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Introduction
This file contains elements that are not essential to the understanding of the manuscript, but are
relevant to describe instruments and related data analysis, support hypotheses raised in the
manuscript and compare some results with previous published work.
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Text S1.
Additional information on the single particle soot photometer (SP2):
The aerosol sample is focused with a flow rate of 0.120 L min-1 into the centre of a high intensity
intra-cavity Nd:YAG laser beam (λ=1064 nm), resulting in single particle laser-induced
incandescence and elastic light scattering signals that are detected by four dedicated detectors.
The incandescence signals are processed to obtain refractory BC (rBC) mass based on empirical
calibration of the incandescence detectors with fullerene soot, as recommended by Laborde et
al. (2012b) and Baumgardner et al. (2012). The mass equivalent diameter of BC cores is converted
from mass assuming a void-free BC bulk density of 1800 kg m-3 (Moteki and Kondo, 2007), with a
minimum detection limit at a mass equivalent diameter DrBC of approximately 50 nm and unit
detection efficiency reached at roughly 80 nm. Therefore, it has to be noted that some of the
particles operationally classified as “BC-free” based on the SP2 signals may include a tiny BC core
which is too small to be detected by the SP2. While this limitation is relevant in terms of BC
particle number, it causes little bias in terms of BC mass for most atmospheric aerosols. The
calibration of the scattering signal with polystyrene latex spheres of known size serves to
measure the optical diameter of BC-free particles with a minimum detection limit of around 120
nm. For BC-free particles, the calibrated scattering cross section signal is converted to an optical
diameter by assuming their sphericity and a refractive index of 1.40 and 1.50 during CLACE2014
and CLACE2016, respectively. These indices were chosen after comparison of particle number
size distributions from the SP2 and SMPS; this explains why different values were used for the
two campaigns. Detailed information about calibration of the detectors can be found in Laborde
et al. (2012b).
The SP2 was also used to obtain information on BC mixing state using two different methods:
the delay time method, which classifies BC-containing particles in a binary manner; and the
leading edge only (LEO)-fit, which permits to quantitatively retrieve the coating thickness of
individual particles. The delay time method, which was introduced by Moteki and Kondo (2007),
is based on the time difference between the peaks of the scattering signal and the incandescence
signal. For thickly coated particles, the maximum of the scattering signal occurs at the time when
coating evaporation occurs, which is at least 1.5-2 microseconds before the peak of the
incandescence signal. For BC particles with no, thin or moderate coatings, the peak scattering
and incandescence signals occur almost at the same time. Accordingly, a threshold value of 1.5
microseconds for the time difference between the peak scattering and incandescence signals
was used to classify the BC-containing particles as either being “thickly coated” or
“thinly/moderately coated”.
The LEO-fit technique permits the measurement of the optical diameter of BC-containing
particles assuming core-shell morphology. Because BC cores absorb laser radiation, they heat
up, causing BC-containing particles to partially or totally evaporate in the laser beam. The major
part of their time-resolved scattering signal is therefore perturbed, except for the leading edge
of the signal. Gao et al. (2007) introduced the LEO-fit technique and Laborde et al. (2012a)
proposed a method to retrieve the irradiance profile of the laser beam; leading to the optical
sizing of BC-containing particles. The optical diameter of BC-containing particles was derived
from scattering cross-sections assuming refractive indices of 1.75+0.43i and 1.40+0i for the BC
core and coating, respectively, during CLACE2014 (2.00+1.00i and 1.50+0i during CLACE2016;
see Text S2 for criterion applied to choose the BC core refractive indices). By subtraction of the
BC core mass equivalent diameter from the particle optical diameter, the coating thickness can
be obtained. The above refractive indices for the BC core were chosen to achieve agreement
between the optical diameter of the bare BC cores just before incandescence onset and the rBC
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mass equivalent diameter, thereby minimizing potential systematic bias in reported coating
thickness values on the basis of campaign average values.

Text S2.
Data quality checks for the SP2 coating thickness analysis:
Instrumental artefacts and inadequate data analyses related to the SP2 LEO-fit analysis can lead
to incorrect quantification of coating thicknesses. In addition to the quality assurance (e.g.
calibrations of the incandescence and scattering detectors, verification of the counting efficiency
of BC), several quality controls were performed to rule out this possibility.
First, we qualitatively compared coating thickness histograms resulting from the LEO-fit analysis
with the fraction of thinly/moderately versus thickly coated BC using the delay time method for
eight example days. As shown in Figure S4 and discussed in Sect. 3.3, we found clear relations
between these two types of information.
Second, we verified that coating evaporation did not occur too early in the SP2 laser beam. This
would cause partially or fully denuded BC to be detected at the amplitude of the scattering
signals that was considered as the leading edge for the reconstruction of these signals with the
LEO-fit technique. We verified that the reconstructed overall particle diameter was unaffected
by moving the LEO analysis further out in the leading tail of the laser beam (see Figure S7), i.e.
by only considering signal from the range up to 0.5 % instead of 3% (default value applied in this
study) of the maximum amplitude of the laser intensity.
Third, we adjusted the refractive index assumed for BC cores in the LEO-fit analysis such that the
optical diameter of the bare BC core (measured just before incandescence onset) and the rBC
mass equivalent diameter agree within 10 %. Appropriate choice of the index of refraction of BC
cores is crucial for an accurate estimation of the coating thickness, as stated by Taylor et al.
(2015). In the case of our study, we assumed a higher index of refraction of BC cores during
CLACE2016 (summer data) than during CLACE2014 (winter), suggesting that the strong
seasonality observed in the mixing state of BC cannot be explained by choices of the refractive
index of BC. Choosing an identical index for both campaigns would have led to an even larger
difference between the winter and summer histograms shown in Figure 3 and S4.
The potential evaporation of volatile coatings during sampling, i.e. inside the lines connecting
the head of the total inlet to the SP2, could have been responsible for the detection of
uncoated/bare BC. However, Nessler et al. (2003) characterized the potential particle losses and
size changes at the JFJ by comparing particle number size distributions inside the Sphinx
laboratory and on top of the laboratory roof. They concluded that particle evaporation was
usually small for particles greater than around 100 nm in diameter, which contradicts the
abovementioned hypothesis.
Text S3.
Comparison of single particle soot photometer (SP2) measurements in this study with those from
previous Jungfraujoch studies:
Section 3.2 of the main text discusses the BC mass size distributions that were measured by SP2
in this study. With reference to Fig. S2, it is discussed that our size distribution results are in good
agreement with the findings of a previous SP2-based study at JFJ by Liu et al. (2010), but only for
rBC mass equivalent diameters greater than 190 nm. This diameter of 190 nm corresponds to the
limit of detection of the older version of the SP2 used by Liu et al. (2010). This limit of detection
was too high to clearly resolve a peak in their measured size distributions. To estimate mode
diameters these authors fitted a lognormal function to their measurements, and extrapolated

3

the fit down to 105 nm. This resulted in an estimated mode diameter of 220-240 nm. We suggest
that the discrepancy between the mode diameters obtained in this previous study and our results
is likely due to the extrapolation procedure applied by Liu et al. (2010), given they were not able
to measure a clearly resolved peak.
The mixing state of BC has also been investigated with SP2 measurements in previous studies at
the JFJ. These previous mixing state measurements are more limited than the results presented
in this study, and in one case they were performed with an older version of the SP2. However,
they serve as useful points of comparison for our measurements.
The mixing state of BC was measured previously at JFJ in winter by Liu et al. (2010). They
reported an average number fraction of thickly coated particles of 40±15 % during FT conditions.
However, this result concerns the whole BC population they sampled, instead of a small range of
DrBC; therefore, systematic bias cannot be excluded due to truncation effects for small cores with
thin coatings and/or large cores with thick coatings, which makes the result difficult to interpret
(Taylor et al., 2015). Moreover, they sampled only part of the BC-containing particles mass size
distribution because of detection limits, as shown in Figure S2.
The same SP2 used in this study was deployed at the JFJ during winter 2012/2013 (CLACE2013
campaign). A LEO-fit analysis was performed on total inlet data, but only during cloud events
(Kupiszewski et al., 2016). To make our results comparable with the coating thickness
histogram they reported, we isolated in-cloud sampling periods during CLACE2014 and plotted
both data sets (Figure S5). Although we observed BC to be associated with a higher degree of
external mixing compared to their result, both histograms indicate a predominant fraction of
uncoated and thinly coated BC, as confirmed by the median [lower quartile, upper quartile]
coating thickness values: 17 [-4, 38] nm during CLACE2013 and 2 [-10, 14] nm during
CLACE2014 (note a major source of uncertainty in these quantities is the random noise in the
single-particle measurements, which propagates through the coating-thickness retrieval and
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can lead to small, negative coating thickness values for BC-containing particles with little or no
coating). Therefore, we consider the two studies to be in decent agreement.

Supplementary figures and tables:

Figure S1. Diurnal cycles of rBC number concentrations for DrBC> ≈50 nm during CLACE2014
(winter) and CLACE2016 (summer). In this figure and in Figure 1, the “FT” and “PBL”
classifications are different from the other figures: each day during the campaigns is assigned
one of these two classes (see Sect. 2.2.3). Total sampling time reflects the total number of
hours for which the SP2 furnished valid data behind the total air inlet.

5

Figure S2. Averaged rBC mass size distribution of BC cores during (a) the winter CLACE2014
and (b) the summer CLACE2016 campaigns. Colored lines represent averaged rBC mass size
distribution of BC cores during specific air mass conditions and wind directions. The error
bars indicate 1-σ uncertainties. The dashed lines represent data from (Liu et al., 2010)), with
limits of detection for rBC mass-equivalent diameter between 190 and 720 nm.
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Figure S3. Average rBC core mass size distribution of BC cores during (a) the winter
CLACE2014 and (b) the summer CLACE2016 campaigns normalized to equal area below the
curve. Colored lines represent averaged BC mass size distribution of BC cores during
specific air mass conditions and wind directions. Error bars, which are only shown for “all
data”, indicate 1-σ uncertainties and are representative of uncertainties of all subsets of
data. Figure Error! Reference source not found. presents the corresponding size distributions
for non-normalized data.
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Figure S4. Relation between the number fractions of thinly/moderately versus thickly coated
BC derived from the delay time method (a and b) and the coating thickness histograms
(normalized by the area) resulting from the LEO-fit analysis (c and d) for 12-24 hours of
sampling during eight example days. Note for panels a) and b): it is possible that the sum of
thinly/moderately and thickly coated BC particles does not reach 1 (i.e. 100 %) because some
BC-containing particles can cause saturation of the scattering detector; their number
fraction is not shown for simplicity of the figure. Note for panel c) and d): individual coating
thickness can be assigned a “physically impossible” negative value for uncoated or very
thinly coated BC cores because of the random noise.
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Figure S5. Averaged coating thickness histogram for winter in-cloud conditions during
CLACE2013 (light blue line; Kupiszewski et al., 2016) and CLACE2014 (dark blue line). Vertical
dashed lines indicate the median coating thickness for each campaign.
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Figure S6. Summary of coating thickness histograms in the PBL and the FT reported in the
literature with a focus towards background conditions (i.e. outside of biomass burning
plumes or high pollution events). The histograms from Dahlkötter et al. (2014) and Schwarz
et al. (2008) are based on aircraft measurements above Germany in September 2011 and over
Costa-Rica in February 2006, respectively. Laborde et al. (2013), Kupiszewski et al. (2016) and
Motos et al. (2019) respectively performed ground-based measurements in the
agglomeration of Paris in winter 2010, at the JFJ during winter 2013 (same histogram as the
one showed in Figure S5) and in the city of Zurich during fog events. Although cloud
processing could be responsible of modification of BC mixing state in clouds, this is not the
case in fog because a very small fraction of the aerosol particles (typically below 1 % by
number) activated to fog droplets. The orange (JFJ, 15:00 to 22:00 LT) and red (JFJ, 03:00 to
08:00 LT) lines depict the summer coating thickness histogram (solid brown line in Figure 3)
isolated for the typical “PBL-influenced” and “FT conditions” period of the day, respectively;
according to the diurnal cycles in the right panel of Figure 1.
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Figure S7. Quality control of the LEO-fit analysis based on averaged coating thickness
histogram for roughly 3 days of SP2 data during CLACE2014. The LEO-fit analysis was
performed considering different fractions of the maximum laser intensity at the leading edge
of the laser beam for the reconstruction of scattering signals (see Text S2 for details).
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Frequency of occurrence [%]

Wind direction
Atmospheric layer
NW
SE
PBL-influenced
FT
CLACE2014 (winter)
51.0
49.0
30.3
69.7
Herrmann et al., 2015 (winter)
32-60
40-67
CLACE2016 (summer)
71.5
28.5
69.1
30.9
Herrmann et al., 2015 (summer)
78-83
17-22
Table S1. Prevalence of northwesterly versus southeasterly wind conditions, and PBL-influenced
versus FT air mass type during CLACE2014, CLACE2016 and the six years of gas measurements
(222Rn and NOy/CO) reported in Herrmann et al. (2015).

12

Parameter
BC mass emitted by snowcats in CH
during the year
Estimated lower free tropospheric layer height

Value

Unit

Remarks

12

tons

(FOEN data for 2014)

3500

meters

(1 to 4.5 km altitude)

2

Surface area of Switzerland

41'285

km

Surface area of the Swiss Alps

25'184

km2

Volume of the lower free tropospheric layer
Measured BC concentration during the
CLACE2014 campaign

1.44x10

14

8.81x1013

m

3

(Switzerland)

m3

(Swiss Alps)

4.70x10-3 µg m-3

Lifetime of continental BC

3.5

days

Period of emission of BC during the year

135

days

Fraction of BC not removed from the
atmosphere

2.6

%

Calculated snowcat-emitted BC considering BC
lifetime
Contribution of calculated snowcat BC
emissions to measured BC concentrations;
considering BC lifetime

(61% of Switzerland)

(Stable over all day)
(Lund et al., 2018)
(1 December - 15
April)
(3.5/135)

2.15x10-3 µg m-3

(Switzerland)

-3

µg m

(Swiss Alps)

45.8

%

(Switzerland)

75.1

%

(Swiss Alps)

3.53x10

-3

Table S2. Details of the simplified calculation performed to estimate the contribution of
snowcat emissions to the total BC mass concentration measured at the JFJ during winter
2014. Several approximations and hypotheses are included in this calculation: (1) The Federal
Office for the Environment (FOEN) estimates BC emissions from snow groomers as a fixed
fraction of the estimated particulate matter (PM) emissions from these vehicles. (2) We
assume the lower free tropospheric layer to extend between around 1000 m elevation
(generally stable in winter) and 4500 m (relatively sparse presence of air above this limit). (3)
Since it is difficult to evaluate the area above which BC mixes, we repeated the same
calculation with two different areas: Switzerland and the Swiss Alps. (4) In the calculation,
we consider these volumes as closed: no air mass enters or exits (neither from neighboring
countries nor the PBL and the upper free troposphere). (5) We extracted the lifetime of BC at
the JFJ from the study of Lund et al. (2018): 3.5 days (based on measurements during
continental flights).
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