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Abstract.

For three austral summer seasons (2013-2016, each from December to February) aerosol particles arriving at the Belgian
Antarctic research station Princess Elisabeth (PE), in Dronning Maud Land in East Antarctica were characterized in terms
of number concentrations of total aerosol particles (Ncn) and cloud condensation nuclei (Nccn), the particle number size
distribution (PNSD), the aerosol particle hygroscopicity and the influence of the air mass origin on Non an@@q. In general
Ncn was found to range from 40 to 6700 cm 2 with a median of 333 cm 2, while Nocn was found to cover a range between
less than 10 and 1300 cm 2 for supersaturations (S.5) between 0.1 and 0.7 %. It is shown that the aerosol is Aitken mode
dominated and is characterized by a significant amount of freshly, secondarily formed aerosol particles, with 94 % and 36 % of
the aerosol particles are smaller than 90 nm and ~ 35 nm, respectively. Measurements of the basic meteorological parameters
as well as the history of the air masses arriving at the measurement station indicate that the station is influenced by both, con-
tinental air masses originating from the Antarctic inland ice sheet/(continental events - CE) and marine air masses originating
from the Southern Ocean (marine events- ME). CEs came along with rather constant Ncn and Nocen values, which we denote
to be Antarctic continental background concentrations. MEs however cause large fluctuations in N¢on and Ncoeon caused by
scavenging due to precipitation(or new particle formation based on marine precursors: The application of Hysplit back trajec-
tories in form of the potential source contribution function (PSCF) analysis indicate, that the region of the Southern Ocean is a
potential source of Aitken mode particles. For particles larger than =~ 110 nm (CCN measured at S.S of 0.1 %) the Antarctic ice
shelf regions were found to be a potential source region, most likely due to the emission of sea salt aerosol particles, released
from snow particles from surface snow layers by sublimation, e.g., during periods of high wind speed, leading to drifting or
blowing snow. On the basis of the PNSDs and N¢cn, the critical diameter for cloud droplet activation and the aerosol particle
hygroscopicity parameter x were determined to be 110 nm and 1, respectively, for a S.S of 0.1 %. The region of the Antarctic
inland plateau however was not found to feature a significant source region for CN and CCN measured at the PE station in

austral summer.
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1 Introduction

Aerosol particles can be emitted into the atmosphere either directly e.g., by mechanical processes or combustion, or indirectly,
due to nucleation from the gas-phase. Under specific conditions, aerosol particles can act as cloud condensation nuclei (CCN)
and form cloud droplets. Whether a particle forms a cloud droplet depends on the chemical composition and the size of the
particle as well as the surrounding supersaturation (SS). Aerosol particles can influence the climate either directly, by scattering
or absorption of solar radiation, or indirectly due to their impact on cloud formation and cloud properties as e.g., the cloud
albedo (Twomey, 1974) or on the lifetime of clouds (Albrecht, 1989). The direct effect of aerosol particles is well understood.
In contrast to this, the manifold indirect aerosol effects are less understood. The influence of indirect aerosol effects on the
global climate and the radiative forcing still features a low confidence level and large uncertainties (IPCC, 2013). The jmpact
of aerosol particles en—elimate-and-global-radiativeforeing is mainly determined by their physical and chemical properties.
Investigations of these properties of aerosol particles in general and of CCN in particular by means of in situ measurements
at various different sites and conditions are a-necessary to lower these uncertainties. The Antarctic region is particularly in-
teresting for aerosol particle and CCN in situ studies for two reasons. Firstly, Antarctica is located far from anthropogenic
activities and is one of the most pristine areas on the globe (Hamilton et al., 2014). Thus, it is a favorable environment for
studying natural aerosol particle background conditions and processes that prevailed in a preindustrial atmosphere. A more ac-
curate knowledge about preindustrial aerosol proce@conditions and properties is important for a reduction of uncertainties
of model estimates concerning radiative forcing (Hamilton et al., 2014; Carslaw et al., 2013). Secondly, similar to the Arctic,
the Antarctic region is extremely sensitive to climate change. Jacka and Budd (1998) analyzed surface temperature data of 16
stations on the Antarctic continent and 22 stations on Southern Ocean island, and found warming rates of 0.9-1.2 °C and 0.7-1
°C, respectively. In particular in the West Antarctic and the Antarctic Peninsula the warming is several times higher than in
other regions (Jacka and Budd, 1998; Vaughan et al., 2003; Kravchenko et al., 2011; IPCC, 2013). The Antarctic sea ice as
well as the inland ice sheet are potentially subject to change in such a changing environment. However, at the moment, the
southern hemisphereg has not shown a decrease in sea ice extent. Cavalieri and Parkinson (2008) and Parkinson and Cavalieri
(2012) even found a positive trend in the annual maximum Southern Ocean sea ice extend. Both, the sea ice area and the open
water area have the potential to emit aerosol particles into the atmosphere. Sea ice is a potential source for sea salt aerosol
particles (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998) and nitrogen (Dall’Osto et al., 2017) and open
sea water may emit sea spray aerosol and precursors for new particle formation (Liss and Lovelock, 2008; Modini et al., 2015).
Therefore, variations in sea ice coverage will likely lead to changes in the nature of aerosol particle sources. The mass balance
of the Antarctic ice sheet also shows|quite unexpected trends. Velicogna and Wahr (2006) and Shepherd et al. (2012) found that
the ice sheets of West Antarctica and the Antarctic Peninsula had lost mass, whereas the East Antarctic ice sheet had gained
mass. The gain of ice mass in East Antarctica is also confirmed by Martin-Espafiol et al. (2017), however they found it to be
smaller than losses in West Antarctica. As precipitation, which is linked to the abundance of|(CCN, is the only source of mass
gain to the Antarctic ice sheet, it is necessary to study the properties of these aerosol particles as well as their impact on cloud

formation and precipitation, their sources, sinks and pathways in the changing environment of Antarctica.
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conducted at different Antarctic research stations during the last decades

including new particle formation, seasonal cycles of number and mass concentrations as well as size distributions, chemical
composition, hygroscopicity and optical properties of aerosol particl rthermore, some studies have reported on Antarctic
CCN properties, however the locations they cover are limited to the Antarctic Peninsula (DeFelice, 1996; DeFelice et al., 1997,
Kim et al., 2017) or the area of the Weddell Sea on the Brunt Ice Shelf (O’Shea et al., 2017). Both locations are part of West
Antarctica and especially the Antarctic Peninsula is mainly influenced by marine air masses that directly originate from the
Southern Ocean. Tolachieve a more detailed picture of Antarctic CCN, further measurements that can be used to characterize
CCN in the eastern and especially in the central part (Antaretie inland plateau) of Antarctica, are needed.

To gain further knowledge about aerosol particle and particularly CCN properties in East Antarctica, we conducted measure-
ments at the Belgian Antarctic research station Princess Elisabeth (PE), in Dronning Maud Land. For three austral summer
seasons (2013-2016, always from December to February) a Condensation Particle Counter (CPC), a Cloud Condensation Nu-
cleus counter (CCNc) and a Laser Aerosol Spectrometer (LAS) were used to measure simultaneously aerosol particle and
CCN properties inside the East Antarctic boundary layer. In addition, the present study introduces meteorological data, col-
lected by an automatic weather station, as well as the history of the measured air masses, calculated by means of the Numerical
Atmospheric-dispersion Modelling Environment (NAME) and the NOAA HYSPLIT trajectory model. This data set has en-
abled the study of the variability of the Condensatior@lei (CN) and CCN number concentrations, to identify their sources,
sinks and transport pathways and to analyze the particle hygroscopicity during austral summer in East Antarctica. The special
location of the PE station in the escarpment zone with catabatic winds coming from the Antarctic inland ice sheet, further

allows an insight into the state of aerosol particle and CCN properties of continental Antarctica.

2 Experimental procedure and methods
2.1 Measuring site and meteorology

The measurements presented in this study were all performed at the Belgian Antarctic research station Princess Elisabeth
(PE, Figure la), in Dronning Maud Land, East Antarctica (71.95° S, 23.35° E, 1390 m asl., around 200 km away from the
Antarctic coast). The PE station is located upon the granite ridge of Utsteinen Nunatak in the Dronning Maud Land region of
East Antarctica and lies north of the Sgr Rondane Mountain Range, that has peaks up to an altitude of 3300 m asl. This area
is located in the escarpment zone between the Antarctic inland plateau and the coast which can be seen in the topographic
map of Antarctica in Figure 1b. A more detailed description of the measuring station and its near surrounding is given by
Gorodetskaya et al. (2013). The PE station is designed as a zero emission station with power production mainly based on wind
and solar energy (see www.antarcticstation.org). This reduces local emissions which makes the PE station an excellent base
for conducting in situ aerosol particle measurements. Nevertheless, general station activities, traffic by skidoos or bulldozers,
and irregular diesel generator operation times cause contamination which is however disearded-in the final data (see section

2.2). The station is inhabited from November through the end of February. During the other month, the station and most of its
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scientific instruments are operated under remote control. As the Cloud Condensation Nuclei counter used for this study needs
an operator on site, we mainly present data collected from December to February during three subsequent austral summers
(2013-2016).

The basic meteorological parameters (temperature, pressure, relative humidity, wind speed and wind direction) were measured
by means of an automatic weather station (AWS, Gorodetskaya et al., 2013) which was located 300 m east of PE. Precipitation
was measured on the roof top of PE using a METEK MRR-2 radar. Details about the AWS and the precipitation radar can be
found in Gorodetskaya et al. (2013) and Gorodetskaya et al. (2015), respectively. Generally, the meteorological situation at PE
is characterized by either synoptic regimes, which usually correspond to strong easterly winds, or a katabatic regime, that is
mostly associated with relatively weak south-southeasterly winds (Gorodetskaya et al., 2013). The two different meteorological
situations can be identified based on wind speed and wind direction, which are both depicted in the form of a wind rose in
Figure 1c (exemplarily based on measurements between December 18, 2015 to February 20, 2016 in the third season). The more
frequent easterly winds clearly correspond to higher wind speeds, mainly over 5@/s, whereas the less frequently occurring
southerly winds are usually below 5 m/s. Additional meteorological parameters for each year are shown in Figure 2 as a time
series of hourly (gray lines) and daily averaged (red lines) values. Respective seasonal mean values together with the standard
deviation, minimum and maximum for the period from December 1 to February 20 are shown in Table 1. The mean values
as well as the fluctuation in the meteorological parameters show no large differences between the three measurement periods.
Due to the shielding effect of the Sgr Rondane Mountains to the South, the climate at PE is relatively mild for an Antarctic site

(Gorodetskaya et al., 2013).
2.2 Instrumentation and data processing

The total particle number concentration (Ncn) was measured by a Condensation Particle Counter (CPC, TSI model 3776),
which has a lower cut off at 3nm and was operated at a total flow rate of 1.51/m. The CPC was first installed for continuous
operation in November 2012. Due to several power outages in austral winter, data coverage of the winter months was not equal
between the years and the CPC was restarted in the respective austral summers. The last data for this study was measured
in May 2016. The inlet tubing for the CPC consisted of a 1 m long vertical 0.5(in stainless steel tubing (not heated) installed
tightly through the roof of the measurement container. Inside, 0.7 m of a 3/8in (0.19in inner diameter) conductive flexible
tubing made the connection to the CPC with only a'smooth bend just before the inlet at the front of the CPC. On the roof of
the container, 0.15 m of the same flexible tubing was connected to the stainless steel tubing in order to serve as inlet without a
size cut-off. With this kind of inlet, there were never issues with inlets clogged by snow during storms, in particular important
during the non-inhabited winter periods. Clogging of inlets caused by riming never happened due to the extreme dryness at the
measurement site. The CPC was operated with a 4 1 butanol reservoir bottle. Consumption of butanol was between 3 to 3.51 for
a complete year of measurements. Each austral summer the CPC was checked on leaks and the butanol was exchanged. The
procedure to assure non-contaminated data is described further below.

In parallel to Non the particle number size distribution (PN S D) was measured by means of a Laser Aerosol Spectrometer

(LAS, TSI model 3340) in the size range from 90 nm up to 6.8 um (99 log-distributed channels). The inlet setup and tubing for
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the LAS is similar to the one for the CPC and installed directly next to that one. However, inside, first 0.5 m of a 1/8 in (inner
diameter) and then 0.2 m of a 1/16in (inner diameter) conductive flexible tubing made the connection (no bend) to the mea-
surement chamber of the LAS. The LAS was operated with a sample flow rate of 0.071/min with a sheath flow of 0.61/min.
The LAS was maintained and re-calibrated in spring 2015 by TSI Inc. In October 2015, before shipment to Antarctica, the
LAS was compared to an SMPS system (DMA type Medium Hauke; CPC, TSI model 3010) at the cloud laboratory of the
Leibniz Institute for Tropospheric Research (TROPOS). 18 selected sizes (80, 90, 100, 110, 120, 130, 140, 150, 175, 200, 250,
300, 350, 400, 500, 600, 700, 800 nm) of ammonium sulphate particles and 4 sizes (100, 500, 700, 800 nm) of PSL™ standard
solutions were used to validate the counts of the LAS. Necessary corrections were high in the two LAS channels below 100 nm
(around +70 %)@inct in the two channels around 100 nm (+ 10 %) and low in the other size ranges up to 800 nm (between 1
to 5 %, negative and positive corrections). These corrections were applied to the LAS data set used for this study. In this study,
we continuously use hourly averaged Ncn values and PN S Ds.

The number concentration of cloud condensation nuclei (Nccon) was measured using a Cloud Condensation Nuclei counter
(CCNc, Droplet Measurement Technologies (DMT), Boulder, USA). The CCNc is a continuous-flow thermal-gradient diffu-
sion chamber which is described in detail by Roberts and Nenes (2005). The inlet tubing for the CCNc consisted of a 2.2 m
long vertical conductive flexible tubing (similar to the one used for the CPC and LAS) with only a smooth bend just before the
inlet of the CCNc. The inlet outside was directly next to the inlets of the CPC and LAS. The CCNc was operated as recom-
mended by Gysel and Stratmann (2013) for polydisperse CCN measurements. The CCNc was operated at a constant total flow
rate of 0.51/m and at 5 different supersaturations (SS; 0.1, 0.2, 0.3, 0.5 and 0.7 %), each for 12 minutes per hour. To ensure
stable column temperatures, the first 5 min and the last 30 sec at each S'S setting were excluded from the data analysis. The
remaining data points were averaged, so that the result is one Nccon value per S\S per hour. For consistency checks between
Ncn and Ngoon also 1% SS was adjusted at times (but data at that SS were not included in the analysis presented in here).
Prior to each of the three measurement periods in Antarctica a .S.S calibration of the CCNc was done at the cloud laboratory of
the Leibniz Institute for Tropospheric Research (TROPOS). These calibrations were performed with size selected ammonium
sulfate particles and for pressure conditions relevant for the PE station (approximately 820 hPa), based on recommendations
given by Gysel and Stratmann (2013) and Rose et al. (2008). All values (Ncn, Ncoen and PN S D) are presented with respect
to standard conditions, i.e., a pressure of 1013.25 hPa and a temperature of 293.15 K.

The container for the aerosol measurements is located 60 m south of the PE main station (Figure 1a). Given that the PE station
is designed as a@)-emission- the daily activities are concentrated in the W-NW sector, and the distribution of the
wind direction (Figure 1c¢), the container was most often exposed to non-contaminated air. The container is well-insulated and
equipped with a small heater. Heating was hardly necessary in austral summer (due to 24 hour sun light). However, there is no
air conditioning system (due to energy demand; remote control during austral winter; necessary filter systems and no exchange
possible of them during austral winter). Therefore, in austral summer, the temperature inside the container varied between ~
10 and 40 °C. This range exceeds the recommended operating temperature range of the CPC and the LAS of 10 to 35°C and
10 to 30 °C, respectively, as well as the temperature range for which the CCNc was calibrated, which is 20 to 30 °C. There-

fore, Non, Noen and PN S Ds measured during time periods in which the temperature inside the measurement container was
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outside of the operating temperature ranges were excluded from the analysis presented herein.
Further, as mentioned in section 2.1, the data still-centained—values—eaused by emissions from the activities at the station.
In order to identify hourly intervals with contamination, the following data sets were examined: i) the minute@ data; ii)
Itaneously measured hourly data for the mass concentration of light-absorbing aerosol (Magee Sci. AE31, 7-wavelength
aethalometer; set up in the same measurement container); iii) wind speed and wind direction measured by the AWS. As in-
dicators for contamination abrupt peaks, outliers, and strong variations between higher and lowe values and/or
distinctly higher mass concentrations of light-absorbing aerosol (>50 ng/m?®) were used. Becausé the PE station was designed
as zero-emission station, there was no relationship between wind speed or wind direction with elevated values for Ny or
light-absorbing aerosol. However, each hourly interval with wind speed < 3 m/s and/or wind direction outside the sector 20°
to 225° was examined again for conspicuous signals in its variation in time.
The hygroscopicity of the aerosol particles was determined by applying the xk-Ko6hler-theory (Petters and Kreidenweis, 2007).
The inferred hygroscopicity parameter « represents the average particle ehemistey- To infer «, first the critical diameter (d;;;)
needs to be determined, based on the measured Ncon and PN SD@t is the diameter at which particles are just large enough
to be activated to a droplet when exposed to a certain supersaturation (SS). For a pair of simultaneously measured PN .S D and
Ncen, derit 18 obtained by calculating the cumulative particle number concentration from that PN S D, from the largest di-
ameter on downward, and it is the diameter at which this cumulative concentrations is equal to Ncon. Using the assumption
that the surface tension is equal to that of pure water, d..;; and the SS are used to derive x values of the Antarctic aerosol
particles. A detailed description of this method, including the application of a Monte Carlo simulation to precisely determine
uncertainties in d..;; and &, is presented by Herenz et al. (2017). This procedure of inferring x values could only be done for

Ncen measurements at a S'S of 0.1 %, as d..i; for larger SS is below the lower size limit of the PN S Ds of 90 nm.
2.3 Identification of air mass origins and potential source regions

To analyze the influence of the air mass origin on Ncn and Ngoon measured at the PE station, we applied two different models
to obtain information on the air mass history. The first one is the Numerical Atmospheric-dispersion Modelling Environment
(NAME), which was used to perform a simple residence time analysis (Fleming et al., 2012). The second one is the Potential
Source Contribution Function (PSCF), a more advanced type of residence time analysis that@llts in a probability field
(Fleming et al., 2012).

The NAME dispersion model

The NAME atmospheric dispersion model (Jones et al., 2007) is a Lagrangian particle-trajectory model, that is operated by
the UK Meteorological Office. For this study 10000 abstract particles per hour were released at an—altitade-of 10 m above
the location of the PE station. On the basis of the Meteorological Office Unified Model (UM) meteorological field data, 10-
day back trajectories for these particles were calculated. Summing up the concentration of these particles at time steps of 15
minutes back in time (in total 960 time steps) results in a footprint that shows the history of the air masses during the last 10

days. For this procedure only particles that are located within th ace layer (0-100m) are taken into account. An example
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footprint of the first of December 2013 (midnight) is shown in Figure 3. Footprints were derived every three hours, resulting
in a total number of 2019 NAME footprints used in this study. To further analyze the impact of different surface properties on
the measured aerosol particle properties, the area around Antarctica was divided into the following 5 different regions (see also
Figure 4): the Antarctic inland plateau (continental area at or above 200 m above the sea surface level), Southern Ocean, South
America, Africa and Reactive Zone. The Reactive Zone includes the following regions that are known to have the potential to

emit either primary particles or precursors for secondarily formed particles:

— The Antarctic continental area below 200 m above the sea surface level and 8 islands in the Southern Ocean (South
Georgia, South Sandwich, Falkland, South Orkney, Prince Edward, Crozet, Kerguelen, Heard and McDonald Island).
These regions are included because they are habitats for numerous different types of penguins. Bird guano (Croft et al.,
2016) and in this special case penguin guano (Legrand et al., 1998), acts as a source of ammonia and may contribute to

the formation of new particles in coastal Antarctic areas.

— The permanent and seasonally covered sea ice areas. These are known to have the potential to act as source of organic
nitrogen that contributes to secondarily formed aerosol particles (Dall’Osto et al., 2017) or to emit primary sea salt
particles (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998).

— The marine area up to 200 km from the coasts of the islands and continents (for Antarctic, continent plus ice shelves).
These areas are included due to an enhanced chlorophyll concentration in the coastal areas of the Southern Ocean.
Chlorophyll can be used as a proxy for dimethyl sulfide (DMS) (Vallina et al., 2006), which in turn plays a role in new
particle formation (Liss and Lovelock, 2008).

The proportional residence time that the air masses spent over the 5 different regions during the last 10 days was determined in
order to assess to what extent these regions influence influence the aerosol particle and CCN properties. This type of a residence

time analysis was already used for an Antarctic site by O’Shea et al. (2017).
Potential Source Contribution Function

The Potential Source Contribution Function (PSCF) is a receptor modeling method that originally was developed by Ashbaugh
et al. (1985) and was applied in a number of high latitude studies before e.g., in Dall’Osto et al. (2017) for the Antarctic and
in Yli-Tuomi et al. (2003) for the Arctic. The PSCF model is based on air mass back trajectories, and it is commonly used to
identify regions that have the potential to contribute to high values of measured concentrations at a receptor site. In this study
we apply the PSCF on N¢n and Neen.

The NOAA HYSPLIT trajectory model (Stein et al., 2015) was used to calculate hourly resolved 10-day back trajectories
based on 1x1° GDAS (Global Data Assimilation System) meteorological data. To account for uncertainties in back trajectory
analysis, every hour a set of 15 back trajectories was calculated, which is composed of 5 different plane locations (one exactly
at the measurement station and 4 in close proximity around it) at three altitudes (100 m, 200 m and 300 m above the surface

level). In total this results in a set of 88152 back trajectories that were used for the PSCF analysis. Each back trajectory consists



10

15

20

of trajectory segment endpoints, which represent the central geographical position of the air parcel at a particular time. To
calculate the PSCF the whole region that is covered by these trajectory segment endpoints is divided into an array of 5x5°
grid cells (i,j). The assumption is that aerosol particles that are emitted in such a cell are incorporated into the air parcel and

transported to the receptor cite. The PSCF can be calculated as follows:

PSCF, ; = T:—: (1)
where n; ; is the total number of trajectory segment endpoints that fall into a cell and m; ; is the number of trajectory segment
endpoints that fall into that cell and fulfill a given criterion, where this criterion typically is the exceedance of a certain
threshold. In this study we used the 75 % percentile of either Non or Noen as that threshold. According to Hopke (2016):
“Cells containing emission sources would be identified with conditional probabilities close to 1 if trajectories that have crossed
the cells effectively transport the emitted contaminant to the receptor site. The PSCF model thus provides a means to map the
source potentials of geographical areas. It does not apportion the contribution of the identified source area to the measured
receptor data.” As it is probable that small values of n; ; would lead to uncertain and high PSCF values it is necessary to apply

a weighting function. For this study a discrete weighting function based on log(n+ 1), which is a measure of the back trajectory
density, was applied (Waked et al., 2014):

1.00  forn, ; > 0.85-max(log(n+1))

- 0.725 for 0.6 - max(log(n +1)) > n; ; > 0.85 - max(log(n +1)) @
0.35  for 0.35-max(log(n+1)) >n; ; > 0.6 - max(log(n+1))

0.1 for 0.35 - max(log(n+1)) > n,; ;

The measured concentration of total particles and CCN is also affected by losses that occur along the path of the air parcel
between the source and the receptor site. As precipitation, which is known to be one of the major sinks for aerosol particles, in
particular for CCN, is an output parameter of the calculated NOAA HYSPLIT back trajectories, it can be taken into account.
Hence, we run the PSCF model with a precipitation filter. Back trajectories were cut off, and not considered for the PSCF
analysis, as soon as a trajectory segment endpoint shows a precipitation of 0.1 mm/h and the total precipitation (sum of
precipitation of 240 segment endpoints) of this back trajectory exceeds a value of 5 mm/240h. The second criterion was added
as it seemed not to be reasonable to discard a trajectory only because of showing a low precipitation of some mm/h at some

segment endpoints. Note, the filter criteria as well as the criteria of the weighting function are empirical.
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3 Results and discussion
3.1 Total Particle and CCN number concentrations and regional analysis of the NAME model footprints

This section presents the measured Ncon, Noeon and PN S'D as well as the proportional residence time of the air masses over
the regions introduced in Section 2.3. Time series are given for the three austral summer seasons of 2013/2014, 2014/2015 and
2015/2016 in Figure 6, 7 and 8, respectively.

Measurements of Ncn throughout the whole year were performed between 2012 and 2016. Their-visualization—in Figure 5
shows a clear seasonal cycle with the lowest monthly median values during the austral winter and a maximum during late
austral summer. The monthly 10 % and 90 % percentiles also indicate the highest variability of Non during February. Several
studies at different Antarctic sites found that the physical and chemical aerosol particle properties are subject to a similar sea-
sonality e.g., Hara et al. (2011), Weller et al. (2011), Virkkula et al. (2009) and Kim et al. (2017). Just like N¢n, also Ncon
follows a seasonal cycle with a minimum in austral winter and a maximum in austral summer (Kim et al., 2017). Hence, our
measurements during austral summer capture the season in which the aerosol production in Antarctica and the surrounding
source regions is most active.

We found N¢n (black dots in panel C Figure 6, 7 and 8) to cover grange between 40 and 6700 cm ™2 (on the base of hourly
averaged values) with a median value of 333 cm™3. Our measured Ny (bluish dots in panel C Figure 6, 7 and 8) cover a
range between less than 10 cm = at $S=0.1% to 1300 cm 2 for the largest S.S of 0.7 %. The integration of the PN SD over
the whole size range (INons9onm, red dots in panel C Figure 6, 7 and 8) shows the aerosol particle number concentration in
the size range between 90 nm and 6.8 ym. Nons9onm has a median value of 20 cm 3. The median, 10 and 90 % percentile
values for Non, Nonsgonm and Neen at all measured S.S' are summarized in the first column of Table 2. The third column
of Table 2 shows the fraction of Ncnsgonm and Noen at different SS to Nen (based on the median values of the first col-
umn in Table 2). The values of Nensogonm/Non and Neon o.7%/Neon are 0.06 and 0.64, respectively. This indicates, that
the aerosol particles feature an Aitken mode dominance, as 94 % of the aerosol particles are smaller than 90 nm. Assuming a
hygroscopicity parameter ~ of 0.8 for the coastal area of East Antarctica, taken from Pringle et al. (2010), the critical diameter
derig for S8 = 0.7% was determined by means of th ohler theory to be 2 35 nm. On the basis of this assumption 36 % the
aerosol particles are smaller than roughly 35 nm. That is indicative for a high amount o hly, secondarily formed aerosol
particles, which form from precursor gases emitted from the Reactive Zone as e.g., ammonia and DMS (see Section 2.3).
Primary emitted natural aerosol particles that are known to occur in Antarctica from e.g., mineral dust (Wegner et al., 2015) or
sea salt (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998), are known to clearly exceed this size (Lamb and
Verlinde, 2011). Unfortunately, w not examine the Aitken mode particles in much more detail, as our PN.SD data is in
the size range between 90 nm and 6.8 pm and hence only shows the accumulation and coarse mode particles. However, several
other studies at coastal Antarctic sites report PN.S D measurements that show pronounced and dominant Aitken modes during
austral summer (e.g., Asmi et al., 2010; O’Shea et al., 2017; Kim et al., 2017).

Panel D of Figure 6, 7 and 8 shows the regional analysis of the NAME footprints, as described in Section 2.3. It can give

insights on the influence of the air mass origin on Ncn and Nccn. The regional analysis shows, that during the 10 days prior
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to the measurements, air masses only have been influenced by the Antarctic continent, the Southern Ocean and the Reactive
Zone region but not by South America or Africa. Thus, we can be confident, that we mainly measured pristine air masses and
aerosol particles of a natural origin without much anthropogenic influence.

The contributions from Antarctica, the Southern Ocean and the Reactive Zone region show a large variability. During 61 %
of the measurement times, the air masses spent > 90 % of the 10 days prior to their arrival at the measurement site over the
continental region. These times are called Continental Events (CE) from now on. During CEs, we record only a low variability
in the measured Ncon and Neen. To illustrate this, Figure 9 shows a scatter plot of Ncon and the fraction of time that the re-
spective air masses spent over the Antarctic region (continental fraction). All data from the three seasons are included. During
CEs, N rarely exceeds 475 cm ™3, with maximum values of 990 cm 2, while 90 % of N¢x G-e~the-90 % pereentile) cover
arange from 170 to 475 cm 3. The concentration ranges during CEs for Non, Nonsgonm and Ngocen at all SS are shown
in the second column of Table 2. These concentration ranges can be assumed to be pristine Antarctic continental background
concentrations during austral summer.

Viee-versarduring 39 % of the time the proportion of the Reactive Zone plus the Southern Ocean region was larger than 10 %,
which we from now on call Marine Events (ME). During MEs we record an enhanced variability in Ncon and Ncoen. Also the
precipitation, depicted in panel A of Figure 6, 7 and 8, shows a connection to MEs. Especially strong precipitation events only
occur during strong MEs, e.g., on December 2 in 2013, January 18 in 2015 and January 30 in 2016. These precipitation events,
significantly lower Ncn and Ncen on a time scale of some hours to one day, due to scavenging and wet deposition. The mini-
mum values that we report for Non and Ncoon were measured during these strong precipitation events. As the Antarctic region
does not act as a significant source for water vapor (see catabatic meteorological regime in Section 2.1) it is self-explanatory
that strong precipitation events only occur during MEs. But also the largest values for Non and Noeon are only observed
during MEs, as the Reactive Zone and the Southern Ocean region potentially represent source regions for primary and sec-
ondary formed aerosol particles. As already mentioned in Section 2.3 the region of the Reactive Zone can contribute to the
Antarctic aerosol particle loading due to sea bird and penguin guano and the release of ammonia that potentially contributes
to the formation of new particles@ft et al., 2016; Legrand et al., 1998). The Reactive Zone and the Southern Ocean region
also emit precursors for secondary aerosol particle formation as e.g., DMS, whose oxidation products sulfuric and methane
sulfonic acid have the ability to form aerosol particles that grow to CCN sizes (Liss and Lovelock, 2008). Also, these regions
have the potential to contribute to the aerosol particle loading by primary emissions of sea salt particles due to blowing snow
on sea ice surfaces (Huang and Jaeglé, 2017; Yang et al., 2008; Wagenbach et al., 1998) or bubble bursting from wave action
(Lamb and Verlinde, 2011).

The time series of Ncon in Figure 6, 7 and 8 often show a spontaneous increase during MEs of several thousand particles
per cm3. Figure 10 exemplarily shows such an event, that took place on December 6 in 2014. Between 7 and 10 a.m. Ncy
increased from = 200 to ~ 6000 cm 3. This was accompanied by an increase of Nocn. In total we detected 12 comparable
events with an increase of Ncy up to several thousand cm 3 that all took place in a time frame between several hours and ~1
day. In the vast majority these events of increased Ncn were followed by an increase of Nocen by a factor of roughly two, in

a@ cases even up to 15. This only holds for Nocn measured at SS between 0.2 %-0.7 %.@\y measured at a SS of 0.1 %
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usually shows a different trend and seems to be decoupled from the other measurements. Other studies at Antarctic sites report
events of new particle formation (NPF) during austral summer, e.g., Asmi et al. (2010) and Weller et al. (2015) at the Finnish
research station Aboa and the German Neumayer station, respectively, which are both coasta or Jarvinen et al. (2013) at
Dome C, a site in Central Antarctica. Growth rates of particles from NPF reported in these studies were 2.5 nm/h at Dome
C and ~1 nm/h for the two costal sites. However, it was also described that particles rarely grow to sizes larger than ~25 nm,
i.e., that they do not reach sizes at which they can readily act as CCN.

Our measured PN .SDs do not cover the size range of the nucleation and Aitken mode, however, in combination with mea-
surements of Ncn and Nocn we can state that comparabl hly formed particles originating from new particle formation
events were observed during our measurements. Our measurements at the PE station show, that these freshly formed aerosol

particles seem to reach size ranges relevant for CCN activation and thus are climatically relevant.

3.2 PSCF results

Figure 11 shows the spatial distribution of the PSCF calculated for Non, Non-Ncen,0.7%» Neen,0.7% and Neen,o.1%-
These four parameters represent concentrations of all particles (with a lower size cut at 3 nm), particles in the size range up to
~ 35 nm, particles with sizes above ~ 35 nm and the largest particles above ~ 110 nm, respectively. The analysis was done
using the data of all three austral summer periods, which is a data set of approximately 230 days and a corresponding set of
88152 back trajectories. The 75 % percentile values of Nen, Nen-Neoen,0.7%» Neen,0.7% and Neen,o.1%, on the basis of
which the PSCF analysis was done, are 466, 184, 268 and 13, respectively. High values in the maps in Figure 11 indicate,
which regions have a high potential to contribute to the 25 % of the highest number concentrations measured at the receptor
site. The PSCF of N¢n shows enhanced values over the region of the Southern Ocean, mostly between 60° S and 40° S, but
not over the Antarctic continental region. Hence, the-marineregion-ef the Southern Ocean is likely to be the dominant source
region leading to an enhancement in Ncon measured at PE, while the Antarctic continent itself is not likely to act as a particle
source. This is in accordance with a result discussed in Section 3.1, i.e., the low variability of measured number concentrations
during CEs.

Nen-Neeno.7% and Noen o7y are two complementary parameters, adding up to Ngn. The PSCF maps of Noon,0.7%
and Non-Neen,o.7% show clearly distinct patterns, indicating that different source regions are likely to contribute to high
concentrations of particles with sizes below and above ~ 35 nm. However, both share that their highest signals are again in the
Southern Ocean between 60° S and 40° S, however, at different longitudes. The PSCF of Non-Neen,0.7% shows a large area
of high signals between 40° W and 60° E. When calculating transport times based on air mass back trajectories, an average
transport time of 5.1 days from this area to PE station is obtained. The PSCF of Nccn,0.7% shows the largest area of high
signals in a region between 140° W and 80° W, for which the average transport time to the PE station is 8.8 days. These air
masses usually travel either along the west wind drift through the Drake Passage and circumnavigate Antarctica before making
landfall close to PE station, or they travel along the easterly winds over coastal East Antarctica till they reach the PE station. As

already discussed in Section 3.1, the aerosol observed at the PE station features a dominant Aitken mode. This can be brought
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in line with the results disussed here. The aerosol particles that originate from the marine areas that show up dominantly in the
PSCF likely are mainly secondary aerosol particles that grow during the transport to the PE station. The size of the measured
aerosol particles can be assumed to be a function of average transport time, corresponding to source regions for larger particles
that are further away (when considering air mass traveling times).

The PSCF map for Nccn 0.1 % differs from the others. Overall, values are lower, pointing towards a more uniformly distributed
origin of particles with sizes above ~ 110 nm. But it should also be stressed that valules for Nccon,0.1% are generally low (see
Table 2). The PSCF map shows almost no areas of enhanced values over the Southern Ocean, but several spots of comparably
enhanced values show up along the coast of Antarctica, i.e., over the Reactive Zone region. -E;-. ence between these
spots and the different shelf ice areas that are shown in Panel d of Figure 1 i@ng. The PSCF shows significantly increased
values at the locations of the Ross, Ronne-Filchner and Amery shelf ice (1, 2 and 6 in Panel d of Figure 1), and slightly
increased values at the location of the Fimbul, West and Shakleton shelf ice (5, 7 and 8). Hence, the Antarctic shelf ice regions

seem to be potential source regions for enhanced values of Ncen,0.1%-. We will elaborate on that further in the next section.
3.3 Hygroscopicity

For the data set presented here, the hygroscopicity parameter x can only be inferred for SS=0.1 %, for which the median
derit Was determined to be 110 nm. For higher SS, Nccn is above Nons9gonms 1-€-, derit 1S below the lower size limit of the
measured PN S D. Therefore, the hygroscopicity derived here is only valid for the low number of comparably large particles
that are activated at 0.1 % (see Table 2). All k values from the three seasons have a median value of 1 and are shown in a
histogram in Figure 12. These are generally high atmospheric « values covering a broad range between 0.5 and 1.6. Large
values as those observed here typically are only found for particles consisting of inorganic substances (Petters and Kreidenweis,
2007). Particularly values of roughly 1 or above are only known to occur for sea salt. 0.95 was reported in Wex et al. (2010)
as the mean value for the sea spray signal in marine air masses, derived from a collection of ambient hygroscopic growth
measurements. Zieger et al. (2017) give a value of 1.1 for inorganic sea salt particles at 90 % relative humidity, and Petters
and Kreidenweis (2007) give mean values of 1.12 and 1.28 for NaCl, based on hygroscopic growth and CCN measurements,
respectively. €It may be worth noting that x derived from hygroscopic growth typically is below that derived from CCN
measurements, see Petters and Kreidenweis (2007).) The lower values we derived for « are too low to originate from pure
sea salt particles. inorganic compounds, marine aerosol particles may also contain internally mixed organic
substances which reduces their hygroscopicity (Swietlicki et al., 2008). Secondarily formed aerosol particles of marine origin
are a result of DMS oxidation and further reactions. They can be expected to contain sulphates, and Petters and Kreidenweis
(2007) give a k value of e.g. 0.61 for ammonium sulfate, derived from CCN measurements. Overall, the range of x values
we derived for particles with sizes of ~ 110 nm indicates that they are mostly composed of inorganic substances. The median
% of 1 migh point towards a dominance of sea salt.

Before we compare our results to literature, we want to mention that the uncertainty of the « values was inferred with a method
based on Monte Carlos simulations as described in Herenz et al. (2017) and Kristensen et al. (2016). This analysis shows that

the uncertainties in our x values are in the same order than the variability of the values itself. This allows no interpretation of
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the variability in x with respect to different air mass origins.

A few other studies already examined the hygroscopicity of Antarctic aerosol particles, as well as the impact of sea ice regions
on it. During the PEGASO ship cruise that took place in the austral summer in 2015 in the proximity of the Antarctic Peninsula
and the Filchner-Ronne shelfiee, Dall’Osto et al. (2017) found an increased Ncn (aerosol particles larger than 3 nm) within
air masses with an origin over sea ice regions in comparison to air masses that originated over open water. Other studies
further suggest, that sea ice regions efficiently emit sea salt aerosol particles, e.g., Huang and Jaeglé (2017); Yang et al. (2008);
Wagenbach et al. (1998). O’Shea et al. (2017) measured CCN at the Halley research station, ~ 30 km from the Weddell Sea
on the Brunt Ice Shelf. They report a median « value of 0.66 during measurements in December for five different S5 (0.08,
0.2,0.32, 0.41, 0.53 %). Also, they had an event of a median x value of 1.13 during two days, during which back trajectories
indicate that air masses had passed over sea ice regions of the Weddell Sea. This is indicative for ice surfaces being able to
emit aerosol particles with a high hygroscopicity and is in line with our findings. Pringle et al. (2010) applied the ECHAM-
MESSy Atmospheric Chemistry (EMAC) model to simulate the global distribution of « at the surface. That study results in
values between 0.6 and 0.9 for Antarctic coastal areas and >0.9 for the Southern Ocean region. Asmi et al. (2010) measured
the hygroscopicity of Antarctic aerosol particles at the Aboa station using a Hygroscopicity-Tandem Differential Mobility
Analyser. They also found the Antarctic aerosol particles to be very hygroscopic with an average hygroscopic growth factor of
1.75 for 90 nm particles at 90 % RH, which is larger than the hygroscopic growth factor o@nonium sulfate. Unlike these
studies and our findings, Kim et al. (2017) report a lower particle hygroscopicity. Their results are based on CCN and PN.SD
measurements that were conducted at the King Sejong Station in the Antarctic Peninsula between 2009 and 2015. For CCN
measurements at a S.S of 0.4 % they found an annual mean « value 01@ =+ 0.05; which, however, is the only time such low
k values were reported for Antarctica.

Summarizing, we conclude that the few large aerosol particles we observe for sizes of and above ~ 110 nm may partially
originate from NPF and subsequent growth. However the majority of these aerosol particles likely consist of sea spray particles
or even more so of sea salt particles emitted over sea ice regions. This fits to the results presented for Nocn 0.19 in Section

3.2, showing the marine areas in coastal proximity and especially the shelf ice regions as potential source regions.

4 Summary and conclusions

The data set presented here contains in situ ground-based aerosol particle data sampled at the Belgian Antarctic research station
Princess Elisabeth (PE), in Dronning Maud Land in East Antarctica. During three austral summer seasons (2013-2016, each
from December to February) we measured total aerosol particle number concentration and size distribution as well as the total
CCN number concentration at 5 different supersaturations. An automatic weather station, located in the vicinity of the PE
station, and a precipitation radar were used to gain further information about the meteorological conditions. The history of
the air masses arriving at the PE station was modeled by using the NAME dispersion model and the PSCF model based on
HYSPLIT back trajectories.

Ncn was found to range between 40 and 6700 cm ™3 with a median of 333 cm™3. For particles being larger than 90 nm
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(NcNs>90nm) We found a median concentration of 20 cm 3. Nocn covers a range between less than 10 cm ™2 at $S=0.1 % and
1300 cm 3 for the largest SS of 0.7 %. The median values of Nccon for supersaturations of 0.1, 0.2, 0.3, 0.5 and 0.7 % are
14, 81, 121, 177 and 212 cm 3, respectively. All of the previous values are calculated on the basis of the entire measurement
period of three austral summers. Th of Nens9oum/Nen and Neen,o.7%/Nen indicate that 94 % and 36 % of the
particles are smalle 90nm and =~ 35 nm, respectively. From this we conclude, that an Aitken mode dominated aerosol
prevailed, that includes a significant amount 0 secondarily formed aerosol particles.

The fluctuations in Ncn and Ncoon can be associated with the history of the air masses and the precipitation measured at the
PE station. Both methods, the regional analysis on the basis of the NAME dispersion model as well as the PSCF analysis show,
that high Ncn values are directly linked to the advection of marine air masses, which we call marine events (ME), having
their origin in the region of the Southern Ocean. The occurrence of precipitation is also directly linked to the occurrence of
ME:s, as marine air masses are the only significant sourc@water vapor in Antarctica. Strong precipitation events caused the
lowest Ncn and N values presented in this study, i.e., MEs showed the lowest but also the highest particle concentrations
measured. In contrast, when air masses had spent more than 90 % of the 10 days prior to arrival over the Antarctic continent,
which are times we called continental events (CE), measured Ncon and Noen values were comparably constant, and we assume

these to be continental background concentrations during austral summer. The Antarctic continent itself

as a significant source for aerosol particles and CCN measured at the PE station during these times. MEs and CEs occur 39 %
and 61 % of the time, respectively.

The hygroscopicity of the CCNs could only be determined for measurements at SS=0.1 %, as the PNSDs could only be
measured in a size range between 90 nm and 6.8 pm. The median d..,.;; and & of the entire measurement period were determined
to be 110 nm and 1, respectively. This high hygroscopicity, which is in agreement with most of the other studies dealing with
Antarctic hygroscopicity, can mainly be attributed to the presence of sea salt and sulphate aerosol particles. This is in agreement
with the PSCF analysis, for which the Antarctic ice shelf areas were found to cause elevated values for particles with sizes
above =~ 110 nm, again pointing to sea salt aerosol particles. These particles could have been released and formed from snow
particles from surface snow layers by sublimation, e.g., during periods of high wind speed, leading to drifting or blowing snow.
Although this is to our knowledge the most comprehensive set of CCN data in the region of East Antarctica, it is limited on the
austral summer seasons. To get a complete picture of CCN properties in East Antarctica, full time measurements throughout
the whole year are needed, together with PNSD measurements covering diameters down t nm. This would enable more
indept investigations of new particle formation and particle hygroscopicity in different size ranges. However, the here presented

data increases our knowledge of aerosol particle and in particular CCN properties in Antarctica.

Acknowledgements. This work is funded by the EU FP7-ENV-2013 program “Impact of Biogenic vs. Anthropogenic emissions on Clouds
and Climate: towards a Holistic UnderStanding” (BACCHUS), project number 603445 and by the Belgian Science Policy Office under
contract EA/34/1B. The authors acknowledge the NOAA Air Resources Laboratory (ARL) for the provision of the HYSPLIT transport
and dispersion model and would like to thank the UK Met Office for the use of the NAME dispersion model and the STFC JASMIN

14


Durchstreichen

Notiz
ratios

Durchstreichen

Notiz
than

Durchstreichen

Notiz
see previous comment

Durchstreichen

Notiz
of

Durchstreichen

Notiz
was not found to act

Durchstreichen

Notiz
a few


computer for hosting the model. We thank Wim Boot, Carleen Reijmer and Michiel Van den Broeke (Utrecht University, Institute for Marine
and Atmospheric Research, The Netherlands) for the data of the Automatic Weather Station. We also thank Irina Gorodetskaya and Niels

Souverijns (Catholic University of Leuven, Belgium) for the provision of the precipitation data.

15



10

15

20

25

30

35

References

Albrecht, B.: Aerosols, cloud microphysics, and fractional cloudiness, Science, 245, 1227-1230, 1989.

Ashbaugh, L. L., Malm, W. C., and Sadeh, W. Z.: A residence time probability analysis of sulfur concentrations at grand Canyon National
Park, Atmos. Environ., 19, 1263 — 1270, https://doi.org/10.1016/0004-6981(85)90256-2, http://www.sciencedirect.com/science/article/pii/
0004698185902562, 1985.

Asmi, E., Frey, A., Virkkula, A., Ehn, M., Manninen, H., Timonen, H., Tolonen-Kivimiki, O., Aurela, M., Hillamo, R., and Kulmala, M.:
Hygroscopicity and chemical composition of Antarctic sub-micrometre aerosol particles and observations of new particle formation,
Atmos. Chem. Phys., 10, 42534271, 2010.

Carslaw, K., Lee, L., Reddington, C., Pringle, K., Rap, A., Forster, P, Mann, G., Spracklen, D., Woodhouse, M., Regayre, L., et al.: Large
contribution of natural aerosols to uncertainty in indirect forcing, Nature, 503, 67-71, 2013.

Cavalieri, D. and Parkinson, C.: Antarctic sea ice variability and trends, 1979-2006, J. Geophys. Res.: Oceans, 113, 2008.

Croft, B., Wentworth, G. R., Martin, R. V., Leaitch, W. R., Murphy, J. G., Murphy, B. N., Kodros, J. K., Abbatt, J. P, and Pierce, J. R.:
Contribution of Arctic seabird-colony ammonia to atmospheric particles and cloud-albedo radiative effect, Nat. Commun., 7, 13444,
2016.

Dall’Osto, M., Ovadnevaite, J., Paglione, M., Beddows, D. C., Ceburnis, D., Cree, C., Cortés, P., Zamanillo, M., Nunes, S. O., Pérez, G. L.,
et al.: Antarctic sea ice region as a source of biogenic organic nitrogen in aerosols, Sci. Rep., 7, 6047, 2017.

DeFelice, T.: Variations in cloud condensation nuclei at palmer station Antarctica during February 1994, Atmos. Res., 41, 229-248, 1996.

DeFelice, T., Saxena, V., and Yu, S.: On the measurements of cloud condensation nuclei at Palmer Station, Antarctica, Atmos. Environ., 31,
4039-4044, 1997.

Fleming, Z. L., Monks, P. S., and Manning, A. J.: Review: Untangling the influence of air-mass history in interpreting observed atmospheric
composition, Atmos. Res., 104-105, 1 — 39, https://doi.org/10.1016/j.atmosres.2011.09.009, http://www.sciencedirect.com/science/article/
pii/S0169809511002948, 2012.

Gorodetskaya, I. V., Van Lipzig, N. P. M., Van den Broeke, M. R., Mangold, A., Boot, W., and Reijmer, C. H.: Meteorological regimes and
accumulation patterns at Utsteinen, Dronning Maud Land, East Antarctica: Analysis of two contrasting years, J. Geophys. Res.: Atmos.,
118, 1700-1715, https://doi.org/10.1002/jgrd.50177, http://dx.doi.org/10.1002/jgrd.50177, 2013.

Gorodetskaya, 1. V., Kneifel, S., Maahn, M., Van Tricht, K., Thiery, W., Schween, J. H., Mangold, A., Crewell, S., and Van Lipzig, N.
P. M.: Cloud and precipitation properties from ground-based remote-sensing instruments in East Antarctica, Cryosphere, 9, 285-304,
https://doi.org/10.5194/tc-9-285-2015, https://www.the-cryosphere.net/9/285/2015/, 2015.

Greene, C. A., Gwyther, D. E., and Blankenship, D. D.: Antarctic Mapping Tools for Matlab, Comput. Geosci., 104, 151 — 157,
https://doi.org/10.1016/j.cageo.2016.08.003, http://www.sciencedirect.com/science/article/pii/S0098300416302163, 2017.

Gysel, M. and Stratmann, F.: WP3 - NA3: In-situ chemical, physical and optical properties of aerosols, Deliverable D3.11: Standardized
protocol for CCN measurements, Tech. rep., http://www.actris.net/Publications/ ACTRISQualityStandards/tabid/11271/language/en-GB/
Default.aspx, 2013.

Hamilton, D. S., Lee, L. A., Pringle, K. J., Reddington, C. L., Spracklen, D. V., and Carslaw, K. S.: Occurrence of pristine aerosol environ-
ments on a polluted planet, Proc. Natl. Acad. Sci., 111, 18466-18 471, https://doi.org/10.1073/pnas.1415440111, http://www.pnas.org/
content/111/52/18466.abstract, 2014.

16


https://doi.org/10.1016/0004-6981(85)90256-2
http://www.sciencedirect.com/science/article/pii/0004698185902562
http://www.sciencedirect.com/science/article/pii/0004698185902562
http://www.sciencedirect.com/science/article/pii/0004698185902562
https://doi.org/10.1016/j.atmosres.2011.09.009
http://www.sciencedirect.com/science/article/pii/S0169809511002948
http://www.sciencedirect.com/science/article/pii/S0169809511002948
http://www.sciencedirect.com/science/article/pii/S0169809511002948
https://doi.org/10.1002/jgrd.50177
http://dx.doi.org/10.1002/jgrd.50177
https://doi.org/10.5194/tc-9-285-2015
https://www.the-cryosphere.net/9/285/2015/
https://doi.org/10.1016/j.cageo.2016.08.003
http://www.sciencedirect.com/science/article/pii/S0098300416302163
http://www.actris.net/Publications/ACTRISQualityStandards/tabid/11271/language/en-GB/Default.aspx
http://www.actris.net/Publications/ACTRISQualityStandards/tabid/11271/language/en-GB/Default.aspx
http://www.actris.net/Publications/ACTRISQualityStandards/tabid/11271/language/en-GB/Default.aspx
https://doi.org/10.1073/pnas.1415440111
http://www.pnas.org/content/111/52/18466.abstract
http://www.pnas.org/content/111/52/18466.abstract
http://www.pnas.org/content/111/52/18466.abstract

10

15

20

25

30

35

Hara, K., Osada, K., Nishita-Hara, C., and Yamanouchi, T.: Seasonal variations and vertical features of aerosol particles in the Antarctic tro-
posphere, Atmos. Chem. Phys., 11, 5471-5484, https://doi.org/10.5194/acp-11-5471-2011, https://www.atmos-chem-phys.net/11/5471/
2011/, 2011.

Herenz, P, Wex, H., Henning, S., Kristensen, T. B., Rubach, F., Roth, A., Borrmann, S., Bozem, H., Schulz, H., and Stratmann, F.:
Measurements of aerosol and CCN properties in the Mackenzie River delta (Canadian Arctic) during Spring-Summer transition in
May 2014, Atmos. Chem. Phys. Discuss., 2017, 1-26, https://doi.org/10.5194/acp-2017-745, https://www.atmos-chem-phys-discuss.net/
acp-2017-745/, 2017.

Hopke, P. K.: Review of receptor modeling methods for source apportionment, J. Air Waste Manag. Assoc., 66, 237-259,
https://doi.org/10.1080/10962247.2016.1140693, http://dx.doi.org/10.1080/10962247.2016.1140693, pMID: 26756961, 2016.

Huang, J. and Jaeglé, L.: Wintertime enhancements of sea salt aerosol in polar regions consistent with a sea ice source from blowing snow,
Atmos. Chem. Phys., 17, 3699-3712, https://doi.org/10.5194/acp-17-3699-2017, https://www.atmos-chem- phys.net/17/3699/2017/,2017.

IPCC: Climate Change 2013: The Physical Science Basis. Contribution of Working Group I to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA,
https://doi.org/10.1017/CB0O9781107415324, www.climatechange2013.org, 2013.

Jacka, T. and Budd, W.: Detection of temperature and sea-ice-extent changes in the Antarctic and Southern Ocean, 1949-96, Ann. Glaciol.,
27, 553-559, 1998.

Jarvinen, E., Virkkula, A., Nieminen, T., Aalto, P. P, Asmi, E., Lanconelli, C., Busetto, M., Lupi, A., Schioppo, R., Vitale, V., Mazzola,
M., Petidjd, T., Kerminen, V.-M., and Kulmala, M.: Seasonal cycle and modal structure of particle number size distribution at Dome C,
Antarctica, Atmos. Chem. Phys., 13, 7473-7487, https://doi.org/10.5194/acp-13-7473-2013, https://www.atmos-chem-phys.net/13/7473/
2013/, 2013.

Jones, A., Thomson, D., Hort, M., and Devenish, B.: The U.K. Met Office’s Next-Generation Atmospheric Dispersion Model, NAME III,
pp. 580-589, Springer US, Boston, MA, https://doi.org/10.1007/978-0-387-68854-1_62, https://doi.org/10.1007/978-0-387-68854-1_62,
2007.

Kim, J., Yoon, Y. J., Gim, Y., Kang, H. J., Choi, J. H., Park, K.-T., and Lee, B. Y.: Seasonal variations in physical characteristics of aerosol
particles at the King Sejong Station, Antarctic Peninsula, Atmos. Chem. Phys., 17, 12 985-12 999, https://doi.org/10.5194/acp-17-12985-
2017, https://www.atmos-chem-phys.net/17/12985/2017/, 2017.

Kravchenko, V., Evtushevsky, O., Grytsai, A., and Milinevsky, G.: Decadal variability of winter temperatures in the Antarctic Peninsula
region, Antarct. Sci., 23, 614-622, 2011.

Kristensen, T. B., Miiller, T., Kandler, K., Benker, N., Hartmann, M., Prospero, J. M., Wiedensohler, A., and Stratmann, F.: Properties of cloud
condensation nuclei (CCN) in the trade wind marine boundary layer of the western North Atlantic, Atmos. Chem. Phys., 16, 2675-2688,
https://doi.org/10.5194/acp-16-2675-2016, https://www.atmos-chem-phys.net/16/2675/2016/, 2016.

Lamb, D. and Verlinde, J.: Physics and chemistry of clouds, Cambridge University Press, 2011.

Legrand, M., Ducroz, F., Wagenbach, D., Mulvaney, R., and Hall, J.: Ammonium in coastal Antarctic aerosol and snow: Role of polar
ocean and penguin emissions, J. Geophys. Res.: Atmos., 103, 11043-11 056, https://doi.org/10.1029/97JD01976, http://dx.doi.org/10.
1029/97JD01976, 1998.

Liss, P. S. and Lovelock, J. E.: Climate change: the effect of DMS emissions, Environ. Chem., 4, 377-378, 2008.

Martin-Espafiol, A., Bamber, J. L., and Zammit-Mangion, A.: Constraining the mass balance of East Antarctica, Geophys. Res. Lett., 44,
4168-4175, https://doi.org/10.1002/2017GL072937, http://dx.doi.org/10.1002/2017GL072937, 2017GL072937, 2017.

17


https://doi.org/10.5194/acp-11-5471-2011
https://www.atmos-chem-phys.net/11/5471/2011/
https://www.atmos-chem-phys.net/11/5471/2011/
https://www.atmos-chem-phys.net/11/5471/2011/
https://doi.org/10.5194/acp-2017-745
https://www.atmos-chem-phys-discuss.net/acp-2017-745/
https://www.atmos-chem-phys-discuss.net/acp-2017-745/
https://www.atmos-chem-phys-discuss.net/acp-2017-745/
https://doi.org/10.1080/10962247.2016.1140693
http://dx.doi.org/10.1080/10962247.2016.1140693
https://doi.org/10.5194/acp-17-3699-2017
https://www.atmos-chem-phys.net/17/3699/2017/
https://doi.org/10.1017/CBO9781107415324
www.climatechange2013.org
https://doi.org/10.5194/acp-13-7473-2013
https://www.atmos-chem-phys.net/13/7473/2013/
https://www.atmos-chem-phys.net/13/7473/2013/
https://www.atmos-chem-phys.net/13/7473/2013/
https://doi.org/10.1007/978-0-387-68854-1_62
https://doi.org/10.1007/978-0-387-68854-1_62
https://doi.org/10.5194/acp-17-12985-2017
https://doi.org/10.5194/acp-17-12985-2017
https://doi.org/10.5194/acp-17-12985-2017
https://www.atmos-chem-phys.net/17/12985/2017/
https://doi.org/10.5194/acp-16-2675-2016
https://www.atmos-chem-phys.net/16/2675/2016/
https://doi.org/10.1029/97JD01976
http://dx.doi.org/10.1029/97JD01976
http://dx.doi.org/10.1029/97JD01976
http://dx.doi.org/10.1029/97JD01976
https://doi.org/10.1002/2017GL072937
http://dx.doi.org/10.1002/2017GL072937

10

15

20

25

30

35

Modini, R. L., Frossard, A. A., Ahlm, L., Russell, L. M., Corrigan, C. E., Roberts, G. C., Hawkins, L. N., Schroder, J. C., Bertram, A. K.,
Zhao, R., Lee, A. K. Y., Abbatt, J. P. D., Lin, J., Nenes, A., Wang, Z., Wonaschiitz, A., Sorooshian, A., Noone, K. J., Jonsson, H.,
Seinfeld, J. H., Toom-Sauntry, D., Macdonald, A. M., and Leaitch, W. R.: Primary marine aerosol-cloud interactions off the coast of
California, J. Geophys. Res.: Atmos., 120, 42824303, https://doi.org/10.1002/2014JD022963, http://dx.doi.org/10.1002/2014JD022963,
2014JD022963, 2015.

O’Shea, S. J., Choularton, T. W., Flynn, M., Bower, K. N., Gallagher, M., Crosier, J., Williams, P., Crawford, 1., Fleming, Z. L., Listowski,
C., Kirchgaessner, A., Ladkin, R. S., and Lachlan-Cope, T.: In situ measurements of cloud microphysics and aerosol
over coastal Antarctica during the MAC campaign, Atmos. Chem. Phys., 17, 13 049-13 070, https://doi.org/10.5194/acp-17-13049-2017,
https://www.atmos-chem-phys.net/17/13049/2017/, 2017.

Parkinson, C. and Cavalieri, D.: Antarctic sea ice variability and trends, 1979-2010, Cryosphere, 6, 871, 2012.

Petters, M. D. and Kreidenweis, S. M.: A single parameter representation of hygroscopic growth and cloud condensation nucleus activity,
Atmos. Chem. Phys., 7, 1961-1971, https://doi.org/10.5194/acp-7-1961-2007, http://www.atmos-chem-phys.net/7/1961/2007/, 2007.
Pringle, K. J., Tost, H., Pozzer, A., Poschl, U., and Lelieveld, J.: Global distribution of the effective aerosol hygroscopicity parameter for
CCN activation, Atmos. Chem. Phys., 10, 5241-5255, https://doi.org/10.5194/acp-10-5241-2010, http://www.atmos-chem-phys.net/10/

5241/2010/, 2010.

Roberts, G. C. and Nenes, A.: A continuous-flow streamwise thermal-gradient CCN chamber for atmospheric measurements, Aerosol Sci.
Technol., 39, 206221, https://doi.org/10.1080/027868290913988, <GotoISI>://WOS:000229035900003, n/a, 2005.

Rose, D., Gunthe, S. S., Mikhailov, E., Frank, G. P.,, Dusek, U., Andreae, M. O., and Poschl, U.: Calibration and measurement un-
certainties of a continuous-flow cloud condensation nuclei counter (DMT-CCNC): CCN activation of ammonium sulfate and sodium
chloride aerosol particles in theory and experiment, Atmos. Chem. Phys., 8, 1153-1179, https://doi.org/10.5194/acp-8-1153-2008,
http://www.atmos-chem-phys.net/8/1153/2008/, 2008.

Schaffer, J., Timmermann, R., Arndt, J. E., Kristensen, S. S., Mayer, C., Morlighem, M., and Steinhage, D.: A global, high-resolution data
set of ice sheet topography, cavity geometry, and ocean bathymetry, Earth Syst. Sci. Data, 8, 543, 2016.

Shepherd, A., Ivins, E. R., Geruo, A., Barletta, V. R., Bentley, M. J., Bettadpur, S., Briggs, K. H., Bromwich, D. H., Forsberg, R., Galin, N.,
et al.: A reconciled estimate of ice-sheet mass balance, Science, 338, 1183-1189, 2012.

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., and Ngan, F.: NOAA’s HYSPLIT Atmospheric Transport and
Dispersion Modeling System, Bull. Am. Meteorol. Soc., 96, 2059-2077, https://doi.org/10.1175/BAMS-D-14-00110.1, https://doi.org/10.
1175/BAMS-D-14-00110.1, 2015.

Swietlicki, E., Hansson, H.-C., Himeri, K., Svenningsson, B., Massling, A., McFiggans, G., McMurry, P., Petij4, T., Tunved, P., Gysel, M.,
et al.: Hygroscopic properties of submicrometer atmospheric aerosol particles measured with H-TDMA instruments in various environ-
ments - A review, Tellus B, 60, 432—-469, 2008.

Twomey, S.: Pollution and the planetary albedo, Atmos. Environ., 8, 1251-1256, 1974.

Vallina, S. M., Simé6, R., and Gass6, S.: What controls CCN seasonality in the Southern Ocean? A statistical analysis based on
satellite-derived chlorophyll and CCN and model-estimated OH radical and rainfall, Global. Biogeochem. Cycles, 20, n/a-n/a,
https://doi.org/10.1029/2005GB002597, http://dx.doi.org/10.1029/2005GB002597, gB1014, 2006.

Vaughan, D. G., Marshall, G. J., Connolley, W. M., Parkinson, C., Mulvaney, R., Hodgson, D. A., King, J. C., Pudsey, C. J., and Turner, J.: Re-
cent Rapid Regional Climate Warming on the Antarctic Peninsula, Clim. Change, 60, 243-274, https://doi.org/10.1023/A:1026021217991,
https://doi.org/10.1023/A:1026021217991, 2003.

18


https://doi.org/10.1002/2014JD022963
http://dx.doi.org/10.1002/2014JD022963
https://doi.org/10.5194/acp-17-13049-2017
https://www.atmos-chem-phys.net/17/13049/2017/
https://doi.org/10.5194/acp-7-1961-2007
http://www.atmos-chem-phys.net/7/1961/2007/
https://doi.org/10.5194/acp-10-5241-2010
http://www.atmos-chem-phys.net/10/5241/2010/
http://www.atmos-chem-phys.net/10/5241/2010/
http://www.atmos-chem-phys.net/10/5241/2010/
https://doi.org/10.1080/027868290913988
<Go to ISI>://WOS:000229035900003
https://doi.org/10.5194/acp-8-1153-2008
http://www.atmos-chem-phys.net/8/1153/2008/
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1029/2005GB002597
http://dx.doi.org/10.1029/2005GB002597
https://doi.org/10.1023/A:1026021217991
https://doi.org/10.1023/A:1026021217991

10

15

20

25

Velicogna, 1. and Wabhr, J.: Measurements of time-variable gravity show mass loss in Antarctica, Science, 311, 17541756, 2006.

Virkkula, A., Asmi, E., Teinild, K., Frey, A., Aurela, M., Timonen, H., Mikel4, T., Samuli, A., Hillamo, R., Aalto, P. P, et al.: Review of
aerosol research at the Finnish antarctic research station Aboa and its surroundings in Queen Maud Land, Antarctica, Geophysica, 45,
163-181, 2009.

Wagenbach, D., Ducroz, F., Mulvaney, R., Keck, L., Minikin, A., Legrand, M., Hall, J., and Wolff, E.: Sea-salt aerosol in coastal Antarctic
regions, J. Geophys. Res.: Atmos., 103, 10961-10974, 1998.

Waked, A., Favez, O., Alleman, L. Y., Piot, C., Petit, J.-E., Delaunay, T., Verlinden, E., Golly, B., Besombes, J.-L., Jaffrezo, J.-L., and
Leoz-Garziandia, E.: Source apportionment of PM;o in a north-western Europe regional urban background site (Lens, France) using
positive matrix factorization and including primary biogenic emissions, Atmos. Chem. Phys., 14, 3325-3346, https://doi.org/10.5194/acp-
14-3325-2014, https://www.atmos-chem-phys.net/14/3325/2014/, 2014.

Wegner, A., Fischer, H., Delmonte, B., Petit, J.-R., Erhardt, T., Ruth, U., Svensson, A., Vinther, B., and Miller, H.: The role of seasonality
of mineral dust concentration and size on glacial/interglacial dust changes in the EPICA Dronning Maud Land ice core, J. Geophys. Res.:
Atmos., 120, 9916-9931, https://doi.org/10.1002/2015JD023608, http://dx.doi.org/10.1002/2015JD023608, 2015JD023608, 2015.

Weller, R., Minikin, A., Wagenbach, D., and Dreiling, V.: Characterization of the inter-annual, seasonal, and diurnal variations of conden-
sation particle concentrations at Neumayer, Antarctica, Atmos. Chem. Phys., 11, 13243-13 257, https://doi.org/10.5194/acp-11-13243-
2011, https://www.atmos-chem-phys.net/11/13243/2011/, 2011.

Weller, R., Schmidt, K., Teinild, K., and Hillamo, R.: Natural new particle formation at the coastal Antarctic site Neumayer, Atmos. Chem.
Phys., 15, 11399-11 410, https://doi.org/10.5194/acp-15-11399-2015, https://www.atmos-chem-phys.net/15/11399/2015/, 2015.

Wex, H., McFiggans, G., Henning, S., and Stratmann, F.: Influence of the external mixing state of atmospheric aerosol on derived CCN
number concentrations, Geophys. Res. Lett., 37, doi:10.1029/2010GL043 337, 2010.

Yang, X., Pyle, J. A., and Cox, R. A.: Sea salt aerosol production and bromine release: Role of snow on sea ice, Geophys. Res. Lett., 35,
n/a—n/a, https://doi.org/10.1029/2008GL034536, http://dx.doi.org/10.1029/2008 GL034536, 116815, 2008.

Yli-Tuomi, T., Hopke, P. K., Paatero, P., Basunia, M., Landsberger, S., Viisanen, Y., and Paatero, J.: Atmospheric aerosol over Finnish
Arctic: source analysis by the multilinear engine and the potential source contribution function, Atmos. Environ., 37, 4381 — 4392,
https://doi.org/10.1016/S1352-2310(03)00569-7, http://www.sciencedirect.com/science/article/pii/S1352231003005697, 2003.

Zieger, P., Viisédnen, O., Corbin, J., Partridge, D. G., Bastelberger, S., Mousavi-Fard, M., Rosati, B., Gysel, M., Krieger, U., Leck, C., et al.:
Revising the hygroscopicity of inorganic sea salt particles, Nat. Commun., 8, 15 883, 2017.

19


https://doi.org/10.5194/acp-14-3325-2014
https://doi.org/10.5194/acp-14-3325-2014
https://doi.org/10.5194/acp-14-3325-2014
https://www.atmos-chem-phys.net/14/3325/2014/
https://doi.org/10.1002/2015JD023608
http://dx.doi.org/10.1002/2015JD023608
https://doi.org/10.5194/acp-11-13243-2011
https://doi.org/10.5194/acp-11-13243-2011
https://doi.org/10.5194/acp-11-13243-2011
https://www.atmos-chem-phys.net/11/13243/2011/
https://doi.org/10.5194/acp-15-11399-2015
https://www.atmos-chem-phys.net/15/11399/2015/
https://doi.org/10.1029/2008GL034536
http://dx.doi.org/10.1029/2008GL034536
https://doi.org/10.1016/S1352-2310(03)00569-7
http://www.sciencedirect.com/science/article/pii/S1352231003005697

4000

3500

3000

2500

2000

1500

altitude [meter a.s.l.]

E‘ 4
& 154
S ol wnw ENE
=
|9} 4
£ 5]
ko] ]
© -
£ °7 " E
2 i
E s
5 ]
w10
o U] wsw ESE
*GC'J‘ 15+
5 20 sw SE
s 7
251 SSW SSE
s
Wind speed:

Il 0-5m/s [ 5-10m/s [l >10m/s

Figure 1. a) Picture of the Princess Elisabeth research station and the measurement container, where the aerosol measurements were per-
formed, both located on the Utsteinen Nunatak ridge (view from ESE). b) Topographic map of Antarctica, the red dot shows the location of
PE. This map was done using the Matlab mapping package M_Map. ¢) Wind direction and wind speed depicted as a wind rose for the third
measurement period (December 18, 2015 to February 20, 2016). d) Map showing the location of the largest shelf ice regions in Antarctica:
1) Ross 2) Ronne-Filchner 3) Larsen C 4) Riiser-Larsen 5) Fimbul 6) Amery 7) West and 8) Shackleton shelf ice. The black line represents

the coast line and the red line represents the ice edge. This map was created using Matlab and Antarctic Mapping Tools (Schaffer et al., 2016;
Greene et al., 2017).
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Figure 2. Time series of hourly (gray) and daily (red) mean values for temperature, pressure, relative humidity with respect to ice (RH)
and wind speed (WS) measured by the AWS. Maximum and minimum temperature values are shown as triangles. The daily precipitation

measured by the precipitation radar is shown as bars.
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percentage residence time in each region before arriving at PE from the NAME footprints.
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measured at the PE station between 2012 and 2016.
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Figure 6. Time series of the first season (December 2013 to February 2014) of A) daily precipitation shown as bars (same data as in Figure 2),
B) PNSD, depicted between 90 nm and 1 um, C) Non measured by the CPC in black, Ncn measured by the LAS (integrated concentration
between 90 nm and 6.8 um) in red and Nccn measured by the CCNc at SS between 0.1 and 0.7 % in different blue colors, D) proportion of
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during the past ten days (based on the NAME model footprints).

24


Notiz
The blue colors are difficult to distinguish. Also in the following plot. 
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Figure 7. Time series of the second season (December 2014 to February 2015). For further details see caption of Figure 6.
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Figure 9. Connection between Ncn and the occurrence of continental air masses.
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Notiz
Box and whisker plots per bin (of continental fraction) would be more informative.
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Figure 11. PSCF results that are plotted over a map of Antarctica for Non, Nen-Neen,0.7%» Neen,0.7% and Neen,o.1%. The colorbar

indicates the value of the PSCF.

28



250

2001

_ 15071
()
e}
S
>
p

100+

501

0

0.6 0.8 1 1.2 1.4 1.6
Kappa
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Notiz
Information on which potential chemical compositions are represented in this kappa distribution is missing. 
What is the size of the particles represented in the plot?


Table 1. Basic meteorological parameters (temperature, pressure, relative humidity with respect to ice, wind speed and precipitation) mea-

sured by the AWS and the precipitation radar. Shown are the mean, standard deviation, minimum and maximum values based on hourly mean

values, in case of precipitation daily mean values, for the three measurement periods (each from 1 December to 20 February).

variable

2013/2014
Mean (std), Min, Max

Mean (std), Min, Max

2014/2015

Mean (std), Min, Max

Air temperature [°C]

Pressure [hPa]
RH [%]
Wind speed [m/s]

Precipitation [mm/d]

9.4 (3.1),-19.3,0.5
833.4 (5), 817.3, 844.3
61.9 (18.6), 13.1, 100
4.35 (2.87),0.13, 16.21
0.38(-), -, 8.6

9.7(2.7),-17.6,-0.5
829.7 (4.7), 812, 843.5
58.9 (17.2), 14, 100
4.26 (2.89), 0.03, 22.59
0.24 (-), -, 8.3

-10.1 (2.7), -20.5,2.3
828.6 (6.6), 807, 845.3
64.3 (18.2), 14.7, 100
4.21(2.99),0, 16.6
0.35(-), -, 6.9

Table 2. Overview showing Ncn, Nensogonm and Ncoen at different supersaturations, given as median (and 10 % and 90 % percentiles in

brackets) in column 1 for all data, in column 2 for CEs (continental events, based on the regional analysis of the NAME model output).

Column 3 shows the fraction of Non>9onm and Ncen to Nen (based on the median values of column 1).

Parameter Median concentration Median concentration during CEs ~ Ncn (LAS)/Nen (CPC)
(10 %, 90 % percentile) [cm 3] (10 %, 90 % percentile) [cm 3] or Ncon/Nen (CPC)

Ncn (CPC) 333 (206, 893) 292 (205, 474) -
Ncns>9onm (LAS) 20 (14, 29) 20 (14, 29) 0.06
Ncen,0.1% 14 (10, 23) 14 (10, 21) 0.04
Ncen,0.2% 81 (56, 110) 79 (58, 105) 0.24
Ncen,o.3% 121 (90, 168) 120 (95, 161) 0.36
Ncen,o.5% 177 (125, 260) 177 (133, 232) 0.53
Ncen,o.7% 212 (138, 326) 210 (150, 292) 0.64
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