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ABSTRACT

Ice nucleating particle (INP) concentrations were measured at the High Altitude Research Station
Jungfraujoch, Switzerland, 3580 m above mean sea level during the winter months of 2012, 2013, and 2014
with the Portable Ice Nucleation Chamber (PINC). During the measurement periods, the research station
was mostly located in the free troposphere, and particle concentrations were low. At temperature 7' =
241 K, INP concentrations in the deposition regime [relative humidity with respect to water (RH,,) = 93%]
were, on average, below 1.09 per standard liter of air (stdL~'; normalized to 1013 hPa and 273 K) and 4.7 +
8.3 stdL ™! in the condensation regime (RH,, = 103%) in winter 2014. The deployment of a particle con-
centrator upstream of PINC decreased the limit of detection (LOD) by a factor of 3 compared to earlier
measurements. The authors discuss a potential bias of INP measurements toward higher concentrations if
data below the LOD are disregarded and thus recommend reporting subLOD data in future publications.
Saharan dust and more local, basaltic dust mixed with marine aerosol were found to constitute the dom-
inant INP type. Bioaerosols were not observed to play a role in ice nucleation during winter because of their
low concentration during this period. The INP concentrations at Jungfraujoch are low in comparison to
other studies of INP at this temperature. This represents the first study addressing interannual variations of
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INP concentrations during winter at one location.

1. Introduction

The ice phase in clouds remains one of the largest
challenges in predicting Earth’s radiative budget accu-
rately (Boucher et al. 2013). In the atmosphere, pure
water freezes homogeneously at temperatures below
235K (Lamb and Verlinde 2011). In mixed-phase
clouds, temperatures are warmer, and supercooled wa-
ter and ice coexist. Here, ice formation is initiated het-
erogeneously by ice nucleating particles (INPs), which
represent only a small fraction of ambient aerosol par-
ticles (DeMott et al. 2003a). Conventionally, four main
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pathways of heterogeneous ice nucleation are differen-
tiated (Pruppacher and Klett 1997): First, deposition
nucleation, where ice forms on an INP directly from the
vapor phase. This process requires supersaturated con-
ditions with respect to ice but can occur below water
saturation. Second, condensation freezing takes place in
a supersaturated environment with respect to water char-
acterized by freezing during or after condensation of wa-
ter. Third, for immersion freezing, an INP is immersed in
a droplet, with the INP having potentially acted as a cloud
condensation nucleus (CCN) at warmer temperatures.
When the droplet is exposed to low enough temperatures
it freezes. Last, contact freezing describes freezing of
a supercooled droplet due to its collision with an INP.
Recently, this differentiation has been questioned by some
studies. Wex et al. (2014) suggest that no difference in
the physical process exists between condensation and
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immersion freezing. The existence of actual deposition
nucleation without any intermediate water phase is ques-
tioned by Marcolli (2014).

These discussions highlight that some of the funda-
mental microphysical processes of ice formation mech-
anisms in clouds are not understood in full detail yet.
However, many laboratory studies have improved our
understanding of the chemical and physical nature of
INPs. General requirements for INPs have been found,
such as crystallinity and a size larger than approxi-
mately 0.1 um in diameter (Pruppacher and Klett 1997).
Certain particle types were identified to be more
efficient at nucleating ice than others. Mineral dust
particles have been found to be effective INPs at tem-
peratures below about 258 K (Hoose and Mdohler 2012).
Recently, certain K-feldspars (i.e., endmembers of the
feldspar minerals) have been discovered to be the most
ice-active component of mineral dust, despite their of-
ten low abundance in these particles (Atkinson et al.
2013; Yakobi-Hancock et al. 2013). Some biological
aerosols, like certain bacteria, fungal spores, and pollen,
were observed to nucleate ice at temperatures above
263K (e.g., Maki and Willoughby 1978; Levin and
Yankofsky 1983; Diehl et al. 2001; Mohler et al. 2008;
Attard et al. 2012). The importance of large pollen and
plant debris particles for cloud processes on a global
scale is debated because they require strong updrafts to
reach high altitudes. However, on a more local scale
during times of high biological activity, they might sig-
nificantly affect cloud formation (Hoose et al. 2010).
Primary biological particles associated with sea spray
have gained increasing attention in recent years as field
studies have suggested their ice nucleation activity plays a
dominant role at remote marine locations (Bigg 1973;
Wilson et al. 2015). Knopf et al. (2014) observed that the
majority of INPs were associated with aged sea salt par-
ticles at a marine site close to anthropogenic and biogenic
sources. Cziczo et al. (2013) found sea salt in cirrus ice
crystal residuals. Particles arising from fossil fuel com-
bustion often exhibit low to no ice nucleation activity
(Phillips et al. 2013; Chou et al. 2013); however, biomass
burning particles can be ice active at temperatures below
261 K (Petters et al. 2009; McCluskey et al. 2014).

In the atmosphere, microphysical and chemical pro-
cesses lead to additional complexity in INP classification.
Atmospheric aerosol particles are internally and exter-
nally mixed (Dall’Osto et al. 2010), and their surface can
be altered by atmospheric processing (Ellison et al. 1999),
by chemical reaction (Seinfeld and Pandis 2006; Poschl
et al. 2007), or by becoming coated with soluble material
(Yang et al. 2011; Knopf et al. 2014). These deviations
from the primary aerosol particle can significantly change
its ice nucleating behavior. Sulfuric acid treatment of
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mineral dust particles has been found to decrease the
freezing onset temperatures (Archuleta et al. 2005; Knopf
and Koop 2006; Chernoff and Bertram 2010; Sullivan
etal. 2010; Yang et al. 2011; Wex et al. 2014), whereas the
exposure to ammonia was found to increase the ice nu-
cleation efficiency (Salam et al. 2007). Also, a treatment
of dust particles with moderate amounts of ozone yielded
higher activated fractions than those of the untreated
particles (Kanji et al. 2013).

Despite these significant advancements in studying
fundamental aspects of ice nucleation in the laboratory,
the complexity of ice nucleation in clouds requires ob-
servational studies to quantify INP concentrations in
different environments (Fan et al. 2014; Hande et al.
2015). A range of field studies exist that observed INP
concentrations in ground-based studies (DeMott et al.
2003a; Klein et al. 2010; Chou et al. 2011; Ardon-Dryer
and Levin 2014; Mason et al. 2016), from ship platforms
(Bigg 1973), or through airborne measurements (Bigg
1967; DeMott et al. 2010; Avramov et al. 2011). Many
studies have been performed by collecting aerosol par-
ticles on filters and subsequently exposing them to
controlled cooling in the laboratory under sub- or su-
persaturated conditions with respect to water (Bigg
1967; Klein et al. 2010; Santachiara et al. 2010; Conen
et al. 2012; Ardon-Dryer and Levin 2014; Knopf et al.
2014; Mason et al. 2015). Other common techniques are
the use of isothermal cloud chambers or continuous flow
diffusion chambers (CFDC), which allow online de-
tection of INPs with a higher temporal resolution than
the filter techniques but usually have the drawback of a
higher limit of detection (LOD) (Rogers et al. 1998;
Castro et al. 1998; Prenni et al. 2009; DeMott et al. 2010;
Chou et al. 2011; Lopez and Avila 2013; McCluskey et al.
2014). Most field studies support the laboratory obser-
vations that mineral dust plays a predominant role in ice
nucleation in clouds also at locations far away from
potential dust emission sources (DeMott et al. 2003b;
Klein et al. 2010; Cziczo and Froyd 2014). The analysis
of residuals of ice crystals by means of electron-scanning
microscopy and mass spectrometry has shown that there
is also enrichment of mineral dust in ice residuals sam-
pled in mixed-phase clouds in the Swiss Alps compared
to the background aerosol (Kamphus et al. 2010).

The large uncertainty in representing ice clouds in
global climate models (e.g., Li et al. 2012) calls for more
observations of both cloud hydrometeors and INPs.
So far, most existing field studies represent individual
samples, restricted in space and time, while a climatol-
ogy of atmospheric INPs related to dust aerosol over
Europe, for example, is still missing (Hande et al. 2015).
Only by understanding what controls INP concentra-
tions at different locations as a function of temperature,
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wind direction, airmass origin, and season, can we im-
prove our knowledge of INPs. This is necessary to
quantify natural variations in the present-day climate
and be able to distinguish them from long-term climatic
effects and feedbacks. Furthermore, to quantify the
anthropogenic aerosol effect in terms of the radiative
forcing of the climate system, an understanding of the
potential of the natural background aerosol to form ice-
containing clouds is essential (Lohmann and Kircher
2002). This requires long-term (over periods from weeks to
months) and recurrent measurements at the same locations.

To our knowledge, only two long-term studies of INP
concentrations at one location exist to date. Klein et al.
(2010) conducted INP concentration measurements at
Mt. Kleiner Feldberg, Germany (826 m MSL). One filter
was collected each day for 5 min and subsequently analyzed
at temperatures between 265 and 255 K. They found simi-
lar characteristics of INPs with respect to temperature and
supersaturation during a Saharan dust event compared to
the rest of the year and conclude a significant role of dust in
ice nucleation taking place in clouds over central Europe.
Recently, Conen et al. (2015) measured INP concentra-
tions on particulate matter with an aerodynamic diameter
below 10 um (PM10) filters at a temperature of 265K col-
lected at the High Altitude Research Station Jungfraujoch
in the Swiss Alps, at Mt. Chaumont, Switzerland (1171 m
MSL), and at the Izafia Atmospheric Research Center
on Tenerife, Canary Islands (2373 m MSL). Filters were
collected over one year in 2012-13 with a temporal reso-
lution of 24 h. They observed a strong seasonal variability
of INP concentration at Jungfraujoch with values between
1 and 10m > during summer and less than 0.1 m > during
winter, which they attributed to enhanced scavenging
processes in winter because of colder temperatures in
clouds before they reach the Jungfraujoch. So far, no
long-term study of INPs exists quantifying interannual
variations at one location, partially because none of the
sampling methods has been fully automated so far.

In this study, we present INP concentration data from
winter months of three consecutive years (2012-14)
with a temporal resolution of 30 min. Measurements
were conducted at the Jungfraujoch in the Swiss Alps
with the Portable Ice Nucleation Chamber (PINC; Chou
et al. 2011). The chamber conditions were set such that
deposition nucleation was studied at temperature 7 =
241K and a relative humidity with respect to water of
RH,, = 93% in all three years to continue the clima-
tology of INP concentration at the Jungfraujoch started
by Chou et al. (2011), who sampled in March and June
2009 at the same chamber conditions. These conditions
were originally chosen to meet the onset 7 and RH of
Saharan dust (Kanji and Abbatt 2006). At Jungfraujoch,
mostly mixed-phase clouds and warmer temperatures
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are observed. Therefore, condensation freezing mea-
surements were additionally conducted in 2014 at the
same temperature and RH,, = 103%, as were deposition
nucleation experiments at 7 = 247 K.

This represents the first multiyear study addressing
interannual variations in ambient INP concentrations
at a location that is often in the free troposphere during
winter. By utilizing an aerodynamic lens concentrator,
we were able to decrease the limit of detection down to
about 0.1 INP per standard liter of air (stdL™';i.e., L™
normalized to standard temperature and pressure, 7 =
273K and p = 1013 hPa). We examined the impact of
changes in air masses, meteorological conditions, and the
presence of clouds on INP concentrations. We put our
findings into context with INP observations at other lo-
cations. Furthermore, we discuss the effect of excluding
data below the LOD for ambient observations.

2. Methods
a. Field campaigns at the Jungfraujoch station

INP concentrations have been measured at the High
Altitude Research Station Jungfraujoch, Switzerland,
(46°32'53"N, 7°59'2"E) at an altitude of 3580 m MSL. The
Jungfraujoch is a Global Atmospheric Watch (GAW) sta-
tion, part of the Swiss National Air Pollution Monitoring
Network (NABEL), and is part of the automatic monitoring
network of MeteoSwiss (SwissMetNet). A wide range of
aerosol properties, trace gases, and meteorological pa-
rameters are continuously recorded by the Paul Scherrer
Institute (Bukowiecki et al. 2016), Empa (Steinbacher
et al. 2015), and MeteoSwiss (Appenzeller et al. 2008), re-
spectively. The aerosol pattern at the observatory follows
a yearly cycle. High particle concentrations are found
in summer because of the elevation of the planetary
boundary layer (PBL) and strong vertical transport pro-
cesses (Baltensperger et al. 1997; Lugauer et al. 1998). In
winter, particle concentrations are generally low. The ob-
servatory is considered representative for free-tropospheric
conditions during 60%—68% of wintertime when thermally
induced vertical transport, synoptical lifting, and foehn
events are less prevalent (Zellweger et al. 2003; Herrmann
et al. 2015). However, an observation deck for tourists is
located two floors below the Sphinx laboratory where
measurements are taken. Local emissions through tourism
like cigarette smoke or helicopter flights and construction
work thus may occur.

The observatory is situated in the saddle between
Mt. Jungfrau to the west and Mt. Monch to the east. The
topography surrounding the Jungfraujoch is shown in
Fig. 1. It favors two distinct wind directions at the site:
northwest and southeast. To the north, the terrain drops
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F1G. 1. Topographical map of the Jungfraujoch and the sur-
rounding region. Mt. Jungfrau (4158 m) is located to the west and Mt.
Monch (4107 m) to the east. To the north, toward the Kleine Scheidegg
pass (2061 m), the terrain falls steeply, whereas toward the south the
descent over the Aletsch Glacier is far smoother. The map was modified
from Google Maps (www.google.com/maps/).

steeply: a mostly ice-covered wall descends approxi-
mately 1500m over a distance of 4800m to the
Lauterbrunnen valley (Ketterer et al. 2014). Toward the
south, the Aletsch Glacier descends gently. During ad-
vection from the north, air from the highly populated
Swiss Plateau reaches the Jungfraujoch. Air from the
south is often impacted by pollution from the Po Valley
but is advected over a large mountainous area before
reaching the Jungfraujoch (Lugauer et al. 1998).

INP concentration measurements were taken with
PINC from 12 to 27 January 2012 and within the frame-
work of the Cloud—Aerosol Characterization Experiment
(CLACE) campaigns from 21 January to 28 February
2013 (CLACE2013) and 23 January to 16 February 2014
(CLACE2014). Both CLACE campaigns aimed at ob-
serving cloud microphysical as well as aerosol properties
in mixed-phase clouds and involved several international
research groups. In addition to INP concentration, cloud
microphysical variables were measured (Kupiszewski
et al. 2015; Lloyd et al. 2015; Vochezer et al. 2016;
Worringen et al. 2015). An overview of all instruments
referred to in this study is given in Table 1.

b. Ice nucleating particle concentration
measurements during field campaigns

The Portable Ice Nucleation Chamber (Chou et al.
2011) is a continuous flow diffusion chamber with two
parallel, vertically oriented walls. Inside the PINC cham-
ber, a supersaturation with respect to ice is supplied by a
temperature gradient between the two ice-coated walls.
By changing the wall temperatures, the sample tempera-
ture and supersaturation inside the chamber are regulated.
Within the aerosol layer the temperature uncertainty was
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found to be 0.4 K and relative humidity uncertainty was 4%
(see appendix and Kanji et al. 2013). A schematic of the
PINC setup at Jungfraujoch is shown in Fig. 2. Up-
stream of the chamber, an impactor (orifice diameter:
0.071 cm; TSI, Shoreview, Minnesota) with a cutoff at
D50 = 0.9 um aerodynamic diameter (i.e., diameter,
where 50% of the particles penetrate) is mounted to
prevent larger particles from entering the chamber. This
corresponds to an optical diameter of 0.74 um if we as-
sume an ambient average particle density of 1.5gcm >
(Corzic et al. 2008) and that the optical diameter equals
the Stokes diameter (Chou et al. 2011). As both the
particle density and shape factor of the ambient aerosol
are not known precisely, in the following, no conversion
is applied and the respective diameters as measured by
the different instruments are given.

The lower part of the PINC chamber is held at ice
saturation at the temperature of the warm wall. Here,
droplets evaporate, but ice crystals are preserved,
allowing the differentiation by size downstream of the
chamber between the larger ice crystals that grow in-
side the chamber and smaller interstitial aerosol par-
ticles as well as droplets. Particles and hydrometeors
are counted with an optical particle counter (OPC;
Lighthouse Remote 5104, Fremont, California). Par-
ticles sized above 3 wm in diameter are classified as ice
crystals. At high relative humidities, droplets grow to
sizes large enough that even after the evaporation
section they are larger than 3 um in diameter and
cannot be distinguished from ice crystals. This so-
called droplet breakthrough occurs at RH,, = 108%
for T = 241K.

The sample temperature in PINC was usually set
to T = 241K and a relative humidity of RH,, = 93%,
which corresponds to a relative humidity with re-
spect to ice of RH; = 127% (INP,41k 03%). During the
2012 and 2013 measurement periods, focus was placed
on one condition to be able to detect the very low
INP concentrations during winter with a temporal
resolution of 30 min. In January and February 2014,
in addition to a continuation of the deposition mode
time series at 7 = 241 K, INP concentration data were
frequently collected at the same temperature at RH,, =
103%, corresponding to RH; = 141% (INPa41x 103%)-
In 2013 and 2014, measurements at 7 = 248K and T =
247K, respectively, were conducted as well but at
a lower measurement frequency. These conditions
were closer to the ambient temperatures (Fig. 3d).
For an overview of all measurement conditions see
Table 2.

In 2013 and 2014 an aerodynamic lens concentrator
(Enertechnix, Inc., Seattle, Washington; Novosselov
and Ariessohn 2014) was applied upstream of PINC to
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TABLE 1. Instrumentation at Jungfraujoch.
Instrument Model Measured quantity
PINC — INP concentration, < 1 um

TSI CPC 3772
TSI CPC 3010

Condensation particle counter
Condensation particle counter

Scanning mobility particle sizer

Optical particle counter

Waveband Integrated Bioaerosol Sensor WIBS-4
Betameter

Nephelometer

Aecthalometer

Cavity ring-down spectrometer
Chemiluminescence detector
Particulate volume monitor
Cloud droplet probe

TSI 3563

PVM-100
CDP

Cloud sampler —

TSI DMA 3071, CPC 3775
Grimm dust monitor 1.108

Thermo ESM Andersen FH62 I-R
Magee Scientific AE31

G2401, Picarro, Inc.
ECO Physics CLD 89p

Particle concentration, =0.01 um

Particle concentration, =0.01 um

Particle size distribution, 0.02-0.6 um

Particle size distribution, 0.3-20 um

(Non)fluorescent particle size distribution,
0.8-20 um

Mass concentration, PM10

Scattering coefficients

Absorption coefficients

CO

NO,

Liquid water content

Droplet size distribution

Cloud water

enrich the particle concentration in the sample air and
thus to improve the detection of very low INP concen-
trations. The concentrator is based on the working
principle of a virtual impactor (Kulkarni et al. 2011)
with a major flow of 10Lmin~' and a minor (sample)
flow of 1L min"'. Laboratory characterization tests
using Arizona test dust particles larger than 0.12 um
in mobility diameter did not show a clear cutoff
size of the concentrator and yielded a concentration
factor between 4 and 7. However, for the ambient
measurements, the size and density of the INPs is not
known explicitly. Hence, during the field deployment,
frequent comparisons between INP concentrations
during times when the concentrator was turned on
(enrichment of large particles occurred) to those dur-
ing an interval immediately before or after when the
concentrator was turned off (enrichment not taking
place) were performed. The comparisons yielded an
empirical concentration factor of 3 = 0.6 for INP con-
centration data of the CLACE2014 campaign. Dur-
ing CLACE2013, the concentrator was used with
the same flow setup as during CLACE2014; hence, the
same concentration factor is assumed also for the
CLACE2013 data. Repeated zero tests between and
during the campaigns showed that the concentrator was
leak-tight [condensation particle counter (CPC) showed
<0.05cm ™ over a period of several minutes when sam-
pling filtered air].

PINC was connected to the GAW total aerosol inlet
via approximately 7 m of stainless steel and conductive
tubing of 6- and 8-mm inner diameter, leading to a to-
tal residence time of the aerosol particles of approxi-
mately 2s before entering PINC. The total aerosol
inlet is heated to 298K (RH,, = 20%) to evaporate
cloud droplets as well as ice crystals after being

collected (Weingartner et al. 1999). The warm tem-
perature and low relative humidity inside the sampling
tube also eliminates potential preactivation or memory
effects of ice crystal residuals (Knopf and Koop 2006;
Wagner et al. 2014). When mixed-phase clouds are
present, the aerosol sample consists of cloud droplet
residuals, ice crystal residuals as well as interstitial
aerosol particles. The inlet design has an upper cutoff
diameter of 40 um, which prevents larger hydrometeors
from entering the inlet and clogging it. As a conse-
quence, ice crystal residuals from crystals >40 um are
not sampled by PINC. At an ambient temperature of
258 K and RH; = 120%, it takes about 3 min for an ice
crystal to grow to 40 um in diameter, according to the
equation given by Rogers and Yau (1989). Thus, the
ice crystals that are small enough to enter the inlet and
whose residuals are sampled are likely freshly formed.
Interstitial aerosols and droplets are generally smaller
and thus sampled representatively. If one assumes on
average the total aerosol loading to be comparable
inside and outside of clouds, a high number of ambient
ice crystals larger than 40 um should result in signifi-
cant differences between in-cloud and out-of-cloud
INP concentrations.

c. INP data analysis

The number of INPs in the atmosphere is generally
low, representing only 1 in 10° atmospheric aero-
sol particles (Rogers et al. 1998). Hence, the detec-
tion of INPs must be approximated by Poisson
statistics (Rogers et al. 2001), and the uncertainty of a
measurement scales with the square root of the INP
count. Each INP concentration data point presented in
this study corresponds to 20 min of averaged INP counts
during which the wall temperatures were kept constant
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droplets and ice crystals
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instruments

Dryer: RH, <2 %

Impactor (D,,=0.9 pm)

PINC: ice nucleation and crystal
growth under set T and RH, conditions

Evaporation section: RH,= 100%

PINC - OPC: counts > 3 ym
classified as ice crystals

FIG. 2. Schematic of INP measurements with the PINC at the Jungfraujoch.

(for measurement conditions and total measurement
times, see Table 2). Before and after each measurement,
the sample air was drawn through a filter for 10 min to
check the background counts of the chamber (e.g., from
frost particles falling off the chamber walls). From these
two filter measurement periods, the mean background
was determined for the intermediary sample period.
INP concentrations were calculated as the averaged
counts during the sample period minus this averaged
background. The background counts also follow Poisson
statistics. The limit of detection is given for each mea-
surement by the 68% confidence interval of the mean
background count. The LOD depends on the tempera-
ture and humidity conditions in the chamber and
changes over time after ice coating the chamber walls.
As the background and thus the LOD have been ob-
served to change only gradually and without sudden
increases, a linear average between the two background
periods is reasonable. The typical detection limit was

between 0.3 and 2stdL ™" in January 2012. It was low-
ered to 0.1-0.45stdL ™! by using the concentrator during
CLACE2013 and 2014, which improved the signal to
noise ratio by a factor of 3.

The ice-active surface site density is given as n, (m ™~ 2) =
INP/A, with A being the total aerosol surface area per unit
volume (Connolly et al. 2009; Hoose and Mohler 2012).
Losses in the tubing are expected to be minor for the size
range sampled by PINC (0.1-1 wm). INPs that were too
large to pass the impactor have been accounted for by
INPjos¢ = 1A 081, With Ao being the total surface area of
particles that were omitted by the impactor derived from
optical particle size distributions. In the remainder of the
text, the corrected INPs concentrations (i.e., the sum of the
measured INP and the calculated omitted INPs that were
too large to enter PINC) are given in brackets after the
measured INP concentrations. For the 2012 campaign, no
size distribution measurements of particles larger than
0.6 um were available; thus, the INPs are corrected by the
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FIG. 3. (a)-(c) Wind direction distribution during the measurement periods. The color code indicates the hori-
zontal wind velocity (ms™!). (d) Ambient temperature during the measurement periods. Median values are given
as middle bars, mean values as squares. The box indicates the 25th and 75th and the whiskers the 5th and 95th
percentiles. The plus signs are the minimal and maximal values.

average omitted fraction from the 2013 and 2014 mea-
surements (10%) at the same chamber conditions. The
error of the INP); is calculated based on the Poisson error
of the measured INP and 40% error assumed for the
aerosol particle surface measurements.

As the process when an ice crystal starts forming on
an INP cannot be visually inspected in PINC, we refer
to deposition nucleation when RH conditions were set
to be subsaturated with respect to water where freez-
ing processes have a low probability to occur. When

chamber conditions were above water saturation, we
refer to the freezing process as condensation freezing.
This may include also cases of immersion freezing. As
droplet freezing processes are more efficient than de-
position nucleation, the latter plays only a minor role
above water saturation. More details regarding data
processing and analysis as well as the characterization
of the chamber are given in the appendix as well as
in Chou et al. (2011), Kanji et al. (2013), and Wex
et al. (2015).

TABLE 2. PINC measurement conditions: chamber temperature, relative humidity, and total sampling duration (f).

12-27 Jan 2012

21 Jan-28 Feb 2013

23 Jan-16 Feb 2014

T(K) RH;(%) RH, (%) t(th) T((K) RH;(%) RH, (%) t¢(th) T(K) RH;(%) RH, (%) t(h)
Deposition 241 127 93 62.3 241 127 93 138.9 241 127 93 54.6
Condensation — — — — — — — — 241 141 103 28.5
Deposition — — — — 248 110 86 1 — — — —
Deposition — — — — 248 123 96 0.8 247 119 93 19
Deposition — — — — 248 127 99 31 247 126 98 17.8
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d. Auxiliary instruments and data during field
campaigns

1) METEOROLOGICAL DATA

Ambient temperature and relative humidity, horizontal
wind direction and speed, and the occurrence of foehn
situations were received for the time periods of the mea-
surement campaigns from the Federal Office of Meteo-
rology and Climatology (MeteoSwiss; www.meteoswiss.
admin.ch).

2) AEROSOL NUMBER AND MASS
CONCENTRATION AND SIZE DISTRIBUTION
MEASUREMENTS

Total aerosol particle concentration larger than
0.01 wum was measured with a condensation particle
counter (TSI; model CPC 3772). A scanning mobility
particle sizer [SMPS; TSI; Differential Mobility An-
alyzer (DMA) model 3071; CPC model 3775] and an
optical particle counter (Grimm dust monitor, model
1.108) measured the aerosol particle size distribution
in the ranges 0.02-0.6-wm mobility diameter and 0.3—
20-um optical diameter, respectively. The CPC 3772,
SMPS, and OPC are part of the long-term monitoring
program of GAW and sampled from the GAW total
aerosol inlet in parallel to PINC. All particle concen-
trations are given at standard conditions and were cal-
culated by using the long-year average pressure at the
Jungfraujoch Sphinx laboratory of 654 hPa and a labora-
tory temperature of 7 = 298 K. The mass concentration of
PM10 is determined both in 24-h integrated high-volume
samples on quartz fiber filters (sampler: DHA-80, Digitel;
filters: Pallflex Tissuquartz, Pall Corporation) as well as
recorded continuously. The continuous PM10 observa-
tions are made with a betameter (Thermo ESM Andersen
FH62 I-R), which measures the attenuation of beta ra-
diation, emitted by a krypton-85 source, due to aerosol
particles that are sampled on a filter tape.

3) CLOUD PROBES: TIMES OF CLOUD PRESENCE

During CLACE2013 and CLACE2014, a particulate
volume monitor (PVM-100; Gerber Scientific, Inc.,
United States) and a cloud droplet probe (CDP;
Droplet Measurement Technologies, United States)
measured cloud liquid water content (LWC). The
PVM-100 measures LWC based on the scattering of
light (780-nm laser) in the forward direction by an
ensemble of particles passing between the trans-
mitter and receiver arms of the instrument (Gerber
1991; Wendisch et al. 2002). The CDP is a single
particle instrument that counts and sizes individual
cloud droplets based on light scattering at 4°-~12° in
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the forward direction by particles passing through a
658-nm laser beam (Lance et al. 2010). LWC can
subsequently be calculated from the measured CDP
cloud droplet size distributions. Cloud presence
times during CLACE2013 and CLACE2014 were
identified based on 5-min averages of LWC measured
with the PVM-100 and the CDP, with the LWC
threshold for classifying an in-cloud period defined
as 0.02gm °.

4) WIBS-4: PARTICLE FLUORESCENCE
MEASUREMENTS

From 2 to 17 February 2014, the Waveband Inte-
grated Bioaerosol Sensor (WIBS-4; Kaye et al. 2005;
Healy et al. 2012) measured single-particle fluores-
cence and an asymmetry factor of particles between
0.8- and 20-um optical diameter, which can be used to
infer biological aerosol concentration. This method
makes use of the laser-induced fluorescence of several
constituents of biological particles, such as amino acids,
coenzymes, or biopolymers (Pohlker et al. 2012). How-
ever, nonbiological aerosol particles, such as mineral
dust, have also been found to fluoresce and therefore may
interfere with the bioaerosol detection. The fluorescence
of atmospheric mineral dust can stem from the minerals
themselves or from biological material on the surface
of the dust grains. For the current study, a hierarchical
agglomerative cluster analysis method using the Ward
linkage and z-score normalization was applied to the
fluorescent population, which yielded a three-cluster so-
lution (Crawford et al. 2016). Two of the clusters were
weakly fluorescent and are consistent with mineral dust
(Pohlker et al. 2012). The third cluster was moderately
fluorescent in all channels, suggesting that this was
likely representative of biological material (Crawford
et al. 2014). For further details of the analysis method
used, see Crawford et al. (2015).

5) AETHALOMETER: BLACK CARBON
MEASUREMENTS

The equivalent black carbon (EBC) mass concentra-
tion was measured using an aethalometer (Magee Sci-
entific, Berkeley, California; model AE31) via the light
attenuation by aerosol particles deposited on a filter
tape. The reported EBC concentrations refer to a light
wavelength of 880nm and an instrument default mass

absorption cross section of 16.6m*g ™.

6) TRACE GAS MEASUREMENTS

From the continuous trace gas observations, measure-
ments of total reactive nitrogen (NO,) and carbon mon-
oxide (CO) were used as indicators for free-tropospheric
conditions (section 3b). NO, was measured as NO by
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chemiluminescence after conversion of NO, to NO on a
heated gold catalyst (CraNOx; Ecophysics; Pandey
Deolal et al. 2012). CO was measured by cavity ring-down
spectroscopy (G2401; Picarro, Inc.; Zellweger et al. 2012).

7) CLOUD WATER SAMPLES: STRONTIUM ISOTOPE
MEASUREMENTS

Cloud water samples were taken frequently on the ter-
race adjoining the Sphinx laboratory during CLACE2014.
Strontium (Sr) separation from the sample was done with
Sr-Spec resin similar to the method described in Stein et al.
(1997). The chemical analysis of the sodium, aluminum,
and strontium concentrations was done with an inductively
coupled plasma mass spectrometer (ICP-MS; Agilent
7500cx). The isotopic ratio of strontium (87Sr/8(’Sr)sam][,]e
was measured with a multicollector inductively coupled
plasma mass spectrometer (MC-ICP-MS; Neptune Plus).
The marine (*’Sr/**Sr) ratio is known to be homogeneous
in the ocean with a value of 0.70917 (Hodell et al. 1990).
Basalt and volcanic rocks have lower values, whereas
granite rocks and dust from the Sahara have higher ratio
values (Capo et al. 1998, and references therein). To get an
indication on the geochemical origin of the aerosol sam-
pled, we use the 687 parameter:

(87Sr/86Sr)Samplc

marine

with (¥’St/**St)marine = 0.70917. It describes how
strongly the sample ratio differs from the marine ratio.
A geographic overview of (*’Sr/*°Sr) measurements of
natural mineral waters in Europe and predicted surface
geology can be found in Voerkelius et al. (2010).
Comparing 887 to the Na/Al ratio, also commonly used
as a tracer for marine aerosol, shows that a smaller Na/
Al ratio corresponds to a higher absolute 887 [i.e., less
marine air (see appendix)]. For the strontium isotope
analysis, multiple cloud samples of one period had to be
combined (given by the Sr sample number in Table A1).
An overview of the sampling times and numbers as well
as more details on the sampling and analysis of the
cloud water are provided in the appendix.

8) IDENTIFICATION OF SAHARAN DUST EVENTS

The presence of a Saharan dust event (SDE) at the
Jungfraujoch is commonly identified by a negative
single-scattering albedo exponent (assa) during a pe-
riod of at least 4h (Collaud Coen et al. 2004). An in-
tegrating nephelometer (TSI; model 3563) measured
the aerosol total scattering coefficient at three different
wavelengths (450, 550, and 700 nm), while the absorp-
tion coefficients at the respective wavelengths were
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retrieved from the aethalometer measurements. From
these values, the single-scattering albedo (SSA) was
calculated for each of the wavelengths and fitted with a
power law as described by Collaud Coen et al. (2004) to
obtain the single-scattering albedo exponent agsa. The
SSA is generally positively correlated with the wavelength
for the Jungfraujoch background aerosol. However, when
Saharan dust is present, it decreases with wavelength, and
assa becomes negative as a result of the larger size and
different composition of the Saharan dust particles com-
pared to the non-Saharan dust aerosol particles. For low
particle concentrations close to the detection limit of
the nephelometer and aethalometer, the hourly values of
the SSA and hence agsa become very noisy, and thus the
criterion becomes increasingly uncertain on an hourly
base. During CLACE2014, one clear SDE was detected by
this method, which lasted for 4.5h. It was the maximum
of a period of about 4 days during which very low Saharan
dust concentration was present. A combined approach
using the agssa, PM10 mass concentration, particle size
distribution, and calculated back trajectories, as well as
particle dispersion model output in addition to the stron-
tium isotopic ratio analysis, was applied to determine the
presence of dust potentially originating from the Sahara
as well as other aerosol sources.

9) AIRMASS ORIGIN MODELING: FLEXPART
AND LAGRANTO

A four-dimensional response function (three spatial
dimensions plus time), the so-called footprint emission
sensitivity, was obtained from the Lagrangian flexi-
ble particle dispersion model (FLEXPART) products
browser at Empa (http://lagrange.empa.ch/FLEXPART _
browser/) (Stohl et al. 2005; Sturm et al. 2013; Pandey
Deolal et al. 2014). FLEXPART simulates the release of
50000 particles every 3h and follows them backward in
time. The Jungfraujoch at an altitude of 3580 m MSL was
chosen as the release location. It is driven by ECMWF
Integrated Forecast System wind fields. The footprint
emission sensitivity product is integrated over the lowest
100m above the surface and is proportional to the resi-
dence time of the particles over a unit area. It gives an
indication where emissions are likely to originate from (for
further information, see http://transport.nilu.no/flexpart/
model-information).

Using the Lagrangian analysis tool LAGRANTO
(Wernli and Davies 1997), an ensemble of 10-day back
trajectories was calculated for every 6 h. The trajectories
end at the position of the Jungfraujoch Sphinx station
at a pressure of p = 654hPa. To best capture random
variations and differences in transport with altitude, end
points were set additionally to 604, 704, and 754 hPa,
as well as to 0.5° north, south, east, and west of the
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Jungfraujoch. The pressure at the level of the trajectory
and the PBL height were tracked along each trajectory.

3. Results and discussion

In the following, the meteorological conditions during
the three campaigns are presented (section 3a) and
discussed in the context of PBL air influence (section
3b). An overview of the INP concentrations during the
three winter periods is given in section 3c. Their corre-
lation to different aerosol species and airmass origins is
discussed in section 3d, and the in-cloud versus out-of-
cloud INP loading is presented in section 3e. Three case
studies from CLACE2014 are analyzed in section 3f. We
compare the Jungfraujoch INP data to a large INP
dataset from the literature in section 3g. Last, we discuss
the effect of overpredicting average INP concentrations
by not reporting data below the detection limit in
section 3h.

a. Meteorological situation at the Jungfraujoch

During the 2012 campaign period, a high pressure
system over southern Europe persisted. The Jungfraujoch
was right at the edge of this system and continuously
influenced by cyclonic activity over north and east
Europe, leading to mostly northwesterly winds (91%
of the PINC measurement time, as shown in Fig. 3a;
mean wind speed during the measurement period:
10.9ms™1).

The weather pattern during CLACE2013 was very
progressive with frontal systems passing frequently. This
was interrupted by two stable situations: first, at the end
of January, with an Azore high leading to westerly flows,
and, second, during mid-February when a high-pressure
system developed over Scandinavia. At the very end of
CLACE2013, a cold air pool developed, leading to
lower temperatures in western Europe. The wind came
mainly from the northwest during the first part of the
campaign and from the east toward the end (86% of the
PINC measurement time, as shown in Fig. 3b; mean
wind speed: 7.7ms ).

During CLACE2014, low pressure systems frequently
passed Jungfraujoch. A persistent high pressure sys-
tem over eastern Europe led to a blocking situation.
Strong southeasterly winds occurred (mean wind
speed: 10.1ms 1), which were often associated with
foehn events. Only 45% of the PINC measurements
were obtained in northwest wind situations during
CLACE2014 (see Fig. 3c). The PINC measurement
time in clouds was 55% during CLACE2013 and 68%
during CLACE2014 (section 3e). No cloud event times
are available for the 2012 measurement period because
the PVM-100 was not installed. Ambient temperatures
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during the 2012 measurement period were, in general,
higher (T = 260K) than during the later campaigns
(256K in 2013 and 258K in 2014; Fig. 3d). During
CLACE2014, Saharan dust was advected over Swit-
zerland between 31 January and 2 February 2014. This
was confirmed by different methods and is discussed in
section 3f. No Saharan dust was detected during the
2012 and 2013 measurements with our methods de-
scribed in section 2d.

b. Free-tropospheric conditions

According to earlier studies, 60%—68% of the time
during winter the Jungfraujoch is exposed to free-
tropospheric conditions (Zellweger et al. 2003;
Herrmann et al. 2015). For the current study, the ratio of
NO, to CO was used as a tracer of PBL air influence or
local emissions, as suggested by Zellweger et al. (2003).
Close to anthropogenic sources, NO,/CO is about 0.1
and values of about 0.005 are typical for the free tro-
posphere (Jaeglé et al. 1998). Pandey Deolal et al.
(2013) compared the NO,/CO ratio to other tracer—
tracer ratios. They suggested a NO,/CO ratio of 0.008 to
distinguish between free-tropospheric and locally influ-
enced air at the Jungfraujoch. For an additional, in-
dependent airmass characterization, we also analyzed
back trajectories with respect to their residence time
in the PBL during the last 10 days before reaching
the Jungfraujoch. The NO,/CO and back trajectory
methods agreed about 75% of the time during
CLACE2014 when using the 0.005 threshold. During
CLACE2014, 21% of the INP measurements were
conducted when NO,/CO values below 0.005 were ob-
served and 64% below 0.008. During the three pe-
riods, the maximum NO,/CO ratio was 0.03 during
CLACE2014, which shows that pollution from tourism
and construction work at the Jungfraujoch was negligi-
ble. The EBC mass concentration was examined as an
indicator of the effect of PBL-influenced air masses or
local pollution on the aerosol loading. Peaks in the EBC
concentration usually correspond to times of higher
NO,/CO. The NO,/CO ratio was mostly below 0.005
during the measurement periods in 2012 (88 %) and 2013
(80%) (i.e., the conditions were mostly free tropo-
spheric). During the measurement period in 2012, the
lowest EBC concentration was observed (campaign
median: 7.3ngm °); CLACE2013 and CLACE2014
were slightly more polluted (campaign median: 16.55 and
14.4ngm 7, respectively). In conclusion, the CLACE2014
measurements seem to have been more often affected
by PBL air than the other measurement periods, but
the pollution level, which may affect ice nucleation,
was similarly low compared to that during the clearly
free-tropospheric periods.
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FIG. 4. Averaged INP concentration at 7 = 241 K in deposition
(RH,, = 93%, dashed line) and condensation (RH,, = 103%, solid
line) mode. See the caption of Fig. 3 for box-plot details. In black
are the measured INP concentrations; red includes the assumed
INP too large to be sampled by PINC.

c¢. Ice nucleating particle concentration

Figure 4 shows the median (middle bars) and mean
(squares) INP concentrations measured. This analysis
excludes data that fell below the limit of detection.
The INP concentrations as measured in PINC are in
black; those including the omitted INP are in red. In
January 2012, generally higher INP concentrations were
detected than during CLACE2013 and 2014, when INP
concentrations were similarly low. The general decrease
of the averaged data during CLACE2013 and 2014 com-
pared to 2012 is mostly related to the use of the concen-
trator and the lowered LOD. This means for the 2013 and
2014 campaign averages, we were able to include lower
sampled concentrations that were left out of the 2012
campaign average because of the higher LOD in 2012.
The highest INP concentrations during the campaigns in
2013 and 2014 are also lower than those of 2012 and un-
related to the LOD. In 2014, the condensation mode INP
concentration is, on average, one order of magnitude
higher than in deposition mode. It spans from less than
1stdL~!, which is comparable to concentrations found in
deposition mode, up to 45.6 (77.0)stdL. ..

In Fig. 5, 20-min averaged INP concentrations are
shown. When INP concentrations fell below the LOD,
a gray drop line expresses the range they lie within. The
upper limit of a drop line is equal to the LOD, which
changes depending on the quality of the corresponding
background measurements. The decrease of the LOD
due to the use of the concentrator is seen by shorter drop
lines in Figs. 5b and 5c compared to Fig. Sa. All three
plots show INP concentrations in the deposition regime
(RH,, = 93%). Only small variations can be seen for each
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of the three measurement periods. INP concentrations
range from 0.46 to 5.35stdL ™" (corrected: from 0.50 to
5.9stdL. ") in 2012, from 0.18 to 2.23 stdL.~! (from 0.2 to
3.3stdL™") in 2013, and from 0.15 to 3.8stdL ™' (from
0.2 to 5.2stdL™") in 2014 in the deposition regime.
During CLACE2014, usually INP concentrations of
0.4-10stdL "' were detected in the condensation regime,
where almost all data points are above the LOD; thus,
there are hardly any drop lines in Fig. 5d. However, in
the evening of 16 February 2014, a strong increase in the
condensation INP concentration to up to 45.6stdL ™"
(77.0stdL™') was observed, which is discussed in
section 3f.

d. Role of different ambient aerosol species as INP

1) BIOLOGICAL PARTICLES

Some biological particles are known to nucleate ice even
at temperatures warmer than 263K (Diehl et al. 2001;
Després et al. 2012; Hoose and Mohler 2012). Table 3
shows an overview of the ratios of fluorescent and non-
fluorescent particles to total particle concentrations
larger than 0.8 um as measured by the WIBS during
CLACE2014. Furthermore, the fluorescent particles were
subdivided into three clusters based on their fluorescent
signals. Clusters C1 and C2 are weakly fluorescent, rep-
resentative of mineral dust aerosol (Pohlker et al. 2012).
Cluster C3 is moderately fluorescent, and particles are
likely of biological origin (Crawford et al. 2014). Table 3
shows that the majority of particles were nonfluorescent
(74%) during the CLACE2014 PINC measurement time.
Almost all of the fluorescent particles were C2 particles
(i.e., likely mineral dust). Only a negligible fraction was
classified as biological (median = 0; mean = 0.005). Of
these particles, none was found in the size range of parti-
cles that could enter PINC (0.8-1 wm). Thus, biological
particles did not play a role for ice nucleation at Jung-
fraujoch during these wintertime measurement periods
(see also Crawford et al. 2016).

The condensation INPy4k 1039 correlated well with
the concentration of nonfluorescent particles (R> = 0.90)
of a size of 0.8-1 um. No correlation was found with fluo-
rescent particles from all three clusters and of the same
size, suggesting that the cause of the weak fluorescence
does not influence the ice nucleation activity. For de-
position INPs, no correlation was found with total particle
concentration in this size range which is in agreement
with the observation that the deposition INP concentra-
tions were very low and showed no temporal variability.

2) BLACK CARBON

EBC mass concentration correlated very weakly with
condensation INP,41k 1039% (R* = 0.11) and not at all
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FIG. 5. Time series of 20-min averages of INP concentration at 7 = 241 K in deposition mode (RH,, = 93%) in

(a) January 2012, (b) January and February 2013, (c) January and February 2014, and (d) condensation mode
(RH,, = 103%) during January and February 2014. Gray drop lines indicate the detection limit in cases when the INP
concentration = LOD. Black squares represent data that are above the detection limit. Error bars are given only for
a random subset for visual clarity. The red data indicate the corrected INP concentrations, for which also only

a random subset is shown.

with that in deposition mode INP,4;xk 939, (negative Rz)
during CLACE2014. A similar trend is seen also for the
campaign averages. About 3-times-higher deposition
INP>41k 939 were found in January 2012 when EBC was
the lowest. The INP,4k 939, Were comparably low during
CLACE2013 and 2014, even though EBC concentrations
were similar to 2012 levels, and the NO,/CO indicated
more PBL air influence during CLACE2014. This is in
agreement with earlier observations by Chou et al. (2011)
for INP,41k 93%. Kamphus et al. (2010) also did not find
EBC to be enriched in ice crystal residuals compared to
the ambient aerosol. However, this is in contrast to Cozic
et al. (2008), who found enrichment of EBC in ice crystal
residuals, and to Targino et al. (2009), who observed an
enhancement of the ice phase in clouds at the Jungfraujoch
during times of elevated pollution.

3) SAHARAN DUST

The PM10 concentration was below 7 ugm > through-
out CLACE2014 and also during the SDE in early Feb-
ruary 2014. Conen et al. (2015) classified periods of

PM10 < 10 ugm > at the Jungfraujoch as periods with-
out Saharan influence. This shows that the detected SDE
(see section 2d) was comparably weak in terms of dust
particle mass concentration. Our measurements be-
low water saturation at 7 = 247K, INP247x 93%, and
INP,47x 059 revealed that this weak SDE had no effect on
the deposition INP concentration at this temperature. A
small increase of a factor of 2 compared to the campaign
average was observed for deposition INP,4 1k 939. Chou
et al. (2011) saw an increase of INPy4k 39, at these

TABLE 3. Median ratio of (non)fluorescent particles to total
particles as measured with the WIBS.

0.8-1 um 0.8-20 um
Median Std dev Median Std dev
Nonfluorescent 0.81 0.17 0.74 0.14
Fluorescent 0.19 0.17 0.26 0.14
C1 0 0.01 0.05 0.05
Cc2 0.19 0.17 0.19 0.11
C3 0 0.001 0 0.01
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FIG. 6. INP concentration at 7' = 241 K in (a) deposition (RH,, = 93%) and (b) condensation mode (RH,, = 103%)
and 887 from the cloud samples taken in parallel to INP measurements. (c),(d) The ice-active surface site density n in
both modes is shown. The combined cloud water sample (Sr sample) numbers are in brackets, and their time of
collection can be found in Table A1. Error bars represent the standard deviation of the INP measurements during the
period of each cloud sample. In (a) and (b), the corrected INP concentrations are indicated in gray.

chamber conditions by a factor of 2-20 during an SDE in
June 2009. The smaller increase in INP,4;x 939, during
CLACE2014 SDE likely stems from the lower concen-
trations of dust particles, which also led to the agsa SDE
criteria not being met during most of the SDE. Chou et al.
(2011) found an increase from less than 1 X 10! to over
20 X 10" meters per standard cubic centimeters (m? std
cm ™) in total aerosol surface area during a SDE,
whereas during CLACE2014 the maximum total surface
area was 1.8 X 10" and 0.6 X 10" "' m?stdcm > during
the small SDE.

4) MARINE AEROSOL VERSUS BASALTIC AND
SAHARAN DUST

In Fig. 6, deposition INP,41x 939, (Fig. 6a) and con-
densation INPy4 1k 1039 (Fig. 6b) are compared to the
687 measured in-cloud samples that were collected

during the time of the INP measurements. The positive
687 of samples 4 and 6 indicate that the samples
contained a mixture of marine and granitoid or Saharan
dust aerosol. Sample 3 contained a substantial amount
of Saharan dust, as indicated by its very high, positive
687 value and low Na/Al value compared to the other
samples (Fig. Al in appendix). Sample 1 had a 687 value
close to zero and a maximal Na/Al value (see Fig. Al),
indicating that this sample was dominated by marine
aerosol. The marine aerosol particles are likely com-
posed of sea salt and a nonfluorescent organic fraction
(Parlanti et al. 2000; Stedmon et al. 2003), because the
concentration of fluorescent biological aerosol particles
was very low and given the long transport times from the
marine source to the Jungfraujoch. Samples 5 and 7 were
influenced by aerosols arising from basaltic or volcanic
bedrock (negative §87). These findings are supported by
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TABLE 4. Median particle concentration CN and total surface area A, INP concentrations, and ice-active surface site density at 7 =
241 K in deposition (RH,, = 93%) and condensation (RH,, = 103%) for cloudy and cloud-free conditions during CLACE2014. Corrected

INP concentrations are given in parentheses. The size ranges in the CN and A columns are d,, = 0.01-3 and 0.02-20 um, respectively.

CN A Deposition INP Condensation INP Deposition n; Condensation ny
(stdem ™) (m? stdem™3) (stdL™h) (stdL™h) (m™?) (m™?)
In cloud 229 3.0x 10712 0.43 (0.57) 2.57 (3.07) 2.55 X 108 1.37 x 10°
Out of cloud 445 25%x10712 0.44 (0.50) 2.25 (2.38) 3.07 X 108 8.09 x 108

airmass back trajectory analysis. As the ¥’Sr/*°Sr values
observed for samples 5 and 7 are higher than those
typically found for basaltic rock (Faure 1986), we sug-
gest that these samples represent a mixture of marine
and basaltic aerosols.

In the deposition mode (Fig. 6a) no clear differences
were found between the INP,4;x 939, of the basaltic,
marine, and Saharan samples. Only when taking
the omitted INP into account, the Saharan sample 3
showed a factor-of-3-higher INP,4;k 939 than the marine
sample 1. Condensation INP,4k 1039 (Fig. 6b) were, on
average, higher for the Saharan-marine samples 4 and 6
than for the basaltic samples 5 and 7 and were similar to
the marine sample 1. However, when normalizing the
INP data by the total aerosol surface area, the Saharan
samples 3 and 6 show a lower n, than the basaltic samples
5 and 7 in deposition mode (Figs. 6¢,d). In condensation
mode at 241K, all samples have a similar n,, with the
marine sample 1 being the most ice-active. This is an
indication that, with only weak continental sources, ice
nucleation in the free troposphere even far away from
oceans can be dominated by likely nonviable marine
aerosol, similar to the observations by Knopf et al. (2014)
for a boundary layer site.

e. In and out of clouds, wind direction, and other
meteorological parameters

During CLACE2014, 68% of the INP measurements
were made during in-cloud conditions. Table 4 sum-
marizes the median aerosol particle and INP concen-
trations in and out of cloud. There were, on average, a
factor of 2 more aerosol particles in the size range of
the CPC (=0.01 um) during cloud-free periods than
during cloudy ones. Yet a larger (20%) total aerosol
surface area was found in clouds, indicating that there
were more large particles in cloud than out of cloud.
This is in line with 14% (corrected: 29%) higher me-
dian condensation INP,41x 103% in cloud than out of
cloud. However, in light of the relatively high un-
certainty of the INP concentrations, these results are
not significant.

Herrmann et al. (2015) also found higher concentra-
tions of particles below 600nm out of cloud than in cloud
under free-tropospheric conditions in winter. They

attribute this to wet removal processes, as Stopelli
et al. (2015) observed that most clouds in winter have
precipitated before reaching Jungfraujoch. Whereas
Stopelli et al. (2015) showed that INP active at T =
263K are depleted in precipitating clouds at Jungfraujoch,
our studies show that the INPs active at T = 241K (i.e.,
below ambient temperatures) are not depleted, which is to
be expected.

Figure 7 shows INP concentrations from CLACE2013
and CLACE2014 during south wind and north wind
conditions. For INP,41k 939, the wind direction does
not make a difference in the INP concentration. Above
water saturation, there are, on average, about 40%
more INP4ix 103% found during southeasterly than
during northwesterly conditions. Air masses coming
from the southeast are more likely to carry dust parti-
cles than those from the north (Collaud Coen et al.
2011). This was the case during the CLACE2014 SDE
as well as most of the event on 16 February (next sec-
tion), both of which were periods of increased INP
concentrations. Another possible explanation for the
difference between north and south winds is that south
winds are more often related to foehn events, which can
transport PBL air to the Jungfraujoch also in winter.
However, since no correlation between the INP con-
centration and the occurrence of foehn events was
found, we conclude that foehn has no effect on INP
concentrations at Jungfraujoch.

In contrast to what Conen et al. (2015) found for INPs
active at T = 265 K, we did not observe any correlation
between INP concentrations at 7 = 241K and the
ambient temperature, which is likely because of the
ambient temperatures being warmer than 241 K. Nei-
ther was any correlation found with wind speed or
relative humidity.

f- Case studies during CLACE2014: Effect of
aerosol particle size and source

In this section, three cases are discussed in more de-
tail. We focus on CLACE2014 due to the availability of
condensation mode and WIBS data. Figure 8 shows an
overview of INP and particle concentrations in different
size ranges as well as the concentration of fluorescent
particles.
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1) CAsE 1 showed no increase in INP concentration compared to

From 0856 to 1337 local time (LT) 2 February 2014, an
SDE was detected based on the agsa criterion (see section
2c). The SDE is also evidenced by the increase in the
concentration of particles with diameters between 0.5 and
1 pm and between 0.8 and 20 um, as shown in Fig. 8d. The
aerosol size distribution shows that larger particles such
as dust were also present on 1 February and in the evening
of 2 February 2014. Isotope samples 2, 3, 4, and 6 show a
positive 687 value, pointing to granite or Saharan dust as
the main aerosol species, with a distinct maximum for
sample 3 on 1 February (Fig. 6a). From 1200 LT 31 Janu-
ary until 1800 LT 4 February , some of the back trajectories
indicate that the air masses reaching the Jungfraujoch at
the beginning of February passed close to the ground in the
Sahara. On 1 February, this is the case for most of the
trajectories, as shown in Fig. 9a. Footprint emission sen-
sitivities from the FLEXPART model also indicate Sa-
haran influence from 31 January through 2 February 2014
(Fig. 9d). This demonstrates that the air masses may have
carried Saharan dust even during times when the agsa
criterion was not met and PM10 values were low.

During this comparably weak SDE, INP measure-
ments at 7 = 247K and RH,, = 93% and at RH,, = 98%

the rest of the measurement period, implying that the
dust particles entering PINC were not ice active at
these conditions and either required higher RH or lower
T to form ice. At T = 241K, an increase to 0.85 (2.1)
stdL ™! above the campaign median INP,41k 939, concen-
trations of 0.43 (0.55)stdL ™' (see Fig. 8a) was observed at
1200 LT 1 February, when an increased concentration of
larger particles was present. Only one measurement in the
condensation mode INPyix 1030 of 104 (14.6) stdL !
coincided with increased concentrations of large parti-
cles during the evening of 2 February. This indicates
that the dust particles activated at these conditions,
even though the signal is weak both in the deposition
and condensation regime.

2) CASE2

An event of elevated INP,4;1x 939, concentrations of
2.9 (3.4)stdL ™! occurred from 1000 to 1130 LT 10 February
2014 (Fig. 8a). This corresponds to the tail of an event of
increased aerosol concentrations at sizes of several mi-
crons, which started the night before and is visible in the
OPC data (Fig. 8d) and in the WIBS total and fluorescent
aerosol particle concentrations (Fig. 8e¢). The latter finding
indicates that a fraction of the particles were fluorescent
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in more detail in section 3f.

mineral dust particles (section 2d). The presence of dust is
further supported by the agsa being negative from 0900 to
1000 LT 10 February. Because of a hardware failure, no
WIBS data are available for the morning of 10 February.
The 887 value was —0.74, indicating basaltic or volcanic
rock as the aerosol origin (see Fig. 6a). Hence, during this
event the increased deposition INP concentration seems to
be linked to an increase in the concentration of non-
Saharan dust particles. Back trajectories and footprint
emission sensitivities from FLEXPART (Figs. 9b,e) in-
dicate mainly local sources in Switzerland and northern
Italy, with potential influence from the Iberian Peninsula.

No measurements at other PINC T and RH conditions
were conducted during this period.

3) CASE3

On 16 February 2014, a strong increase of conden-
sation INPo41x 1039 t045.6 (77.0) stdL ! was observed
(Fig. 8b). During this time, an increase in the con-
centration of particles with d,, = 0.5 wm occurred. The
assa SDE criterion was not met. The WIBS mea-
surements show a strong increase in nonfluorescent
particle counts but no increase in fluorescent particle
numbers. Air masses arriving on that day at 1800 LT
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were mostly influenced by sources on the Iberian condensation INP,41k 1039 Wwere either mainly of
Peninsula and from the Atlantic Ocean (see Fig. 9b). crustal origin with little biological content or potentially
FLEXPART confirms these regions as main sources large sea spray aerosols, which could not be distinguished
but also indicates a weak source sensitivity for parts of in our study because isotope data are not available
the Sahara. These results suggest that the efficient for this period.
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g. INPs at the Jungfraujoch in comparison to
DeMott et al. (2010)

Figure 10a shows an overview of INP concentrations
at relative humidities above water saturation from
several field and airborne studies in North America,
Brazil, and over the Pacific from DeMott et al. (2010)
overlain with the PINC condensation INP4ix 103%
as well as INP,41x 9s%. The latter ones were included
because water saturation still lies within the RH un-
certainty at these conditions. The INP data are the sum
of the measured INPs and the calculated omitted INPs
that were too large to enter PINC. Figure 10b is also
adapted from DeMott et al. (2010) and shows the INP
concentration in 3-K temperature bins versus the
aerosol particle concentrations of particles larger than
0.5 um (M4er0.5) from their comprehensive dataset to-
gether with the PINC measurements from CLACE2014.
Each constant temperature dataset was fitted with a
power law. The gray lines in Fig. 10b show the fits from
the original publication, and the magenta line is the fit to
the CLACE2014 INP241K’103%.

Figure 10a depicts that results from PINC are below the
majority of the data points from DeMott et al. (2010) at a
given temperature. It shows that the INP loading at the
Jungfraujoch, a remote continental site located mainly in
the free troposphere during winter, is low compared to
other INP datasets. This is likely due to a lower concen-
tration of aerosol particles larger than 0.5 wm at the Jung-
fraujoch, as seen in Fig. 10b. The CLACE2014 data points,
in magenta, all fall below n,e;05 = 1std cm™>, whereas
they range up to 20stdcm > in DeMott et al. (2010).

The INP concentrations from DeMott et al. (2010) get
larger and the power-law fit becomes better with de-
creasing temperature (from R* = 0.387 at 262K to R* =
0.5674 at 240K). The CLACE2014 INP concentrations
also get larger with decreasing temperature, and the
correlation with n,., o5 improves. At 247K, no correla-
tion with 7., 5 is found, whereas at 241 K R? = 0.31.
Despite the lower n,, o5, the particles have been com-
parably ice active during CLACE2014. The 241-K
dataset mostly overlaps with the 240-K dataset from
DeMott et al. (2010), which is reasonable given the ex-
perimental uncertainties. This is also true for our data at
247K and DeMott’s (2010) data at 246 K.

h. Data below the detection limit

In this last section, we address a common problem in
experimental work in general but particularly in atmo-
spheric INP measurements in clean environments. In the
current study, deposition INP,41k 939 were often close to or
below the limit of detection, as shown in Fig. 5. This was
also true for the measurements presented here at warmer
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temperatures. Typically, data falling below instrument
detection limits are disregarded (i.e., censored). However,
when measuring in the atmosphere, in very clean envi-
ronments like the Jungfraujoch in winter, INP concen-
trations often fall below the LOD of most current INP
counters. The number of censored data increases if a more
conservative confidence interval of 95% or 99% is used as
the LOD. The actual INP concentration during the time
of the measurement then can be any value between zero
and the LOD. We propose that this is still valuable in-
formation. If a large number of data points fall below the
LOD, the mean INP concentration depends on how and if
these data are accounted for. Not including data below the
LOD leads to an overestimation of mean INP concen-
tration, as depicted in Fig. 11. In the current dataset, mean
INP concentrations not including data below the LOD are
up to a factor of 4 higher than those that include them.
This overestimation is reduced with a higher signal-to-
noise ratio and less data points falling below the LOD.
Therefore, the overestimation of the condensation
INP41x 1039 due to this effect is only 10% (Fig. 11), which
is within the uncertainty of the INP measurements. Dif-
ferent methods have been suggested in the literature for
similar problems (e.g., Manly 2001; Chandler and Scott
2011). They range from being rather simplistic, for in-
stance setting all data points below the LOD to random
values between zero and the LOD, to being more elabo-
rate methods, which assume a certain distribution of
the censored data. To evaluate which of the suggested
methods applies best for the case of atmospheric INP
measurements lies beyond the scope of this paper. Nev-
ertheless, for future publications of ambient INP mea-
surements, we recommend to report the LOD and data
points falling below, in addition to the INP concentrations
and their uncertainty.

4. Conclusions

In this paper, INP concentration observations in the
free troposphere at the Jungfraujoch during the winter-
time in 2012-2014 were presented. Concentrations of
INP in the deposition nucleation regime, INP,41x 93%,
were found to be on average 1.09 = 0.78stdL "' (1.8 =
1stdL™") during January 2012 and 0.47 + 0.26 and 0.68 +
0.66stdL™! (0.5 = 0.4 and 0.9 + 0.9stdL ") during the
CLACE2013 and CLACE2014 campaigns, respectively.
In the condensation freezing regime, INP,41k 1039, in-
creased on average by an order of magnitude to 4.7 =
8.3stdL ™! (6.2 + 12.9stdL. ") compared to those in the
deposition regime during CLACE2014. During the 2013
and 2014 studies, an aerodynamic lens concentrator was
applied upstream of the PINC, which enriched particle
concentrations by a factor of 3 = 0.6. Hence, the signal to
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noise ratio was increased, which resulted in a lower de-
tection limit for INP concentrations. Compared to ear-
lier studies at several other locations, the observed
wintertime, free-tropospheric condensation INP con-
centrations at the Jungfraujoch are at the lower end.
However, normalizing the INP concentrations by the
number of aerosol particles larger than 0.5 um shows
that the aerosol particles at the Jungfraujoch are com-
parably ice active at T = 241 K.

The effects of different types of aerosol particle
sources on the INP concentrations were investi-
gated. Deposition INP,4;k 939, Were similar between
CLACE2013, which had lower NO,/CO values (free-
troposphere air), and CLACE2014, which seems to have
been more affected by PBL air. However, EBC con-
centrations were similarly low during CLACE2013 and
CLACE2014 and even lower during the 2012 measure-
ments, when higher INP concentrations were found in
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deposition mode. Whether periods of lower EBC values
are generally related to higher INP concentrations and if
the degree of PBL air influence affects INP concentra-
tions are subjects of an ongoing study. Only very low
concentrations of biological particles were observed
during CLACE2014 and were not found to play a role
for ice nucleation during these wintertime measure-
ments. The concentration of fluorescent particles, which
were mostly identified as fluorescent mineral dust, were
not observed to correlate with the INP concentration,
suggesting that the cause of the fluorescence does not
affect ice nucleation. A good correlation of non-
fluorescent aerosol particles larger than 0.8 um with
condensation INP,4ix 1039, but not with deposition
INP,41k 939% Was found. During 2014, Saharan dust par-
ticles led to a small increase of deposition INPo41x 939
and condensation INP,4ix 1039, but had no effect on
INP,41x 93% and INP,41x 0s9,. Evidence for the presence
of marine aerosol at the Jungfraujoch was found by
strontium isotope analysis of cloud samples (687 value
close to zero) and a maximum in the Na/Al ratio (17.3).
As the bioaerosol concentrations were so low, the marine
aerosol was likely mostly composed of sea salt as well as
some organic fraction, given the transport times from the
marine sources to the Jungfraujoch. Aerosol from marine
air masses was found to be slightly more ice active at
T = 241K and RH,, = 103% in terms of n, than that
containing Saharan or basaltic dust. However, because
of the higher concentrations of particles with d, =
0.5 um, absolute INP numbers were higher during the
SDE. In January and February 2015, additional cloud
samples were collected in parallel to measurements of
INP concentrations to be analyzed in a future study.
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This should further clarify the influence of airmass
origin on particle ice nucleating activity and the role of
marine aerosol in comparison to continental sources.

The role of Saharan dust as INP at the Jungfraujoch
was further supported by the observation that median
condensation INP concentrations were 40% higher
during south wind than during north wind conditions, as
air masses coming from the south are more likely to
transport Saharan dust.

We have shown that reporting ambient INP con-
centrations below the Poisson statistic-based LOD is
important for a more realistic representation of at-
mospheric INP concentrations. We recommend re-
porting the LOD as well as data points below the LOD
for future studies. When averaging ambient INP mea-
surements, a common method for accounting for data
points below the LOD should be agreed on within the
atmospheric INP measurement community. To lower the
instrumental LOD remains a challenge for current INP
counters.

Future measurements at the Jungfraujoch will in-
vestigate the seasonal variability of INP concentrations
as well as interannual variations. They will be conducted
at similar thermodynamic conditions as in the current
study. Coupling INP counters, such as PINC, with
methods of analyzing the chemical and physical nature
of the detected INPs, such as aerosol mass spectrome-
ters, will help us to understand the drivers of ice nucle-
ation in the atmosphere. For long-term observations of
atmospheric INPs, a further automation of INP mea-
surement techniques is desirable.
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APPENDIX

Chamber Characterization and Data Treatment
a. Particle losses in the tubing

Between the total aerosol inlet and the inlet of the
PINC chamber, approximately 7 m of 6- and 8-mm inner
diameter tubing was installed, in addition to several
splits and valves where other instruments were con-
nected. During the CLACE2013 and 2014, a second
CPC (TSI, model 3010) was installed right next to the
PINC chamber inlet to monitor the aerosol particle
concentration. During CLACE2013 the flow in the
tubing varied between 11.5 and 12.6 Lmin ', whereas
during CLACE2014 it was 12Lmin "' during the first
week of measurements and 11 Lmin ' for the remaining
time after the additional CPC was removed because of a
technical failure. The long tubing may have led to sig-
nificant particle losses. By comparing counts of the CPC
right next to the total aerosol inlet to the one right next
to the PINC chamber, the total loss of particles between
0.01-3 um was observed to be on average 25% = 19%
during CLACE2013 and 13% = 7% during the first
week of the CLACE2014 campaign. Similar losses are
assumed for the 2012 measurements because of a similar
experimental setup as in 2014. However, in the size
range, which dominates the ice nucleation in the PINC
chamber (0.1-1 um), fewer losses are expected, as nei-
ther Brownian motion nor impaction lead to significant
losses here. Therefore, no tubing loss correction is ap-
plied to the data.

b. Particle losses in the impactor and PINC chamber

Upstream of the PINC chamber, an impactor with
D50 = 0.9 um aerodynamic diameter was used to pre-
vent larger particles entering the chamber and being
miscounted as ice crystals. Size-dependent particle los-
ses in the impactor and the chamber itself have been
measured with Arizona test dust and montmorillonite,
respectively. Losses in the chamber alone were below
5%. For the impactor, size-dependent losses were found
(e.g., 50% at 720-nm and 83% at 1000-nm aerodynamic
diameter). The data presented here were corrected
with a fitted loss curve.
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c¢. PINC chamber characterization

Validation experiments using sulfuric acid, similar to
those described in Chou et al. (2011), were performed
between the CLACE2013 and CLACE2014 campaigns.
They showed that the temperature and relative humidity
conditions in PINC are established correctly at temper-
atures below 235K. An uncertainty in temperature of
0.4K and thus in relative humidity of 4% has been ob-
served similar to Kanji et al. (2013). Chou et al. (2011)
also validated the chamber at 7' = 243 K by observing the
deliquescence point of ammonium sulfate and homoge-
neous freezing of ammonium sulfate droplets at 233 K.
Furthermore, PINC participated in two instrument in-
tercomparison studies, which are published in Wex et al.
(2015) and Hiranuma et al. (2015). In both studies, PINC
results at RH,, = 105% and at temperatures below T =
261 K were found to compare well to those of other in-
struments that measured mostly in the immersion mode.
At temperatures above 7 = 261K, a high-enough su-
persaturation to compare to the immersion mode mea-
surements of other instruments is not reachable without
droplets surviving the evaporation section of PINC and
thus being miscounted as ice crystals. However, in de-
position and condensation mode, measurements are
possible up to 7= 265K and RH,, = 101%.

d. Cloud sampling and sample handling

Cloud samples were collected using a Teflon impac-
tion surface that was placed outside, on the Sphinx’s
lower terrace facing the wind. Supercooled droplets hit
the impaction surface and froze into rimed ice. Every
few hours, depending on the sample size, the impaction
surface with the cloud sample was brought inside, and
the sample was scraped into a clean ziplock bag using a
plastic spatula. After the rimed ice melted, it was col-
lected into 50-ml vials. The impact ion surface was
cleaned between samples by rinsing it with double dis-
tilled water (DDW) and superpure nitric acid at a vol-
umetric ratio of ~1:1000. Once a day, a blank sample
was taken by rinsing the sampler with DDW and col-
lecting it into a clean ziplock bag and then transferring it
to a 50-mL vial. Details of sampling times, amount col-
lected, samples’ Sr concentrations, and daily blank Sr
concentrations are provided in Table Al. After collec-
tion, the samples were brought to the clean laboratory
of the Institute of Earth Sciences at the Hebrew Uni-
versity of Jerusalem. The samples were acidified with
15 mol L™ nitric acid in a volume ratio of 1:100 and were
analyzed for metal concentrations with an ion coupled
plasma mass spectrometer (Agilent 7500cx; Santa Clara,
California). ICP-MS calibration was done using blanks
(DDW with a volumetric ratio of 1:100 HNO3), a series
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TABLE Al. Cloud sample times during CLACE2014.

Sample Start time End time Sample volume (mL) Sr concentration (ppt) Sr sample
Cloud-01 0915 LT 30 Jan 1215 LT 30 Jan 18 291 1
Cloud-02 1215 LT 30 Jan 1415 LT 30 Jan 16 327 1
Cloud-03 1415 LT 30 Jan 1700 LT 30 Jan 25 581 1
Cloud-04 1700 LT 30 Jan 1915 LT 30 Jan 22 579 1
Cloud-05 1915 LT 30 Jan 2300 LT 30 Jan 18 294 1
Blank140131 31 Jan 45 54
Cloud-06 0530 LT 31 Jan 0730 LT 31 Jan 12 699 2
Cloud-07 0730 LT 31 Jan 0930 LT 31 Jan 13 323 2
Cloud-08 0930 LT 31 Jan 1130 LT 31 Jan 19 234 2
Cloud-09 1130 LT 31 Jan 1430 LT 31 Jan 45 312 2
Cloud-10 1430 LT 31 Jan 1800 LT 31 Jan 27 689 2
Blank140201 1 Feb 50 58
Cloud-11 0945 LT 1 Feb 1230 LT 1 Feb 37 3832 3
Cloud-12 1230 LT 1 Feb 1630 LT 1 Feb 7 5348 3
Cloud-13 1630 LT 1 Feb 2100 LT 1 Feb 69 565 3
Cloud-14 2100 LT 1 Feb 2315 LT 1 Feb 36 526 4
Cloud-15 2315LT 1 Feb 0530 LT 2 Feb 12 877 4
Blank140203 3 Feb 52 99
Cloud-16 0800 LT 3 Feb 1215 LT 3 Feb 148 172 5
Cloud-17 0915 LT 3 Feb 1215 LT 3 Feb 51 534 5
Cloud-18 0915 LT 3 Feb 1215 LT 3 Feb 34 2272 5
Cloud-19 0915 LT 3 Feb 1215 LT 3 Feb 103 205 5
Blank140204 4 Feb 48 60
Cloud-20 0915 LT 4 Feb 1215 LT 4 Feb 28 746 6
Blank140205 5 Feb 50 77
Cloud-21 0915 LT 5 Feb 1215 LT 5 Feb 28 315 6
Blank140207 7 Feb 50 70
Cloud-23 0900 LT 7 Feb 1300 LT 7 Feb 10 623 7
Cloud-24 1300 LT 7 Feb 1730 LT 7 Feb 54 227 7

of multielement standard solutions (1ng L™ '-100 ug L ™!
Merck multielement VI), and major elements standards
(300 ug L™ '-3mg L~ 1). For drift correction, a solution of
internal standards was injected with the sample input
(50 ugL~" Sc, SugL ™! Re and Rh). The precision was
examined using standard reference samples (USGS SRS
T-199 and T-207), and accuracy was assessed by repeating
the measurements of several samples. Analytical de-
tection limit, precision, and accuracy values of the rele-
vant elements for this paper (Na, Al, and Sr) are provided
in Table A2. The isotopic ratio of Sr (¥’Sr/*°Sr) was
measured using the multicollector inductively coupled
plasma mass spectrometer (Neptune Plus) (Fig. Al shows
the 687 parameter vs. the Na/Al ratio, a commonly used
tracer for marine aerosol. A smaller Na/Al ratio corre-
sponds to a higher absolute 687, i.e., less marine air.) To

TABLE A2. Cloud sample analysis quality.

Element  Mean precision ~ Mean accuracy  Detection limit
Na 1% 92% 10 ppb
Al 2% 96% 0.03 ppb
Sr 1% 99% 10 ppt

separate the Sr from the sample, we used Sr-Spec resin
and followed the method described in Stein et al. (1997).
A strontium carbonate isotopic standard [National In-
stitute of Standards and Technology (NIST) SRM 987]

204 .
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FIG. Al. Na/Al ratio vs 687, indicating the geochemical origin of
the aerosol. Times of the specific samples can be found in Table A1.
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was measured every three samples and had a mean value
of 0.71024 *+ 0.00001 (1o, n = 4). The (*Sr/*°Sr) values
were corrected for mass fractionation to S°Sr/*Sr =
0.1194.
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