The combination of SP2 with a nebulizing system like APEX-Q (Lim et al., 2014) or 


CETAC (Bisiaux et al., 2012; Katich et al., 2017) offers the possibility to aerosolize a melted snow sample to 


measure the rBC mass concentration.  100 


Overall, the measurement methods to deduce the BC mass concentration in snow and ice samples were advanced 


and improved over the past decade. However, the above methods and studies are solely focused on the mass 


concentration of the particles in the samples but give no information of their light absorption properties. In order 


to quantify the influence of deposited aerosol particles on the solar albedo of snow and ice fields, it is conclusive 


that it is at least equally important to quantify the particle light absorption properties in conjunction with the 105 


particle mass concentration (Grenfell et al., 2011). Currently, there is a lack of knowledge regarding the nature of 


the light absorbing particles in snow as more or less all of the above methods determine the mass concentration 


of refractory BC. This is certainly justified by the fact that BC is the strongest absorbing component of the 


atmospheric aerosol, but does not answer the question what is the contribution of other light absorbing materials 


like mineral dust or OC on the overall solar albedo of snow and ice surfaces. 110 


In this study we present for the first time the simultaneous measurements of the refractory BC mass 


concentration and the visible light absorption coefficient of the re-aerosolized particles from snow samples. 


Using a typical refractory BC material, which in our case is “Fullerene” soot, we are able to determine the mass 


specific absorption cross section (MAC) for this material by concurrent photo acoustic absorption and SP2 mass 


measurements. With this MAC we are able to recalculate a “Fullerene” soot equivalent mass concentration from 115 


our photo acoustic measurements of snow samples at three wavelengths and can directly compare this optically 
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active mass with the BC mass concentration from the SP2 measurement. Sample preparation, test particle 


properties and experimental setup are given in Sect. 2. Sect. 3 describes the characterization of the used 


nebulizer at different operational settings and gives the efficiency of the nebulizer in terms of particle number 


and mass concentrations. The deduced three wavelengths MAC of “Fullerene” soot is presented in Sect. 4. The 120 


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


2. Experimental 


2.1 Snow samples  


The snow samples used in this study originate from the Environmental Research Station Schneefernerhaus 


(UFS). The station is located at a latitude of 47° 25’ 00’’ N, a longitude of 10° 58’ 46’’ E and an altitude of 125 


2650 m a.s.l. During winter the UFS is situated in the free troposphere most of the time with low boundary layer 


influence but can be occasionally affected by long range transported Saharan dust plumes (Flentje et al., 2015; 


Israelevich et al., 2012). However, the station is located within a skiing and hiking resort and, therefore, might be 


regularly affected by local anthropogenic emissions, e.g. from snow groomers during the skiing season. The 


samples were collected during a time period from December 2016 to May 2017. During this time period basic 130 


meteorological data of precipitation, maximum and minimum temperatures, sunshine duration and wind speed 


are provided by the German Meteorological Service (DWD). Aerosol parameters like number concentrations 


from condensation particle counter (CPC) and optical particle counter (OPC) instruments, BC mass 


concentrations from multi-angle absorption photometer (MAAP) measurements as well as dust loads are 


provided from the German Environment Agency (UBA) and the German Meteorological Service (DWD). Each 135 


time after snowfall a sample of fresh snow was collected outside the UFS from the approximately 10 cm deep 


top layer of a predefined 60 x 40 cm sampling area located at platform 7 of the station at 2678m a.s.l using a 


metallic hand shovel. During the winter season this place is highly exposed to wind and sunshine (Risius et al., 


2015). After collection, the samples were sealed in polyethylene household plastic bags with zipper seal (1 liter 


volume, Toppits, Germany) and were stored at the UFS in a freezer at -18°C until they were transported under 140 


frozen conditions to the laboratory. During six months 33 samples were taken at the UFS. 


The determination of the light absorbing properties of the snow samples implies that the insoluble light 


absorbing particles have to be isolated from the enclosing snow matrix. To get rid of the snow the samples were 


melted right before the measurement in an ultrasonic bath (EMAG Technologies, Germany) at room temperature 


for 5 minutes. The melted snow samples were then analysed as described in the following. 145 


2.2 Setup of instruments 


The experimental setup consisting of a Marin-5 Enhanced Nebulizer System (Teledyne CETAC Technologies, 


USA), a self-built three-wavelength photo acoustic aerosol absorption spectrometer (PAAS-3λ, Linke et al., 


2016) and a single particle soot photometer (SP2, DMT, USA) is shown in Figure 1. The liquid samples were fed 


by a peristaltic pump (Ismatec, ISM 795C, Germany) equipped with Tygon tubing (ID 0.76mm, E-LFL) into a 150 


concentric pneumatic glass nebulizer (Micromist 500), which is positioned inside of the Marin-5 nebulizer. The 


glass nebulizer consists of a capillary for the liquid sample at whose tip a concentrically sheath flow of 


pressurized synthetic air ends up dispersing the liquid phase into a spray (Katich et al. 2017). For most effective 
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dispersion the glass nebulizer is mounted with an angle in the spray chamber. With a maximum flow rate of 


500 µL per minute the glass nozzle aerosolizes the liquid into a droplet spray, which is released into the 155 


nebulizing chamber of the Marin-5 nebulizer, see Figure 2. The spray enters the heated part of the chamber 


where the water is evaporated forming a moist aerosol of residual particles. This aerosol comprises refractory 


and soluble aerosol particles that were deposited in the snow sample. Subsequently, the aerosol passes the cooled 


part of the chamber where excess water is eliminated from the sample flow by condensation so that the bulk of 


water is removed before the particles leave the nebulizer. The aerosol that left the nebulizer is then directed 160 


through a dryer (Figure 1) to reduce the relative humidity of the sample flow below 20% r.h.  Finally, the sample 


flow is split and one part is led through the SP2 while the other part is directed into the PAAS-3λ.  


The SP2 was used to determine the refractory black carbon (rBC) mass concentration of calibration standards 


and the snow samples. With a flow rate of 0.12 L min-1 the sample enters the instrument. For mass detection the 


incandescence signal of the instrument was calibrated with “Fullerene” soot particles (Alfa Aesar, Lot F12S011) 165 


size selected by a differential mobility analyser (DMA) in the range of 100 nm to 450 nm, corresponding to rBC 


masses of about 0.5 fg to 30 fg. In addition, to quantify the efficiency of the nebulizer, number concentrations of 


non-absorbing PSL particles were determined from the SP2 scattering signal. For analysis of the SP2 data the 


software toolkit developed and provided by Martin Gysel from Paul Scherrer Institute, Switzerland was used 


(Gysel et al. 2011). 170 


The PAAS-3λ is a single cavity three-wavelength photoacoustic aerosol absorption spectrometer, which has 


been designed and built at KIT and which is currently marketed by schnaiTEC GmbH. The instrument concept 


and working principle are described in detail in Linke et al. (2016). Briefly, to measure the absorption coefficient 


of aerosols, a controlled sample flow of 0.85 L min-1 is led through the acoustic cavity of the instrument. This 


open-ended acoustic resonator has a diameter of 6.5 mm and a length of 49 mm resulting in a fundamental 175 


resonance frequency of about 3200 Hz. Acoustic buffers of 24.5 mm length and 78 mm diameter are attached to 


both ends of the resonator tube to filter acoustic disturbances that may exist in the frequency range of the 


resonator. Possible disturbances comprise noise generated in the flow system as well as ambient sound. The 


system was developed to determine the absorption coefficients at three wavelengths across the visible spectral 


range. Three modulated lasers are used in this study emitting at 405 nm, 532 nm and 658 nm (Dragonlaser, 180 


China) and with modulated emission power of 100 mW,150 mW, 130 mW, respectively. The modulation 


frequency is regularly tuned to the resonance frequency of the acoustic cavity by ramping frequency scans. The 


detection limit (2σ) of this setup was derived from an Allan deviation analysis of long-term background signal 


measurements similar to the analysis presented in Fischer and Smith (2018) (Fischer and Smith, 2018). The 


Allan deviation plot for the three PAAS-3λ wavelengths is shown in Figure 3. According to this analysis the 185 


PAAS-3λ instrument has a 2σ detection limit of about 1.4 10-6 m-1 for all three wavelengths at an averaging time 


of 60 seconds. 


2.3 PSL particles 


The characterisation of the particle number efficiency of the nebulizer and the daily performance control was 


performed with monodisperse polystyrene latex spheres (PSL) particles (Postnova, Thermo Scientific) with 190 


nominal diameters of 240±5 nm and 304±5 nm. The particle number concentration within these suspensions was 
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about 3 108 mL-1 (Thermo Scientific). A diluted PSL standard suspension sample was prepared daily by pipetting 


1 ml suspension into a 100 ml graduated flask filled with nanopure water. 


2.4 “Fullerene”  Soot Standards 


Suspensions of known “Fullerene” soot concentration were prepared to determine the particle mass efficiency of 195 


the nebulizer. For that a “Fullerene” soot stock suspension of nanopure water was prepared from “Fullerene” 


soot particles (Alfa Aesar, Lot F12S011) and allowed to settle large particles for several days (Schwarz et al. 


2010). From this stock suspension the supernatant suspension was taken (a) to determine the “Fullerene” soot 


mass concentration gravimetrically and (b) to prepare diluted “Fullerene” soot standard suspensions in nanopure 


water for daily particle mass efficiency control of the nebulizer.  200 


For the gravimetric analysis of the settled stock suspension two empty quartz fiber filters (Munktell MK360) 


were dried over night at 50°C, stored in a dehydrator for 2 hours and weighted with a microbalance (Sartorius 


micro M3P). Then 30 ml of the supernatant suspension were extracted from the stock “Fullerene” soot 


suspension and were dropped on both quartz filters. The filters were then temperature treated the same way as 


the empty filters before and were finally weighted. From the determined gravitational “Fullerene” soot mass, the 205 


mass concentration of the stock suspension was determined to be 5.8 ± 2.6 µg g-1 (N=2). Four “Fullerene” soot 


standard suspensions for daily characterizations of the mass efficiency of the nebulizer were daily prepared from 


the stock suspension in two dilution steps with nanopure water resulting in “Fullerene” soot suspensions with 


mass concentrations cFS of 11.5, 23, 34.5 and 46 ng mL-1. These “Fullerene”soot standard suspensions were used 


to determine the fraction of “Fullerene” soot particle mass that is aerosolized by the nebulizer.  210 


3. Characterization of the nebulizer 


The particles within a liquid sample are not completely dispersed during the nebulizing process in the Marin-5 


nebulizer. Depending on the settings a smaller or larger fraction of particles or particle mass is aerosolized into 


the sample flow while the rest is lost and drained off with the excess water (Katich et al., 2017).  


According to Katich et al. (2017), for optimal operation conditions of the Marin-5 nebulizer, we adapted their 215 


recommendations to our necessities. To determine the absorption coefficients of the particles deposited in the 


snow samples it is necessary to fill the complete volume of the photo acoustic cell with the aerosol generated 


from the snow samples. This requires a sample volume flow rate that is significantly larger than that required for 


the SP2 based rBC measurement alone. Also, the relative humidity of the sample is important for a reliable 


absorption measurement with the PAAS-3λ (Langridge et al., 2013). Both the dispersion efficiency (in terms of 220 


particle number and mass) and the relative humidity are depending on the flow rates of the liquid sample and the 


synthetic air flow. This is also valid for the temperature of the heating chamber of the Marin5. As a starting point 


the nebulizer parameter were set to heating and cooling temperatures of 120°C and 5°C, respectively, a synthetic 


air flow of 1.1 L min-1 and a supply liquid sample flow of 0.08 mL min-1. Each parameter was varied while 


keeping the others constant. It turned out that the temperature of the cooling chamber has only a minor influence 225 


on the dispersion efficiency and the relative humidity in the exit flow. 
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In Figure 4, the dependencies of the PSL particle number concentrations and the relative humidity of the Marin-5 


exit flow are displayed for increasing gas flow rates of the nebulizer. The synthetic air flow was adjusted with a 


mass flow controller (MFC) within the operation limits of Marin-5 nebulizer between 0.6 L min-1 and 1.1 L min-


1. The higher the input flow of synthetic air the higher the PSL number concentrations and the relative humidity 230 


at the exit. In a uniform manner the PSL number concentrations and relative humidity continuously increase with 


increasing liquid flow (not shown). Regarding the influence of the temperature applied to the heated section of 


the nebulizer chamber, both the PSL particle concentrations and the relative humidity increase with increasing 


temperature (not shown).  


While the SP2 only needs a low sample flow rate of 0.12 L min-1, the sample flow rate required for the 235 


simultaneous photo acoustic measurements is significantly larger, because of the relatively large volume of the 


photo acoustic cell of 236 cm3 including the buffer volumes. As a consequence of this it was necessary to run the 


Marin-5 nebulizer with its maximum gas flow output of 1.1 L min-1 synthetic air. To ensure sufficient cell 


volume exchange the cell was flushed at least five times before each sample and each background measurement. 


The sample flow rate was controlled daily behind the drier with a gas flow meter (Gilibrator, Sensidyne). This 240 


measurement assured a SP2 volume flow rate of 0.12 L min-1 and a PAAS-3λ volume flow rate of 0.85 L/min 


while the excess volume gas flow of 0.13 L min-1 was directed through a filter to the ambient. The supply liquid 


sample flow of the Marin-5 nebulizer was then fixed at a rate 0.32 mL min-1, which guarantees a high enough 


particle mass concentration for the photo acoustic measurement. The heating and cooling temperatures were set 


to 120°C and 5°C, respectively. The relative humidity for the aerosolized snow samples under these operation 245 


conditions always ranged between 10% and 20% downstream the drier, which is low enough for photoacoustic 


absorption measurements that are not influenced by humidity (Langridge et al., 2013).  


With the above settings, the nebulizing efficiency ε= (cSP2/cFS)*(Rgas/RLiquid) of the Marin-5 nebulizer was derived 


from “Fullerene” soot standard suspensions with given concentrations of cFS. The rBC mass concentration cSP2 


measured by the SP2 in conjunction with the set liquid and gas flow rates Rliquid and Rgas, respectively, then 250 


define the fraction of “Fullerene” soot mass that makes it from the suspension into the aerosol flow. In Figure 5 


the detected SP2 mass concentrations are shown for the four “Fullerene” standards which were daily prepared. 


The nebulizing efficiency was determined to be 36% from these measurements, which is in good agreement with 


the findings of Katich et al. (2017) for the same settings. 


4. Specific mass absorption cross sections of “Fullerene” soot 255 


Simultaneously to the rBC mass concentration measurements with the SP2, the absorption coefficients of the 


“Fullerene” soot standards were measured for the three PAAS-3λ wavelengths. Both measurements together 


enable the determination of the mass specific absorption cross section (MAC) of “Fullerene” soot at 405, 532, 


and 658 nm. In Figure 6, the absorption coefficients are plotted against the SP2 derived rBC mass concentrations 


of the “Fullerene” soot standards. Linear regression fits of the data result in MAC values of 11.8 ± 3.8 m2g-1 for 260 


405 nm, 10.6 ± 2.8 m2 g-1 for 532 nm and 9.7 ± 3.9 m2 g-1 for 658nm. The 532 nm MAC is significantly higher 


than the respective value published in Zhou et al. (2017), who reported a MACreal value for “Fullerene” soot 


measured with ISSW at 550 nm of 6.4 ± 0.4 m2 g-1. Generally, as the MAC of rBC particles are dependent on the 


actual size of the particles (especially in the sub-500 nm range), differences in reported MAC values of the same 
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particulate material may be caused by differences in the actual size distributions used in the different studies 265 


(Garcia-Fernandez et al., 2015).  


The wavelength dependence of the aerosol light absorption, expressed by the so-called absorption Angström 


exponent AAE, was determined to be 0.48 ± 0.09 for the used “Fullerene” soot standard. The Angström 


Exponent found for “Fullerene” soot here compares quite well with results for “Fullerene” soot from a workshop 


addressed to soot reference materials (Baumgardner et al., 2012), where an an Angström exponent for 270 


“Fullerene” soot of about 0.6 was reported from multiwavelength PSAP and Aethalometer measurements, and to 


Zhou et al. (2017) who determined an absorption Angström 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 set of 33 snow samples from the UFS in the same way as the 275 


“Fullerene” soot standards before. The measured rBC mass concentration of the aerosolized snow samples 


shown in Figure 7 was corrected for the Marin-5 nebulizing efficiency to determine the rBCSP2 mass 


concentration of the snow samples. Figure 8 shows the associated mass size distribution of the measured 


particles averaged over all snow samples shown in Figure 7. The SP2 rBC mass measurements only include 


particles up to a mass equivalent diameter of 500 nm, which means that larger rBC particles would not be 280 


recorded by the SP2. However, the rBC mass size distribution peaks around 190 nm with a clear decrease to 


larger sizes. Thus, the majority of the rBC particles in fresh snow samples have sizes below 0.6 μm, which 


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


A “Fullerene” soot absorption equivalent rBC mass concentration of the snow samples was determined from the 


PAAS-3λ absorption coefficients by applying the MAC values determined for “Fullerene” soot at the three 285 


wavelengths. This absorption derived mass concentration is henceforth referred to as PAAS-3λ equivalent rBC 


mass concentration rBCPAAS. In Figure 9, rBCPAAS mass concentrations of the snow samples are plotted against 


the corresponding rBCSP2 concentrations. The black dashed line represents the 1:1 line that would be expected if 


“Fullerene” soot was the only absorbing aerosol mass in the snow. From this figure it is obvious that the 


observed light absorption of the aerosol particles in the snow samples could not completely be traced back to 290 


rBCSP2 aerosol mass, i.e. aerosol mass that has a high enough absorption cross section in the near-infrared 


spectral region to generate an incandescence signal in the SP2. Interestingly, the enhancement factors of the 


rBCPAAS concentrations with respect to rBCSP2 concentrations are not constant but increase with decreasing 


wavelengths with values of 1.65, 2.28, and 2.38 for 658, 532, and 405 nm, respectively. This observation 


suggests that part of the absorbing aerosol mass in these samples might be mineral dust or brown carbon (BrC) 295 


that is co-deposited with the rBCSP2 mass (Hoffer et al., 2006; Kirchstetter and Thatcher, 2012; Linke et al., 


2016; Linke et al., 2006; Müller  et al., 2011). It is conclusive that these kinds of aerosol mass are present in the 


ambient air at the UFS. In addition, the mean AAE of the snow samples for the spectral range between 405 nm 


and 658 nm has a value of 1.25 ± 0.86 which is significantly larger and more varying than 0.48 ± 0.09 deduced 


for the “Fullerene” soot standard in the same spectral range. This also indicates the presence of other optically 300 


more variable material in the snow that predominantly absorb in the blue part of the visible spectrum. 
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[Old]: "different studies 265 (Garcia-Fernandez et al., 2015). The wavelength dependence of the aerosol light absorption, expressed by the so-called absorption Angström exponent AAE, was determined to be 0.48 ± 0.09 for the used “Fullerene” soot standard. The Angström Exponent found for “Fullerene” soot here compares quite well with results for “Fullerene” soot from a workshop addressed to soot reference materials (Baumgardner et al., 2012), where an an Angström exponent for 270 “Fullerene” soot of about 0.6 was reported from multiwavelength PSAP and Aethalometer measurements, and to Zhou et al. (2017) who determined an absorption Angström 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 set of 33 snow samples from the UFS in the same way as the 275 “Fullerene” soot standards before. The" 
[New]: "mass fraction in the calculation of the MAC 1, . This assumption reduces the discrepancy between the two MAC 1, values to 35%, which is within the uncertainty range of ± 2.2 m 2 /g for our 532 nm value. It is further conceivable that different batches of the Fullerene soot material have different electronic band structure (i.e. refractive index) 270 and/or fractal aggregate structures that both change the absorption cross section of the particles at a constant particle mass (e.g. Liu et al., 2019; Zangmeister et al., 2018). Figure 17 shows an electron micrograph of a typical Fullerene soot aggregate sampled from the dry aerosol output of the Marin-5 nebulizer. Thus, the Fullerene soot particles do not have a simple fractal aggregate structure, but are rather complex-structured with polydisperse monomer sizes, monomer nonsphericity (irregularity), necking, and overlapping, which all have a significant 275 impact on the optical particle properties (including the absorption cross section) compared to the idealized fractal aggregate (Teng et al., 2019). Since these microphysical details of the soot particles are very sensitive to the actual formation and subsequent treatment conditions (Gorelik et al., 2002), it is conclusive that the MAC 1, has an even higher variability between different Fullerene soot batches compared to what is expected from the SP2 mass sensitivity only. 280 The wavelength dependence of the aerosol light absorption, expressed by the so-called absorption Angström exponent (AAE), was determined to be 0.46 ± 0.07 for the used Fullerene soot suspensions by analysing the  "#$ data for the 405 and 658 nm wavelengths. This AAE is close to the ~0.6 reported by Baumgardner et al. (2012) for Fullerene soot derived from multiwavelength PSAP and Aethalometer measurements and it is within the range of the 0.54 ± 0.06 determined by Zhou et al. (2017) from ISSW spectrometer measurements on Fullerene soot 285 filter samples in the 450 nm to 750 nm spectral range. However, it is significantly lower than the 0.92 ± 0.05 given by Zangmeister et al. (2018) for Fullerene soot lot #W08A039. Here again, we have to take into account that Zangmeister et al. (2018) analyzed size segregated absorption spectra and their AAE is given for a mobility-equivalent diameter of 350 nm. Analyzing our size segregated measurements gives an AAE of 0.82 ± 0.02 for the same mobility-equivalent diameter, which is close but smaller than the Zangmeister et al. value, further supporting 290 the above assumption that there is a difference in the chemical as well as physical (including optical) properties between different batches of the Fullerene soot product. In conjunction with the  "#$ detection limit of 2.1 1/Mm given in Sec. 2.2 for the PAAS-3l and the mass nebulizing efficiency  '(# of the Marin-5 nebulizer given in Sec. 3, the MAC 1, analysis shown in Figure 7 can be used to assess the detection limit of the PAAS-3l in terms of the BC mass mixing ratio in the snow. A conservative 295 estimate that also accounts for the uncertainties in the preparation and quantification of the Fullerene soot suspension standards gives a lower BC mass mixing ratio of 4 ng/mL that can be optically detected by the PAAS3l within the setup shown in Figure 1. Therefore, the method presented here should be suitable to analyse the visible light absorption of BC snow impurities for continental as well as for the most of the Arctic areas (e.g. Table 1 in Warren (2019)). 300 5. Results and discussion of the snow sample measurements The instrumental setup was used to measure a set of 33 snow samples from the UFS in the same way as the Fullerene soot standards before. The results of two samples were discarded from data presented here, because they show inexplicable high BC mass concentrations and absorption coefficients (factor 5 to 10 outside the 95th percentile of the other samples), which indicates a possible contamination from local sources. The"
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[New]: "the BC mass concentrations per mL volume of melted snow. This BC concentration is shown in Figure 8c in conjunction with the eBC mass concentration of ambient air that is routinely measured by the German Federal Environment Agency using a Multi-Angle Absorption Photometer (MAAP). Also, a selection of meteorological data is presented in Figure 8 to highlight the trends in ambient temperature, sunshine duration, 310 snow precipitation and snow height over the period the snow samples were collected at the UFS station. Although there is no clear correlation between the fresh snow samples and ambient air eBC mass concentration, the enhanced air eBC mass concentration observed end of March and beginning of April might have resulted in additional deposition of BC particles in the snow surface that is reflected -with a time lag of several days -in the measured snow refractory BC mass mixing ratio. Interestingly, this period of higher air eBC concentration is distinguished 315 by a low precipitation activity, long sunshine periods as well as frequent daily maximum temperatures above the melting point that resulted in frequent thaw/freeze cycles and, consequently, a gradual decrease of the snow height by 30 to 40 cm. All in all, the enhanced air eBC concentration in conjunction with the meteorological conditions would favor enhanced BC mass concentrations in the fresh snow samples collected after precipitation events within this period or shortly after. Figure 9 shows corresponding mass size distributions of the refractory BC 320 concentrations shown in Figure 8c averaged over the periods November to January, February and March, as well as April and May. For comparison purposes, the average size distributions are normalized by the corresponding total mass concentration M total , which was deduced from a lognormal fit. The SP2-derived refractory BC mass size distribution only includes particles up to a mass-equivalent diameter of 560 nm, which means that larger BC particles are not recorded by the SP2. However, the average BC mass size distributions have distinct mode maxima 325 at the mass median diameters (MMD) of 227, 194, and 222 nm for the Nov-Jan, Feb-Mar, and Apr-May periods, respectively. This indicates no strong seasonality in the snow BC mass size distribution even in the Apr-May period where the BC mass concentration in the snow was significantly enhanced (Figure 8c). This further implies that indeed fresh snow was sampled which hasn’t experienced thaw/freeze cycles severe enough to induce an agglomeration of the BC particles in the top snow layer. This conclusion is further supported by comparing the 330 average BC mass size distributions of our snow samples with the BC mass size distribution of a fresh snow sample collected after a long-lasting snowfall event at Ny-Ålesund, Svalbard, Norway by Sinha et al. (2018) and with the averaged BC size distribution from five snow samples collected after three snowfall events in the semi-rural and rural surroundings of Denver, CO, USA by Schwarz et al. (2013). Our average fresh snow sample size distributions peak at similar MMD between 194 and 227 nm compared to the 223 ± 28 nm of the Sinha et al. study and the ~220 335 nm of the Schwarz et al. study. In addition, our size distributions indicate a non-lognormal shoulder at the upper size limit of the SP2 measurement that is in a very good agreement with the Schwarz et al. (2013) samples where the refractory BC mass size distributions were measured by a SP2 with modified detector gains up to 2 µm (see Figure 9). As pointed out by Schwarz et al. (2013) such snow BC mass size distributions reflect the typical atmospheric BC mass size distribution that is observed at remote locations altered by agglomeration and size 340 selection processes during snow formation in the atmosphere. The good agreement between the mass size distributions of our snow samples and the average distribution of the Schwarz et al. (2013) samples allows us to estimate the refractory BC mass that is contained in the large particle size shoulder outside our measurement range. According to Schwarz et al. (2013) a fraction of 28% of the total BC mass can be attributed to particles with mass-equivalent diameters larger than 600 nm. A mass correction factor of 1.39 is therefore applied to the SP2-derived 345 refractory BC snow concentrations in the following analysis."
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[New]: "For the assessment of the albedo effect of particulate impurities in snow surfaces the spectral absorption that is contained in the snow has to be quantified. As already mentioned in the introduction this is usually achieved by quantifying the mass mixing ratio of light absorbing particles in the snow and applying a mass specific absorption cross section to that particle mass resulting in a total absorption cross section per snow mass  "#$ (given in m 2 /mL). 350 With the measurement setup given in Figure 1, this quantity is directly assessible. To deduce  "#$ the measured absorption coefficient  "#$ [m -1 ] of the aerosol released from the snow sample is converted by following equation  "#$ = 10 =@ ∙  "#$ ∙  '(# ⁄  && ∙  '(# => , (1) with  '(# and  && the air and liquid sample flow rates of the nebulizer, and  '(# the nebulizing efficiency. A unit conversion factor of 10 =@ is necessary because  "#$ is given as [m 2 /m 3 ], while  '(# is given as [L/min].  "#$ 355 values are calculated for the 31 UFS snow samples using Eq. (1) and are plotted in Figure 10 as a function of the corresponding refractory BC mass concentrations  *+ ,-. , which were corrected for the missing larger particle mass in accordance with the discussion above. This results in a good correlation between the snow mass specific absorption cross section  "#$ and the refractory BC mass concentration of the snow samples with the mass absorption cross section, MAC, of the snow particles as correlation factor. In Table 1, the MAC values of the snow 360 samples are compared with those determined for the Fullerene soot suspension standards. It is clear from Table 1 that the MAC of the snow particles is significantly larger than the MAC of the Fullerene soot with wavelength-dependent “enhancement” factors of 2.0, 1.9, and 1.4 for 405, 532, and 658 nm, respectively. This observation suggests that (i) the BC particles in the snow are thickly coated with transparent or low absorbing material that results in a real absorption amplification of the internally mixed particles by the so called lensing effect (e.g. 365 Schnaiter et al., 2005), and/or (ii) part of the absorbing aerosol mass in these samples might be mineral dust or brown carbon that is co-deposited with the BC mass and that has a significant and strong wavelength-dependent mass absorption cross section in the visible spectral region (Schnaiter et al., 2006; Wagner et al., 2012). Both explanations are conclusive for atmospheric aerosol observed at a remote location like the UFS. Although the wavelength-dependence of the observed absorption “enhancement” suggests an insignificant impact from thickly 370 coated BC particles – as this should show a larger absorption amplification in the red compared to the blue spectral range (Schnaiter et al., 2005) – the lensing effect is strongly depending on the actual coating thickness, the coating material, the composite particle size, and the geometrical particle configuration (Kahnert et al., 2012; You et al., 2016). Further, the mean AAE of the snow samples for the spectral ranges from 405 to 658 nm and 532 to 658 nm is 1.20 ± 0.85 and 2.10 ± 2.24, respectively, which is significantly larger but more varying than 0.46 ± 0.07 and 375 0.60 ± 0.12 deduced for the Fullerene soot suspensions for the same spectral ranges (Table 1). This suggests that it is more likely that the BC particles in the snow are accompanied by non-BC aerosol particles in varying amounts that induce additional absorption predominantly in the blue and green"
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During the period of time when the snow samples were taken at the UFS no correlation was found between our 


snow sample analysis results and the concurrent meteorological data of precipitation amount, wind speed, 


temperature, sunshine duration and snow height. Not even a correlation was found between our snow sample 


data and ambient air BC mass concentrations that are continuously monitored at the UFS Station. On the other 305 


hand, Saharan dust events that are detected by the DWD from ceilometer measurements and that are given as a 


daily Saharan dust index (SDI) show that, within each month between December 2016 and May 2017, the 


atmosphere in southern Germany was influenced for several days by Saharan dust.   


(https://www.dwd.de/EN/research/observing_atmosphere/composition_atmosphere/aerosol/cont_nav/sahara_dus


t_index.html) 310 


To get a general idea of the nature of the components that are solved and dissolved within the snow samples 


ionic chromatography (IC) and an inductive coupled plasma mass spectrometry (ICP-MS) analysis were 


exemplarily conducted for the snow sample from March 10, 2017, mainly to clarify the concentration of higher 


ions which might be present in the snow. Additionally, the aerosol released from this snow sample was fed to a 


Waveband Integrated Bioaerosol Sensor (WIBS4) to get information on the biological particle fraction. A 315 


Nuclepore filter was taken for ESEM microscopy to further characterize the different particle types found mainly 


in the larger particle size range (larger than ~500 nm) of this sample. The sampling for WIBS4 instrument and 


for the Nuclepore filter was performed behind the dryer downstream the nebulizing system by substituting the 


PAAS-3λ and the SP2 (see Figure 1).  


The snow sample from March 10, 2017 has a mass concentration of rBCSP2=2.3 ng/ml and an absorption 320 


equivalent mass concentration of rBCPAAS=6.3 ng/ml for λ=405 nm, which gives a mass enhancement factor of 


2.7. The sample is therefore representative for all samples. The IC analysis of the snow sample conducted for 


anionic ions shows only little concentrations of chloride, nitrate and sulphate of 0.29, 1.1 and 0.3 mg L-1, 


respectively. Only very low concentrations of alkaline and alkaline earth metals were found from the ICP-MS 


analysis. For the trace metals manganese, iron, copper and zinc concentrations of 9.7 µg L-1, 1.7 µg L-1, 1.1µg L-325 
1 and 8.7µg L-1 were found, respectively.  


The ESEM micrographs (ThermoFischer Scientific) combined with EDX microanalysis (EDAX, Octane Elite 


Super) reveal that the larger (>~500 nm) particles extracted from the snow sample predominantly consist of 


biological materials, such as fragments of cellular membrane, whole bacteria, pollen, spores, and their mixtures. 


The mineral dust particles could be identified in the sample too, but to a much less extent than the biological 330 


particles. Figure 10 gives an overview composite image of a typical Nuclepore filter area, where particles with 


heavier elements like Al, Si, Fe, Mg, K, and Ti, are accentuated in green colour due to their brighter response in 


backscatter electron detector (BSED). These elements are typically found in mineral dust particles, as compared 


to the lighter elements like C, N, O, Na, and S, typical for biological material. This overview picture highlights 


the low relative abundance of the mineral dust particles in the coarse mode particle size range of the sample. 335 


Representative examples of individual particles are given in the figures 11 to 13. Note that EDX spectra of all 


individual particles are very characteristic for particle agglomerates or for chemical aging: thus, the biogenic 


particle (Figure 11) has areas showing intracellular composition (spot A) and pure cellular membrane fragment 


(spot B), whereas the mineral dust particle (Figure 12) and soot particle (Figure 13) exhibit spectra characteristic 


both for inorganic and biogenic material. The particle of “Fullerene” soot, produced from aqueous suspension 340 
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exactly in the same way as the other residual particles discussed above, is shown in Figure 14. As expected, the 


“Fullerene” soot particle does not contain any foreign chemical elements, as shown by the EDX spectrum in the 


right panel of Figure 14. 


The WIBS4 detects biological aerosol particles by combining single particle fluorescence signals in two 


wavebands (FBAP). The WIBS4 measurement of the March 10, 2017 snow sample supports the ESEM results of 345 


a high fraction of biological particles (43%) in the size range larger than 0.5 μm. The size segregated analysis 


reveals biological particle fractions of 80% and 100% for sizes larger than 2 μm and 3 μm, respectively.  


One question that arises from the above findings is whether the biogenic particles found in our snow samples can 


be related brown carbon (BrC). The term brown carbon is not clearly defined or characterized. It is expected that 


brown carbon are particles released during incomplete combustion processes (Wu et al., 2016). BrC is also found 350 


in fresh and photochemically aged biomass burning emissions (Saleh et al., 2013). In other studies, BrC was 


chemically divided into humic-like substances (HULIS) and tar balls (Chakrabarty et al., 2010; Wu et al., 2016). 


While HULIS can be characterised mainly as a mixture of macromolecular organic compounds with various 


functional groups, tar balls are emitted from biomass burning and are of spherical, amorphous structure and are 


typically not aggregated. Moreover, light absorbing organic material and humic-like substances can be present in 355 


the water-soluble fraction of ambient particulate matter (Moschos et al., 2018; Phillips et al., 2017). Further 


examination of snow samples from different locations as well as systematic investigations on the optical 


behaviour of biological particulate matter is therefore necessary to evaluate the influence of biological and 


biogenic particulate matter on the aerosol absorption properties in the visible spectral range. 


6. Conclusions 360 


In this study we present a novel laboratory analysis method for snow and ice samples that allows for the first 


time (a) the direct photoacoustic (PAAS-3λ) measurement of the aerosol absorption coefficients of re-


aerosolized snow samples over the visible spectral range, i.e. without depositing the particles on filters, and (b) 


the concurrent measurement of the refractory black carbon (rBCSP2) mass concentration of the snow particles 


using a single particle soot photometer (SP2). Using water suspensions of “Fullerene” soot particles of known 365 


rBCSP2 mass concentrations as a reference for the snow samples, (a) the rBCSP2 mass specific absorption cross 


section (MAC) of the suspended “Fullerene” soot particles could be determined for three wavelengths in the 


visible at 405, 532 and 658 nm and (b) the mass aerosolization efficiency of the nebulizer could be quantified. 


The MAC values were then applied in the analysis of 33 snow samples, which were collected at the 


Environmental Research Station Schneefernerhaus (UFS) in the winter period 2016/2017, to calculate absorption 370 


equivalent mass concentrations rBCPAAS from the measured absorption coefficients of these samples. The 


comparison of the deduced light absorbing rBCPAAS mass concentrations with the rBCSP2 mass concentrations 


revealed a wavelength-dependent linear correlation with correlation factors of 1.65, 2.28 and 2.38 for λ=405, 532 


and 658 nm, respectively, i.e. significantly different from one. This clearly suggests that other, non-rBC light 


absorbing aerosol matter is co-deposited in the snow samples.   375 


Additional analyses of an exemplary snow sample using Environmental Scanning Electron Microscopy (ESEM) 


combined with EDX microanalysis as well as measurements with the Waveband Integrated Bioaerosol Sensor 
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(WIBS-4) revealed that the larger particles of the snow sample are predominantly of biological origin with lower 


contributions from mineral dust. These findings point to a possible explanation of the observed difference 


between the rBCSP2 and rBCPAAS mass concentrations and, therefore, to the nature of the co-deposited light 380 


absorbing particles in the snow. However, further studies are required including samples from other locations 


more relevant for climate radiative forcing, to clarify whether biogenic and biological particles are in general 


main contributors to the visible light absorption in snow and ice surfaces.  
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8. Figures 


 390 


Figure 1:  Instrumental setup used in this study. 
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Figure 2: Principal operation scheme of the CETAC Marin-5 nebulizer. 


 


Figure 3: Allan deviation analysis of long-term photoacoustic background measurements. The dashed red lines 395 
indicates the typical averaging time applied in the PAAS-3λ measurements and the respective Allan deviation (1σ) of 
0.7 1 Mm-1. 


 


 


Figure 4: Dependence of the PSL number concentration and relative humidity on the nebulizing gas flow applied in 400 
the Marin-5 nebulizer (temperatures of the heated and cooled sections as well as the liquid supply flow were kept 
constant)  
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Figure 5:  Efficiency ε of the CETAC Marin5 nebulizer for “Fullerene” soot suspensions with defined mass 405 
concentrations cFS. The rBCSP2 mass concentration was measured in the dry exit gas flow of the nebulizer 
using a Single Particle Soot Photometer (SP2). See text for details on the preparation of the “Fullerene” soot 
suspensions. 


 


 410 


Figure 6:  Determination of mass specific absorption cross sections (MAC) of re-aerosolized “Fullerene” soot 
suspensions at 405, 532 and 658 nm. The MAC values are given in the legend and were derived from 
concurrent measurements of the absorption coefficients using the photo acoustic aerosol absorption 
spectrometer (PAAS-3λ) and the rBC mass concentrations (SP2) 


 415 
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Figure 7:  Refractory black carbon (rBCSP2) mass concentrations determined for snow samples collected at 
the Environmental Research Station Schneefernerhaus (UFS) during the winter period 2016/2017. The mass 
concentrations were determined using a Single Particle Soot Photometer (SP2). See text for details 
concerning sampling and measurement methods. 420 


 


 


 


Figure 8: Aerosol mass size distribution averaged over all snow samples.  
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Figure 9: Optically derived rBC PAAS mass concentrations from PAAS-3λ absorption measurements compared to 
rBCSP2 mass concentrations simultaneously measured with the SP2. The 1:1 dashed line indicates the result 430 
under the assumption that all particles contributing to visible light absorption are rBC particles with 
spectral absorption properties equivalent to “Fullerene” soot. 
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Figure 10: Overview of residual particles extracted from a snow sample via Marin-5. The image is a false colour 435 
overlay from secondary electron (SE) detector (black and white image) and backscatter electron detector, BSED (the 
green spots). The particles containing elements with higher atomic number are visible as green spots and are 
highlighted by green arrows.  


  


Figure 11: Morphology and composition of biological residual particle extracted from snow sample behind Marin-5 440 
on Nuclepore® filter. Left panel: the SEM secondary electron (SE) image. Right panel: EDX-spectrum obtained from 
different areas of the particle (marked as colour spots in the image). A clear biogenic signature (N, S, Na) is visible for 
the central bulky part suggesting intracellular composition (spot A, orange colour), whereas exterior part shows pure 
carbonaceous compounds (C,O) (spot B, blue colour). Sample coating is responsible for the platinum peak. 


   445 


Figure 12 Mineral dust particle extracted from snow sample behind Marin-5 on Nuclepore® filter. Left 
panel: ESEM image (SE). Right panel: The EDX-spectrum of the particle showing chemical elements characteristic 
for both mineral dust (Al, Si, Mg, Fe, K, Ca) and for biogenic material (N, Na, Cl, S). 
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Figure 13. Soot (BC) particle extracted from snow sample behind Marin-5 on Nuclepore® filter. Left panel: ESEM 450 
image (SE). Right panel: The EDX-spectrum of the particle, revealing trace elements of Fe, Na, Si, and S.  


   


Figure 14. Fullerene particle from aqueous suspension used as standard behind Marin-5 on Nuclepore® filter. Left 
panel: ESEM image (SE). Right panel: The EDX-spectrum of the particle collected from the spot A, showing pure 
carbonaceous composition (C,O). Sample coating is responsible for the Pt peak at 2.08 keV.  455 
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