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Abstract Six years of aerosol size distribution measurements between 20 and 600nm diameters and total

aerosol concentration above 10nm from March 2008 to February 2014 at the high-alpine site Jungfraujoch

are presented. The size distribution was found to be typically bimodal with mode diameters and widths

relatively stable throughout the year and the observation period. New particle formation was observed on

14.5% of all days without a seasonal preference. Particles typically grew only into the Aitken mode and did not

reach cloud condensation nucleus (CCN) sizes on the time scale of several days. Growth of preexisting particles

in the Aitken mode, on average, contributed very few CCN. We concluded that the dominant fraction of

CCN at Jungfraujoch originated in the boundary layer. A number of approaches were used to distinguish free

tropospheric (FT) conditions and episodes with planetary boundary layer (PBL) influence. In the absence of

PBL injections, the concentration of particles larger than 90nm (N90, roughly corresponding to the CCN

concentration) reached a value ~40 cm�3while PBL influence caused N90 concentrations of several hundred or

even 1000 cm�3. Comparing three criteria for free tropospheric conditions, we found FT prevalence for 39%

of the time with over 60% during winter and below 20% during summer. It is noteworthy that a simple criterion

based on standard trace gas measurements appeared to outperform alternative approaches.

1. Introduction

The high-alpine research station Jungfraujoch is located at 3580m above sea level (asl) on the ridge between

the peaks of Jungfrau and Mönch in the Bernese Alps in Switzerland. Aerosol measurements at Jungfraujoch

first started in 1988 [Baltensperger et al., 1997]. In the framework of the Global Aerosol Watch (GAW) program

of the World Meteorological Organization, continuous measurements of aerosol optical properties have been

performed since 1995 [Collaud Coen et al., 2007].

Because it is frequently (~40%) inside clouds [Baltensperger et al., 1998], Jungfraujoch has hosted numerous

campaigns (e.g., Cloud and Aerosol Characterization Experiment, 2000–2014) to study cloud aerosol character-

istics and cloud properties [e.g., Henning et al., 2002; Cozic et al., 2007; Verheggen et al., 2007; Sjogren et al., 2008;

Kamphus et al., 2010; Ebert et al., 2011;Hammer et al., 2014]. During such campaigns, there are typicallymeasure-

ments available to determine whether the site is inside the clouds, mostly through measurements of liquid

water content. However, no such measurements are performed on a routine basis, i.e., in the context of the

GAW monitoring observations. Mere observations of relative humidity (RH) do not suffice to establish cloud

conditions as, especially in ice clouds, the RH (as referred to saturation water vapor pressure above liquid water)

inside a cloud can be considerably below 100% [Korolev and Isaac, 2006]. To compensate for the lack of contin-

uous cloud measurements, a parameter based on long-wave radiation was applied in this work.

Because of its altitude, Jungfraujoch is generally considered to be in the lower free troposphere for some or even

—depending on season—much of the time [Lugauer et al., 1998; Henne et al., 2010; Collaud Coen et al., 2011]. To
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determine when background air masses are being sampled, various approaches have been applied over

the years to estimate the influence of air masses from the planetary boundary layer (PBL). In a first approx-

imation, the site was considered to be in the free troposphere (FT) during nighttime [e.g., Nyeki et al., 1998;

Weingartner et al., 1999]. Zellweger et al. [2003] found the ratio of the sum of oxidized nitrogen species to

carbon monoxide (NOy/CO) to be a suitable approach to determine the age of an air mass, i.e., to identify

fresh pollution transported to Jungfraujoch from the boundary layer. This method was subsequently used

by several authors [e.g., Zanis et al., 2007; Pandey Deolal et al., 2013]. Also, radon-222 (222Rn) with natural

emissions from the land surface and a half-life of about 4 days has been used to assess PBL influence, most

recently by Griffiths et al. [2014]. Finally, Lagrangian dispersion models (e.g., FLEXible PARTicle dispersion

model (FLEXPART) [Stohl et al., 2005] and LAGRANTO [Wernli and Davies, 1997]) have been applied to deter-

mine air mass origins and boundary layer influence at Jungfraujoch [e.g., Balzani Lööv et al., 2008; Tuzson

et al., 2011; Uglietti et al., 2011; Sturm et al., 2013; Pandey Deolal et al., 2014]. In this work, single tracers

(222Rn), tracer ratios (NOy/CO), and dispersion modeling (FLEXPART) were compared to evaluate free tropo-

sphere conditions.

New particle formation (NPF) is a major source of climate-relevant cloud condensation nuclei [Merikanto et al.,

2009]. At Jungfraujoch, the process has been studied with a neutral cluster and air ion spectrometer (NAIS)

covering particles from 0.5 to 49 nm [Boulon et al., 2010]. While a detailed analysis of the first steps of

nucleation and growth is beyond the scope of this work, the determination of the influence of NPF on

CCN concentrations plays a significant role in our understanding of the Jungfraujoch aerosol.

Since 2008, particle number size distributions have beenmeasured continuously at Jungfraujoch with a scan-

ningmobility particle sizer (SMPS, diameter range 20–600 nm) system. While some long time series of aerosol

size distribution measurements are available today (e.g., at SMEAR II [Nieminen et al., 2014], at Puy de Dôme

[Venzac et al., 2009], on Tenerife [García et al., 2014], on Antarctica [Fiebig et al., 2014], and on Finokalia

[Kalivitis et al., 2015]), our data represent a unique set of high-alpine observations.

In this paper, we present 6 years of particle size distribution observations to complement previous long-term

studies at Jungfraujoch concerning aerosol optical properties [Collaud Coen et al., 2007, 2011], cloud conden-

sation nuclei [Jurányi et al., 2011], and Saharan dust events [Collaud Coen et al., 2004]. Furthermore, we aim to

update and extend on the only dedicated SMPS publication about Jungfraujoch aerosol byWeingartner et al.

[1999]. As laid out above, this data set was studied in regard to FT/PBL distinction, cloud influence, and the

influence of particle formation on CCN-sized particle concentrations. The synthesis of these methods made

a reliable description of the aerosol at Jungfraujoch possible.

2. Methods

2.1. Site and Aerosol Measurements

At 3580m asl (46°33′N, 7°59′E) on a ridge between two mountains higher than 4000m, Jungfraujoch is well

away from major anthropogenic pollution sources and thus nominally considered a background site.

However, local pollution from construction activities is sporadically possible, and tourism-related emissions

occur especially during periods of favorable weather conditions and during the months of June to

September. As the focus of this work is not on local pollution, data potentially influenced by local activities

were removed from further analysis by visual inspection of the single size distribution spectra. This is based

on the assumption that drastic, short-lived fluctuations in aerosol properties at a remote site such as

Jungfraujoch are most likely caused by local pollution. This contamination is driven by tourism, which means

that incident frequency depends on weather conditions and thus season. During the most polluted days of

summer, up to 10% of data needed to be discarded.

The aerosol inlet of the Sphinx laboratory at Jungfraujoch was described in detail byWeingartner et al. [1999].

In short, the heated (~20°C) inlet is designed to collect all aerosol particles and cloud droplets up to 40μm at

wind speeds up to 20m s�1. It evaporates all condensed water to measure interstitial as well as activated

aerosol particles. Losses for the whole inlet system are below 5% for particles between 10 and 750 nm

diameters. Inside the laboratory, the dried aerosol stream is distributed to a series of instruments (currently

10) which are monitoring aerosol properties as part of the GAW network. These are complemented by a

number of additional instruments when intensive field campaigns are performed at the Sphinx.
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Relevant for this work are a scanningmobility particle sizer (SMPS) and a condensation particle counter (CPC).

The custom-built SMPS consists of a differential mobility analyzer (DMA, TSI 3071) and a CPC (TSI 3775) and

measures aerosol size distributions between 20 and 600 nm in diameter with a time resolution of 6min (up

scan time 300 s). The sample flow is 0.3 Lmin�1 as determined by the CPC’s sample flow. The sheath flow is

3 Lmin�1, arranged in a closed-loop setup and controlled by a mass flow controller coupled with pressure

and temperature sensors. SMPS data treatment was described extensively by Jurányi et al. [2011]. The instru-

ment and data inversion routines were tested in an intercomparison exercise [Wiedensohler et al., 2012]. Over

the whole measurement period, the integral SMPS count and the CPC count typically agreed within 15%.

Periods with over 20% discrepancy have been removed from further data analysis.

The present work analyzes data from March 2008 to February 2014, i.e., a period of 6 years. Data gaps due to

instrument failure, poor data quality, or scheduled maintenance amount to roughly 10% (detailed data

coverage can be inferred from Figure 3). All SMPS data used in this work are or will be available in the

EBAS database of the European Monitoring and Evaluation Programme at http://ebas.nilu.no/.

In addition to the size distribution measurements, a CPC (TSI 3772, cutoff diameter of 10 nm) monitors the

total aerosol number concentration above 10 nm with a time resolution of 1min at a sample flow rate of

1 Lmin�1. As there are typically very few particles larger than 600 nm (see Figure S1 in the supporting infor-

mation), these data can be used together with the SMPS data to estimate the number of particles between 10

and 20 nm (N10–20). Due to somewhat higher diffusion losses for small particles [Weingartner et al., 1999] and

the nonideal cutoff curve of any CPC, this N10 will underestimate the true concentration of particles between

10 and 20 nm but, nevertheless, provide useful information on the concentration of small particles especially

during new particle formation events.

2.2. Meteorological Data and Cloud Criteria

All meteorological instruments are part of the SwissMetNet network of MeteoSwiss. The temperature and

humidity are measured by a Thygan (Meteolabor). The latter is also measured by a high-precision dew point

mirror. The wind components are measured by a Rosemount pitot tube (Raytheon) on a 10mmast. Sunshine

duration measurements are performed with an electronic Haenni Solar 111B (S-111B) [Philipona et al., 1993].

Monitoring of long-wave downward irradiance flux (LWD) has been performed with thermopile-based

pyrgeometers. Operational procedures similar to those mandated by the Baseline Surface Radiation

Network (BSRN) [McArthur, 2005] have been used, except for daily maintenance requirements, due to the

remote nature of the site. Since 2008, the measurements have been performed with one Kipp and Zonen

CG4 pyrgeometer [Kipp and Zonen, 2014] and one Eppley PIR pyrgeometer with a three-thermistor dome

temperature measurement modification [Philipona et al., 2001]. The redundant measurements are sampled

at 1 Hz frequency, and the corresponding 1min statistics (average, standard deviation, minimum, and

maximum) are recorded. All data loggers are synchronized several times per hour to the same time server.

Absolute standards have been developed for LW radiation [Philipona et al., 2001; Gröbner et al., 2014]. As a

consequence, BSRN absolute accuracy targets of 2% or 3Wm�2 (greatest of the two limits) have been

shown to be reachable for calibration precision. Such uncertainty is representative of the calibration

uncertainty and not of the actual operational observation uncertainty, which includes additional sources.

In particular, at high-altitude stations, especially those that are frequently within clouds, a particular chal-

lenge is keeping the instrument domes free of water (liquid or solid), because of the high LW emissivity

of water. The uncertainty of LWD irradiance at Jungfraujoch should be considered at least twice the BSRN

accuracy targets.

From long-wave radiation (LW) measurements it is possible to determine the corresponding effective sky

temperature using the relation

LW ¼ σLW �T4 (1)

where σLW= 5.67 · 10�8Wm�2 K�4. Comparing this “sky temperature” to ambient temperature provides the

means to determine whether the measurement site is inside clouds: for clouds, one expects to find that

Tsky≈ Tambient; outside of clouds, one expects Tsky to be considerably lower. Figure 1 shows a comparison

of ambient and sky temperatures for the whole measuring period with a time resolution of 6min and split

into seasons. One can clearly see how the data points form two distinct clusters. The one along and

slightly below the 1:1 line is interpreted as in-cloud conditions. On the black dotted line, the difference
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between sky and ambient temperature is 6 K. In this work, everything above this line is considered in-cloud,

and everything below it out-of-cloud. Out-of-cloud conditions include clouds above the site at different

heights, patchy clouds, and clear-sky situations. The latter is represented by the second cluster of data

points well below the 1:1 line. The value of 6 K was chosen to capture the complete in-cloud cluster while

at the same time including as little out-of-cloud data points as possible. Of course, some degree of

ambiguity cannot be avoided when determining this limit. Nevertheless, the sky temperature approach

offers a fairly clear distinction between in-cloud and out-of-cloud situations in the absence of actual cloud

measurements. The alternative approach to use RH as a cloud parameter does not provide such a good

quality distinction as it is unreliable for fully glaciated clouds whose RH can vary significantly and can be

well below 100% [Korolev and Isaac, 2006]. For the comparison, clouds were assumed to be present when

RH> 97%. For RH values below 95%, we assumed the station to be outside of clouds. Naturally, the exact

choice of these limits can be discussed but tests have shown that shifts of 1 K or 1% do not significantly

alter the results.

Since 2011, a public high-resolution panorama webcam has been operational at the Sphinx laboratory (www.

switch.ch), overlooking the entire surroundings from S to W to N. The panorama is automatically updated

every full hour. In the present study these pictures were used to estimate the presence of a cloud at the

Sphinx laboratory. To produce a continuous time series we assumed that each panorama represents one full

hour. For this purpose the panorama picture was divided in three subpictures that show a high color contrast

(dark rock formations surrounded by white snow and blue sky) during daytime clear weather conditions.

During the presence of clouds these picture subsets show a uniform white color. The difference between

the two conditions was mathematically captured by calculating the standard deviation of the RGB (red,

green, and blue) color pixels (1 standard deviation per color). Standard deviation threshold criteria for the

presence of clouds were set by visual inspection and confirmation of a sufficient number (>500) of panorama

Figure 1. Comparison of sky temperature and ambient temperature for the 6 years of data analyzed in this work (March

2008 to February 2014), split into seasons. The data points form two clusters signifying in-cloud (upper cluster on the red

1:1 line) and cloud-free (lower cluster) conditions. The remaining points can be interpreted as clouds above the site or patchy

clouds. All data points below the black dotted line (Tsky� Tambient = 6 K) have been considered to be out of cloud.
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pictures. The results of this analysis were used in comparison to the cloud criteria derived from sky tempera-

ture and relative humidity. One has to point out that various cameras are available at Jungfraujoch [e.g.,

Wacker et al., 2015]. For this work, we used the SWITCH webcam as it offers the best currently available com-

promise between data coverage, time resolution, and accuracy of the cloud determination algorithm.

2.3. Gas Phase Measurements

A large suite of continuous trace gas observations at Jungfraujoch is run by the Swiss Federal Laboratories for

Materials Science and Technology (Empa) as part of the operation of the Swiss National Air Pollution

Monitoring Network. The species used in the present study are carbon monoxide (CO) and the sum of

oxidized nitrogen species (NOy). From 1996 until spring 2014, CO has been measured at Jungfraujoch with

commercially available instruments (Horiba APMA-360 and APMA-370, Kyoto, Japan) using the cross flow

modulated non-dispersive infrared absorption technology (NDIR) [Zellweger et al., 2009]. In September

2011, a cavity ringdown spectrometer (Picarro Inc., G2401) was deployed at Jungfraujoch next to the NDIR

analyzer, which became the master instrument in January 2012 due to its superior performance [Zellweger

et al., 1997]. For both types of CO analyzers, the sample air was dried prior to analysis to reduce potential

water vapor interferences. NOy was measured with a highly sensitive nitrogen monoxide (NO) analyzer with

chemiluminescence detector (Eco Physics CLD89p) after conversion of NOy to NO on a heated gold catalyst

(300°C) in the presence of 2% CO as a reducing agent [Pandey Deolal et al., 2012].

Radon-222 was measured with a two-filter dual flow loop instrument based on the design by Whittlestone

and Zahorowski [1998]. It has a delay chamber of 400 L to remove thoron and a radon detection chamber

of 750 L. Radon measurements at Jungfraujoch are discussed in Griffiths et al. [2014].

2.4. Lagrangian Backward Simulations

We used backward Lagrangian particle dispersion simulations to characterize the history of sampled air

masses and to obtain a transport categorization. The Lagrangian particle dispersion model FLEXPART

(version 9.01) [Stohl et al., 2005] was used to calculate source receptor relationships (SRRs) of a passive air tra-

cer for the full SMPS observation period covered in this work. For each 3-hourly interval within this period

50,000 particles were released at the receptor site Jungfraujoch and traced back in time for 10 days consider-

ing transport by the mean flow, turbulence, and deep convection. The model was driven by European Centre

for Medium-Range Weather Forecast operational analyses (00:00, 06:00, 12:00, 18:00 UTC) and forecasts

(03:00, 09:00, 15:00, 21:00 UTC) with 91 vertical levels and a horizontal resolution of 1° × 1° for the global

domain and 0.2° × 0.2° for a nested domain covering the Alpine area (4°W–16°E, 39°–51°N). After 25 June

2013, 137 vertical model levels were available. A release height of 3000m was chosen for Jungfraujoch,

which is significantly lower than the true altitude of the observatory. The limited horizontal resolution of

the model requires a smoothed model topography that does not represent the Alpine topography very well

and gives a model ground at approximately 2500m asl at the location of Jungfraujoch. A release height

somewhere between the station’s real altitude and the model ground needs to be selected and for

Jungfraujoch the choice of 3000m asl proved to provide best model performance [Brunner et al., 2012;

Keller et al., 2012].

The simulated SRRs allow directly linking a mass release at a source location with a mass mixing ratio at the

receptor [Seibert and Frank, 2004]. SRRs are given in units of sm3 kg�1 and are also referred to as footprints

and emission sensitivities. SRRs were generated on a regular grid with 0.1° × 0.1° horizontal resolution cover-

ing western Europe. By multiplication of the SRRs with emission inventories and summation over the entire

output grid, time series of mixing ratios of CO, CH4, and anthropogenic CO2 were derived for Jungfraujoch.

Emissions were taken from the Emission Database for Global Atmospheric Research (EDGAR) inventory

(EC-JRC/PBL.EDGAR version 4.2; http://edgar.jrc.ec.europa.eu/) [Olivier and Berdowski, 2001] for the reference

year 2008. The simulatedmixing ratios give the enhancement of the respective trace gas during the period of

transport but do not include a baseline mixing ratio.

Based on nighttime CO footprints, we derived a threshold to describe what level of enhancement can be

considered a significant PBL influence. The basic assumption is that Jungfraujoch is mostly free from PBL

influence during the night. Allowing for a few instances of extreme meteorological conditions, we chose

the threshold in such a way that Jungfraujoch during the night is in the free troposphere for 99% of the cases.

This threshold was then used to determine for each 3 h period when the last PBL contact has occurred
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(time since PBL). Using CO instead of pure SRRs focuses this analysis on contacts with the PBL that was

polluted by combustion processes. Influences from natural precursor emissions from areas with low CO

emissions might be missed by the present analysis.

3. Results

3.1. Size Distribution Characteristics

Figure 2 shows the mean diurnal cycle of number size distributions for the different seasons in the left col-

umn and cycles of integrated number concentration in different size fractions on the right. To complement

these data, Figure S2 shows average size distributions for the seasons, offering an additional viewpoint. In

these figures, and in the context of this work, in general, spring includes the months March, April, and

May; summer is June, July, and August; autumn covers September, October, and November; and, finally,

December, January, and February make up winter. While the median would possibly be a better choice to

minimize the effect of outliers and thus show a typical day, we have chosen means to also include the effect

of new particle formation in this figure. Such events are observed on only a small fraction of days (see

section 3.5) and would thus be suppressed by the median approach. In the right column, we show partial

sums of the size distribution and additional information provided from the total aerosol count above

10 nm. We have split the size distribution at 90 nm diameter with the sum from 20 to 90 nm approximating

the Aitken mode and the sum from 90 to 600 nm roughly representing the accumulation mode. While the

Figure 2. Mean diurnal size distribution for the different seasons (left column) and diurnal cycles for N(>10 nm),N(20–90 nm),

N(90–600 nm), and N(10–20 nm), approximately representing total N, Aitken mode, accumulation mode, and part of the

nucleationmode, respectively. The difference between themean and median of N10–20 illustrates the influence of nucleation

events that occur on average every 6th or 7th day and cause a strong increase of N10–20.
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lower limit of the accumulation mode is not entirely well defined in the literature (e.g., 80 nm in Baron and

Willeke [2005] and 100 nm in Seinfeld and Pandis [2006]), we chose a threshold of 90 nm as this corresponds

to the average threshold diameter that determines whether particles act as CCN in liquid clouds at

Jungfraujoch [Hammer et al., 2014]. This means that N(>90 nm) =N90 is not only a possible approximation

of the accumulation mode concentration but indeed a significant variable in terms of the aerosol particles’

climate relevance (aerosol-cloud interaction, previously termed indirect aerosol effect).

In both columns of Figure 2, we clearly see that summer (N10= 1120 cm�3; N90= 290 cm�3) has the highest

particle concentrations and winter (N10= 790 cm�3; N90=70 cm�3) the lowest, with spring (N10= 950 cm�3;

N90= 220 cm�3) and autumn (N10=860 cm�3; N90=130 cm�3) in between. Spring characteristics appear to

be closer to summer and autumn closer to winter. The bimodality of the average size distributions is most

prominent in summer and spring while winter shows very low concentrations in the accumulation mode.

The parameters on the right underline certain features also visible on the left. For example, we see a slight

decrease in the total particle concentration during the early hours of the day before sunrise which is likely

related to descending airflow induced by diabatic surface cooling and resulting downslope flow, leading

to low particle loads characteristic of free tropospheric conditions. As hardly any accumulation mode parti-

cles are formed at Jungfraujoch (see section 3.5 for details), the diurnal cycles of N90 give a first estimate of

boundary layer influence. In winter, N90 is almost completely flat, indicating that there is only very little

PBL influence as already shown in previous studies [e.g., Zellweger et al., 2003]. Naturally, summer shows

the most significant influence of injections from the boundary layer.

The diurnal cycle of the total aerosol concentration above 10 nm is strongly driven by the cycle of the small

particles between 10 and 20 nm. This is most obvious for the winter months when the accumulation mode

and the Aitken mode show only little variation during the day. Small particles, however, have a very distinct

cycle in winter as well as in all other seasons, indicating that new particle formation at or near Jungfraujoch

plays a significant role for the number concentration of small particles (Dp< 20 nm) all around the year. The

peak in the small particle cycle is widest in summer and spring and comparatively narrow in winter. This

reflects the central role of radiation to drive the chemistry that produces the condensable matter from the

volatile precursor vapors that are necessary for particles to form: during winter, the necessary vapors can

be produced only during a few hours each day while sunlight is available for much longer during summer

and spring. Radiation also causes longer boundary layer influence during summer days; i.e., condensable

vapors or their precursors that originate in the PBL and are necessary for new particle formation are available

for a longer time. To better illustrate the influence of nucleation events we have included both the mean and

median number concentration of particles between 10 and 20 nm (N10–20) in the panels on the right. The

effect of new particle formation, which causes a strong increase of N10–20 around every 5th to 10th day, is

essentially suppressed in the median, resulting in a much flatter diurnal cycle when compared to the mean.

The panels on the right show the diurnal variability of small particles below 20 nm from a mean and from a

median point of view. Themedian indicates the contribution of (nonnucleation) transport from the PBL to the

diurnal cycle, while the mean shows the dominant influence of new particle formation.

To further characterize the evolution of the size distribution during the observation period and identify annual

cycles we fitted a multimodal lognormal size distribution to hourly SMPS data following the algorithm

described byHussein et al. [2005]. As the fitting of a nucleationmodewas not always possible and even success-

ful fits cannot be considered very trustworthy due to size range limitations, we present only Aitken and accu-

mulation mode fit parameters in Figure 3. For this figure, we have chosen a moving 30day median. In addition

to the parameters of the fitted modes (geometric mean diameter, total number concentration, and geometric

standard deviation), these statistical parameters are shown for the whole measured size distribution from 20 to

600nm. Figure 3a shows Aitken and accumulation mode diameters and, oscillating between these two, the

geometric mean diameter. During the winter season, this geometric mean diameter is very close to the

Aitken mode diameter, reflecting the fact that accumulation mode concentrations are very low during those

periods (see Figures 2 and 3b). Aitken and accumulation mode diameters show no distinctive seasonal pattern

and appear to be relatively stable throughout the observations. For the 6 year measurement period, we found a

mean Aitken mode diameter of 45 nm (median 46nm) with a standard deviation of 11 nm based on 1h distri-

butions. For the accumulation mode, these values are 135nm, 131nm, and 26nm, respectively. The values are

very similar to those observed byWeingartner et al. [1999] who obtained values of 43±3nm and 140±6nm for

Aitken and accumulation modes, respectively, for 1 year of SMPS observations at Jungfraujoch in 1997/1998.
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The number concentrations indicate a clear annual pattern with maxima during the summer and minima in

the winter. This applies to the Aitken and accumulation modes as well as to the total number concentration.

The annual cycle is most distinct for the accumulation mode, which shows very low concentrations during

winter (below 50 cm�3) and comes close to Aitken mode concentrations (300 cm�3) during some summers

(also compare to Figure 2). It is noteworthy that particle concentrations vary considerably from year to year,

with total N reaching 900 cm�3 during some summers while hardly exceeding 600 cm�3 during others.

Similar observations can be made for concentrations in both modes. This is most likely caused by meteoro-

logical variability which influences the frequency and intensity of the transport of boundary layer air to

Jungfraujoch as Collaud Coen et al. [2011] have shown. Only the winter low of the accumulation mode

appears rather consistent throughout the 6 years, as vertical transport has generally a low impact in winter.

Finally, no pattern can be discerned for the mode width (geometric standard deviation). We find

σAitken=1.63 ± 0.15 for the Aitken mode and σAccu= 1.52 ± 0.14 for the accumulation mode. These are some-

what smaller than the values reported byWeingartner et al. [1999], which were 2.13 ± 0.11 and 1.61 ± 0.03 for

the Aitken and accumulation modes, respectively. For σAitken, the difference is statistically significant. As the

figure illustrates, even the geometric standard deviation of the whole size distribution from 20 to 600 nm

stays below the reported value for σAitken and amounts to only 1.90 ± 0.17. Different fitting strategies may

be responsible for this difference as our fits are based on hourly values, whereas Weingartner et al. [1999]

performed multimodal fits for average distributions based on much larger data sets. The larger standard

deviations for the mode diameters found here support this view: averaging over a large set of size distribu-

tions with small σ and varying diameters will result in a size distribution with a larger σ. However, with over

10 years between these observations, one cannot exclude actual changes in the aerosol characteristics, and

all possible explanations thus have to remain speculation.

3.2. Influence of Clouds

To assess the properties of the particle size distribution inside and outside of clouds, three different cloud cri-

teria were compared (see section 2.2 for details on the cloud criteria). The fraction of in-cloud conditions

obtained from the webcam, sky temperature, and ambient RH-based criteria are listed in Table 1. As the table

Figure 3. Mode parameters from multimodal lognormal fits for Aitken and accumulation modes and respective values for

the whole size distribution between 20 and 600 nm diameters. Running 30 day medians over 1 h data are shown.
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shows, sky temperature and webcam

criteria provide very similar results for

all seasons. For the overall cloud per-

centage they yield 40% and 37%,

respectively, which agree well with

the previously reported cloud fraction

of 40% based on in situ cloud obser-

vations [Baltensperger et al., 1998].

The RH criterion, however, fails to

identify cloud conditions during all

seasons as Table 1 shows. This is likely

caused by the fact that temperatures

at the site are mostly below 0°C.

Accordingly, the RH method works

best during summer when the

retrieved cloud percentage is closest

to the other methods. However, also

during summer, the RH criterion dif-

fers very significantly from the other

approaches. Overall, the use of this approach retrieves in-cloud conditions for only 14% of the time, which

is in contrast to the other criteria and earlier findings. As argued in section 2.2, this criterion is expected to

be least reliable, particularly for fully glaciated clouds.

Figure 4 shows the cloud effect on the median size distributions with respect to the different cloud criteria

based on webcam pictures, sky temperature, and relative humidity (see section 2.2). The webcam-based

cloud criterion is only available from October 2011 onward, and it is less reliable for nighttime. To ensure

comparability, we have limited the analysis of all-cloud criteria in Figure 4 to this period. Thus, Figure 4 shows

only daytime data from autumn 2011 onward. However, tests have shown very similar results for the omitted

periods; i.e., the cloud effects shown in the figure can be considered to apply in general. The distinction

between in-cloud and out-of-cloud situations produces generally very similar results when using webcam

and sky temperature criteria. Using the RH criterion provides qualitatively similar results for the cloud effect

on size distribution, while some quantitative differences appear for example in spring (Figure 4a). This assess-

ment is consistent with the above conclusion that sky temperature and webcam pictures are more reliable

criteria to determine in-cloud conditions than ambient RH.

A notable difference betweenwebcam and sky temperature approaches is evident in autumn (Figure 4c), when

the webcam criterion suggests a nucleation mode (roughly until 25…30nm diameter) for in-cloud conditions,

while the sky temperature parameter sees this nucleation mode outside of clouds. Of course, we would not

expect a nucleation mode for in-cloud conditions, as the large condensation sink offered by the cloud droplets

absorbs the condensable vapors. This finding illustrates the limitations of the webcam parameter which extra-

polates one snapshot to cover a full hour. In conditions of patchy clouds and at cloud edges, i.e., locally quickly

changing conditions, this approach is likely to produce false positives. This observation also hints at the possi-

bility of new particle formation events related to cloud evaporation at Jungfraujoch. Such events have been

observed with airplanes at the top of clouds [Clarke et al., 1998]. Some disagreement between webcam and

sky temperature criteria can also be seen for the inside cloud size distributions in summer (Figure 4b).

Comparing Figure 4 and the relevant numbers in Table 1, it appears that the sky temperature parameter

classifies a certain amount of out-of-cloud size distribution spectra as in-cloud. As Figure 1b illustrates, the

comparison of sky and ambient temperature in summer produces a somewhat lesswell defined in-cloud cluster

of data points. In summer, the cloud base is frequently above Jungfraujoch. When the distance to the cloud is

small, the difference between sky temperature and ambient temperature at Jungfraujoch will also be small. For

these cases, the sky temperature parameter cannot distinguish between in-cloud and out-of-cloud conditions.

Nevertheless, the data presented in Table 1 and Figure 4 show that the sky temperature is a good parameter to

determine cloud conditions at Jungfraujoch in the majority of cases.

As we have found the relative humidity to be an unreliable parameter, we will discuss the features of the size

distributions and their differences with respect to cloud conditions only for sky temperature and webcam

Table 1. Prevalence of In-Cloud Conditions During the Different Seasons

for Various Cloud Parameters
a

In Cloud (%)

Spring Webcam 50

Sky temperature 47

Relative humidity 12

Summer Webcam 30

Sky temperature 38

Relative humidity 20

Autumn Webcam 28

Sky temperature 33

Relative humidity 15

Winter Webcam 38

Sky temperature 38

Relative humidity 5

Total Webcam 37

Sky temperature 40

Relative humidity 14

a
As for Figure 4, only daytime data starting from 2011 were used.
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parameters. Generally, the aerosol number concentrations are higher for out-of-cloud conditions compared

to in-cloud conditions. This contradicts earlier results by Weingartner et al. [1999], but since their data cover

only a few months, weather conditions can have a very pronounced effect on the findings. The difference we

found between in-cloud and out-of-cloud situations is larger for the Aitken mode compared to the accumu-

lationmode, and it also depends on season. In spring, themain difference between in-cloud and out-of-cloud

conditions is seen in the Aitken mode. It has higher particle concentrations and is shifted to smaller particles

when the site is out of clouds. This is likely caused by new particle formation which is suppressed inside

clouds. Inside clouds, scavenging of Aitken mode particles can diminish their concentration. For the accumu-

lation mode, the median spring size distributions show no significant differences between in-cloud and

out-of-cloud conditions. Of course, some of the sampled spring clouds have most likely been affected by

cloud processing. However, transport to Jungfraujoch is nontrivial, and boundary layer influence and source

regions (see Figure S4) vary from season to season in such a way that it is plausible that the cloud processing

effect is masked in Figure 4a. In summer, the out-of-cloud size distribution shows significantly higher concen-

trations. This is most likely explained by a strong PBL influence during sunny, warm periods. Wet deposition

and in-cloud scavenging may play a role in forming this difference, too, but these effects are impossible to

distinguish from transport processes from the PBL. The in-cloud case shows a more prominent Hoppel mini-

mum [Hoppel et al., 1986] than the out-of-cloud situation, suggesting in-droplet heterogeneous production of

secondary aerosol matter. However, the data do not actually allow us to exclude the possibility that cloudy

conditions are preferentially connected to certain air mass origins and thus certain size distribution types

(also see section 3.4). For autumn, Aitken mode particles are of about the same size for both conditions, with

concentration differences of the same magnitude as in spring with the same possible causes. As pointed out

above, autumn shows a distinct nucleation mode when the site is not inside the clouds. The accumulation

mode number concentration differences in autumn are small, with somewhat more particles for out-of-cloud

conditions and the mode shifted to larger size for in-cloud conditions (roughly from 120 to 130 nm in

diameter). Compared to spring, the out-of-cloud accumulation mode particles are some 10 nm smaller in

diameter, while the in-cloud accumulation mode is roughly at the same location resulting in in-cloud

Figure 4. Seasonal median aerosol size distributions for in-cloud and out-of-cloud conditions, as derived by different

classification tools. Only daytime data starting from 2011 were used (see section 3.2), but the full data set yield similar

results. The vertical line at 90 nm (mean cloud droplet activation limit) was included for orientation.
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concentrations above out-of-cloud concentrations for particles larger than about 130 nm diameter. This

observation suggests that out-of-cloud accumulation mode particles in autumn experience, on average, less

cloud processing than their spring counterparts, indicating differences in air mass history between the sea-

sons which in turn points toward the influence of prevailing weather types on particle size distributions.

The winter size distributions show generally low concentrations with higher concentrations for out-of-cloud

conditions. Winter shows a nucleation mode when Jungfraujoch is cloud-free. The accumulation mode par-

ticles have roughly the same size for both situations. In contrast to autumn and spring, the winter accumula-

tion mode shows significantly lower concentrations for in-cloud conditions. As E. Stopelli et al. (Ice nucleation

active particles are efficiently removed by precipitating clouds, submitted to Scientific Reports, 2015) found,

winter clouds have often experienced precipitation before they arrive at Jungfraujoch, which is also intui-

tively clear: during winter, clouds are formed well below Jungfraujoch altitude and have thus ample time

for precipitation before reaching the site. This would deplete the accumulation mode which is consistent

with our findings. In contrast, wet removal cannot be observed in a similarly clear way during spring and

autumn. The most likely explanation for this is the “mixed nature” of those seasons, which contain both

winter and summer characteristics. A significant part of the cloud-free situations during spring and autumn

is connected to free tropospheric conditions (see section 3.3) which means lower concentrations in the

Aitken and the accumulation mode. During May, on the other hand, the situation is likely to be summer-like.

Clouds are connected with rising air masses meaning influences from lower altitudes and thus higher con-

centrations than found in the free troposphere. Wet deposition and other cloud-related removal processes

are likely to occur, but the complex transport processes to Jungfraujoch and the varying degree of PBL influ-

ence mask their effect in Figure 4 for most seasons. Only in winter they can be clearly seen because boundary

layer influences play only a minor role and the overall situation is thus less complex.

3.3. Free Troposphere and Boundary Layer Influence: Comparison of Various Approaches

We grouped the aerosol size distributions using the FLEXPART results in the form of the derived parameter

“time since last significant boundary layer contact” (section 2.4). Figure 5 shows the median size distributions

for the times specified in each panel’s headline as well as the respective quartiles. The number of data points

used for each panel is also indicated. Most noticeably, the vast majority (over 70%) of air masses arriving at

Jungfraujoch had contact with the PBL within the last 24 h before arrival, followed by 18% without significant

contact for at least 120 h before arrival. Only 5% and 3% of air masses had a last significant PBL contact between

24–48h and 48–120h before arrival. The fact that PBL influence happened either within the last 24h or longer

than 5days ago in almost 90% of the cases indicates that the free troposphere is for the most part decoupled

from the PBL on a larger spatial scale, except for the Alpine region around the Jungfraujoch (within 1 day

horizontal transport), where orographically and thermally driven injections of PBL air are rather frequent.

We note a steady decline in the accumulation mode concentration with increasing time since last PBL con-

tact. For the nucleation and Aitken modes, the situation is more complex. The median of the Aitken mode

concentration stays about constant up to 72 h since the last PBL contact and only then decreases in the same

way as the accumulation mode concentration. The upper quartile of the Aitken mode concentration,

however, increases substantially, and between 48 and 96 h even shows a nucleation mode. As these high

Aitken mode concentrations are not accompanied by equally high accumulation mode concentrations, we

conclude that these particles were formed in the lower free troposphere. Apparently, a residence time of

between 48 and 96 h in the lower free troposphere before arrival at Jungfraujoch results in the highest

nucleation and Aitken mode concentrations. On one hand, this suggests that this is the time required to

produce condensable vapors followed by new particle formation, growth, and transport (see Figure S5 for

Aitken mode longevity) such that they are detected by our instrumentation. On the other hand, this effect

may be enhanced by source areas providing suitable precursors for aerosol formation. For these observa-

tions, southerly advection often prevailed and the last PBL contact typically happened in Mediterranean

regions, over Italy and Greece.

As mentioned above, the accumulation mode declines with time since the last PBL contact. To assess this

process quantitatively, we show N90 (median and quartiles) as a function of time since the last PBL contact in

Figure 6a. N90 and the accumulation mode number concentration are closely related, but we use N90 here

because it is the most relevant number: as already stated above, 90 nm is the average threshold dry diameter

above which particles are activated to cloud droplets when clouds form at Jungfraujoch [Hammer et al., 2014].
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Moreover, aerosol processes are related to the actual particle size while mode fitting is a descriptive tool. In

Figure 6, we fitted the following function to the data:

N90 ¼ C0 þ Cinj � exp Cdecay � X
� �

(2)

While interpretations of some variables vary, the equation in this general form applies to Figures 6a and 6b

and Figure S3. In all cases, C0 denotes the N90 background concentration and Cinj is the median magnitude of

the PBL injection. X is the x axis variable, i.e., time for the case time since PBL contact in Figure 6a. Cdecay,

finally, is the respective rate with which N90 approaches C0.

With the coefficient of determination R2= 0.9 and also confirmed by Figure 6a, a good fit is possible. For time

since PBL contact in Figure 6a, we find Cdecay=�0.025 which translates into a half-life of the N90 concentra-

tion of roughly 30 h to reach background conditions. For the background concentration C0 of N90 in the FT we

find N90,background= 39 cm�3, and the typical magnitude of PBL injections over C0 is 150 cm
�3 for particles

larger than 90 nm.

Figure 6b shows the same approach for the NOy/CO case. This ratio has been used previously as ameasure for

FT conditions and PBL influence since NOy/CO has been found to be a means of estimating the “age” of an air

mass, with ratios of 0.1 to 0.16 (i.e., CO/NOy between 6.25 and 10) close to anthropogenic sources and ratios

of<0.01 (i.e., CO/NOy> 100) after a few days of transport [Jaeglé et al., 1998; Stohl et al., 2002]. Zellweger et al.

[2003] reported NOy/CO ratios of 0.002 to 0.005 (i.e., CO/NOy between 200 and 500) for free tropospheric

conditions at Jungfraujoch depending on the season. The scatterplot of N90 versus CO/NOy reveals a picture

similar to the approach with simulated time since PBL contact and an analogous fit as described by equation

(2) is possible. Of course, there is no time dependence in this case but the parameter C0 remains the FT back-

ground concentration of N90. With an R2 of 0.99, the fit yields C0= 46 cm�3. This is reasonably close to the

value of 39 cm�3 from Figure 6a, which suggests that both approaches do indeed provide a similar quanti-

tative assessment of free tropospheric conditions and boundary layer influence on N90 at Jungfraujoch.

Besides the medians and quartiles, Figures 6a and 6b also show the medians for summer and winter. Their C0
values are very close to the respective upper and lower quartiles, which, of course, is no coincidence: Summer

Figure 5. Median size distributions (blue) and respective quartiles (red) using the time elapsed since the last significant PBL

contact as the grouping parameter. The number of data points is given in brackets.
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makes up one quarter of the year and has the strongest PBL influence; the same in reverse is true for winter.

This suggests seasonality in N90 background in the lower free troposphere, which can be easily explained: as

described in section 3.5, very little N90 is produced at Jungfraujoch. Injections from the PBL and transport

from lower altitudes are thus the main sources for the observed N90. The N90 background is therefore, essen-

tially, an equilibrium between transport from below and dilution and loss processes, which will depend,

among other things, on the frequency and strength of the injections. As there is more and stronger transport

to Jungfraujoch during summer, those months will see higher background N90 concentrations. The loss pro-

cesses, e.g., wet removal, may also have seasonality; however, it is not known whether they weaken or

strengthen the seasonality of the N90 background value. For similar reasons, N90 background values will

change somewhat each year, depending on prevalence of specific weather conditions.

To test whether the agreement between these approaches is merely coincidental, Figure 6c shows a plot of

CO/NOy versus time since the last PBL contact. With a 3 h time resolution for 10 days’ back trajectories, the

time since the last PBL contact is divided into 80 bins, and within each bin, there is a wide scatter of

CO/NOy values, especially for smaller CO/NOy values and shorter time intervals since the last PBL contact.

However, the median CO/NOy values for each bin, denoted by red circles, show a solid linear correlation with

time since PBL contact. This suggests that a good degree of similarity between results from both approaches

can be expected; the consistent values for the background value of N90 are an example of this. The fact that

the linear fit does not go through (0, 0) is a consequence of the nature of CO/NOy. As pointed out above, this

ratio is between 6.25 and 10 at the source and grows with air mass age. The offset of the fit from (0, 0) can

thus be seen as a measure of the minimum distance from anthropogenic sources or the minimum age of

air masses arriving at Jungfraujoch.

Figure 6. N90 (a) as a function of time since PBL and (b) as a function of CO/NOy with fitted lines for median and quartiles. (c)

The relation between time since PBL contact and CO/NOy aswell as themedian values for each 3 h bin and a fit through them.
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Another alternative to determine FT conditions and PBL influence are radon-222 concentrations, which are

also available for Jungfraujoch, however, only for a shorter period of time (November 2009 to December

2012). Using similar reasoning as in Figure 6b, one can again plot N90 against 1/[
222Rn] and perform a similar

fit (equation (2)). The resulting figure is very similar to Figures 6a and 6b and is shown for completeness in the

supplement as Figure S3. For the FT background of N90 concentrations, the fit yields a value of 36.5 cm�3,

once again very much in line with the other two approaches.

Summarizing the three methods to discern FT conditions at Jungfraujoch, we find that N90= 40 cm�3 is a

good approximation to describe the free tropospheric background aerosol. This implies that N90 could be

used as an additional criterion to identify FT conditions and to quantify the intensity of the PBL influence:

the smaller the excess N90 above 40 cm�3 the less significant is the PBL influence. As stated above, this is

an average value which differs between seasons (roughly 30 cm�3 in winter and 55 cm�3 in summer);

however, this seasonality simply reflects a generally higher “residual PBL influence” in the warmer season

with stronger convection. It is important to stress that the data do not suggest a sharp boundary between

FT and PBL. Speaking instead of a varying degree of boundary layer influence reflects the observations

more accurately.

It can nevertheless be instructive to derive FT limits from the fitted trend lines in Figures 6a and 6b and Figure

S3 and to apply these limits in order to determine further similarities and differences between the respective

approaches. To do this in a consistent manner, we define as “FT-like” situations where N90 exceeds the

40 cm�3 background concentration by a maximum of 50%. We then use the fitted equations and find the

following limits: time since last contact with PBL = 78 h, CO/NOy= 260, and 1/[222Rn] = 1.5m3 Bq�1, which is

equivalent to a radon-222 concentration of 0.67 Bqm�3.

Figures 7a and 7b show the median size distributions for FT and PBL influence conditions assuming the three

limits derived above to be sharp boundaries for free troposphere conditions. The legends in both figures also

provide information about the prevalence of FT conditions. While the median distributions appear quite

similar especially for the FT case, the percentage for FT conditions varies between 20 and 39% for the back

trajectory and the CO/NOy approaches, respectively. Clearly, the analysis by CO/NOy ratio results in the least

stringent FT criterion. The fact that the three median FT size distributions are almost identical indicates that

the three criteria chose different subsets of data from the available, quite similar FT-like size distributions. In

turn, the back trajectory and the 222Rn criteria classify part of these as not FT, which leads to significantly

lower concentrations for these criteria in the PBL-influenced data (Figure 7a). On average, the more stringent

criteria exclude many FT-like size distributions while the less stringent CO/NOy criterion does not seem to

classify significant numbers of PBL-type distributions as FT, which would lead to a markedly different median

distribution in Figure 7b. With respect to the aerosol size distribution this would suggest that the least strin-

gent of the applied criteria is the most accurate one. To make the back trajectory criterion less stringent it

would, in principle, be possible to change the threshold for significant PBL contact (see section 2.2).

However, tests have shown that already a small increase in the threshold value will increase the median size

distribution in Figure 7b, i.e., PBL-type size distributions will be classified as FT. The attempt to change the
222Rn threshold has similar consequences, indicating that local radon emissions as well as the comparatively

long radon lifetime blur the distinction between free tropospheric conditions and boundary layer influence.

This further supports the conclusion that the CO/NOy approach offers the best distinction between free tro-

posphere conditions and boundary layer influence.

Figure 7c takes a closer look at the prevalence of FT conditions according to the three criteria throughout the

year. As can be expected, all criteria find FT conditions to be more prevalent in winter than in summer. At all

times, the FT percentage is lowest according to the time since PBL approach and highest according to

CO/NOy. The
222Rn criterion approaches CO/NOy in summer and is close to the back trajectory approach in

winter. Following the CO/NOy criterion, FT prevalence is around 20% in the summer and can be higher than

50% during autumn, winter, and spring, reaching over 60% in January. Notably, this gives a PBL influence for

40% of the time even during winter. This seems in contradiction to the winter panel of Figure 2 whose almost

flat diurnal N90 curve suggests very little PBL influence during the winter. One has to remember, however, that

these hard limits cannot account for varying degrees of PBL influence. As such, the figures are not contradict-

ing each other but provide different aspects of PBL influence: Figure 2 describes the degree while Figure 7c

shows the frequency.
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Finally, it is instructive to compare the newly derived FT criterion to the one applied in the previous

Jungfraujoch size distribution study. In an approach adapted from Mauna Loa [Mendonca and Iwaoka,

1969], Weingartner et al. [1999] simply assumed that the site is in the free troposphere during the night,

i.e., from 3:00 to 9:00 o’clock A.M. For this period, the CO/NOy limit yields an FT percentage of only 46%. Of

all situations that CO/NOy identifies as free tropospheric merely 30% fall into the window between 3:00

and 9:00. In the light of our findings the assumption that nighttime equals FT conditions appears to miss most

FT situations while also misclassifying a large amount of periods with boundary layer influence.

3.4. Air Mass Transport to Jungfraujoch

Surface source receptor relationships (SRRs; see section 2.4) were categorized following the clustering

method described in Sturm et al. [2013] and Pandey Deolal et al. [2014] but applied here to the period

January 2008 to May 2014. A separation into 12 categories was derived. The average relative surface SRRs

(difference between the mean SRR of each category and the overall mean SRR, divided by the overall mean

SRR) for these categories are given in Figure 8. The categories can be named following their main region of

influence and the intensity of surface influence: (1) free tropospheric, (2) Alpine, (3) Central, (4) North-West

strong, (5) North-West weak, (6) North-East, (7) East, (8) far South-East, (9) South, (10) South-West, (11) West

weak, and (12) West strong.

Collaud Coen et al. [2011] used synoptic weather types [Schüepp, 1979] to describe transport of air masses to

Jungfraujoch. Wuesthoff [2011] introduced new weather classification schemes which cannot be mapped

onto the old approach and thus preclude a comparison with the Collaud Coen et al.’s [2011] results. Also,

air mass classification on the basis of footprint clustering for a specific observational site (section 2.2 and

Figure 8) seems more instructive than the weather-type approach. That is why we decided to use footprint

clustering in this work, which has the added benefit of improving the time resolution from 1 day to 3 h.

Figure 7. Median size distributions for (a) PBL and (b) FT conditions according to the three criteria. Numbers in brackets

denote the retrieved frequencies of occurrence for the different selection approaches. (c) Relative occurrence of FT

conditions at Jungfraujoch.
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Figure 9 shows median distributions for each footprint cluster as well as quartiles and relative occurrence of

each cluster where the occurrence varies between 5 and 11%. The figure also indicates which percentage of

each cluster would be classified as free tropospheric according to the CO/NOy criterion from section 3.3.

Cluster 1 (“free tropospheric”) produces amedian size distribution that is quite similar to the distributions that

the different FT criteria yield in Figure 7b. Consistent with this observation, 68% of this cluster would be clas-

sified as FT with the CO/NOy criterion. However, with an occurrence of 9.6%, it is well below even the strictest

FT criterion in the section above and much lower than the suggested FT frequency of 39%. Instances of

cluster 1 air masses are distributed throughout the year very much like FT conditions as the comparison of

Figure 7c and Figure S4 shows. Cluster 2 (“Alpine”) covers nearby regions which correspond to recent PBL

injections and thus relatively high concentrations. Clusters 4 (“North-West strong”) and 5 (“North-West weak”)

appear to be very similar in Figure 8 and also produce very similar size distributions in Figure 9. Only the

Aitken mode for cluster 4 seems slightly more prominent. Cluster 8 shows surface contributions mainly quite

far away over the South-East Mediterranean where these air masses were not altered by significant PBL

contact during their further approach to Jungfraujoch. With the time since last PBL contact criterion, a signif-

icant part of this cluster would be classified as FT, and the CO/NOy criterion gives an FT fraction of 52%. Also,

its monthly frequency distribution (Figure S4) resembles the annual distribution of FT conditions (Figure 7c).

Figure 8. The 12 footprint clusters derived from FLEXPART calculations: (1) free tropospheric, (2) Alpine, (3) Central, (4) North-West strong, (5) North-West weak, (6)

North-East, (7) East, (8) far South-East, (9) South, (10) South-West, (11) West weak, and (12) West strong. Plots are color-coded according to average relative surface

SSR (source receptor relationships; see section 2.4) here expressed as residence times by cluster normalized (RTCN).
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However, the prominent Aitken mode suggests that cluster 8 is not purely FT (compare to Figure 7b). In fact,

the shape of the size distribution resembles the ones covering the time from 48 to 96 h in Figure 5. Such

short residence time in the FT will hardly be enough to remove all recent PBL influence. The largest accumu-

lation mode is connected to cluster 10 where it shows especially in the upper quartile. Comparing this to

Figure 4 suggests that this is connected to cloud-free conditions in summer. Consistently, cluster 10

frequency is highest in summer (Figure S4). Of the remaining clusters, cluster 6 (“North-East”) shows the

highest concentrations. This is the cluster that is most influenced by eastern Europe. The quite similar cluster

7 (“East”), which includes more air masses from South-East Europe, shows noticeably lower concentrations

for both modes. Clusters 9 (“South”) and 12 (“West strong”) show frequent transport from the PBL as the

large accumulation modes in the upper quartiles indicate. Finally, cluster 3 shows the lowest free tropo-

sphere percentage of all clusters. This does not, however, result in the highest particle concentrations—a

good reminder that boundary layer influence is a matter of degree and that the results of sharp FT limits

should not be overinterpreted.

3.5. New Particle Formation, Growth, and In Situ CCN Production

A detailed analysis of the very first steps of particle formation is not possible based on size distributions

measured between 20 and 600 nm and additional measurements of N10 alone. However, based on the obser-

vation of particle growth and the temporal evolution of N10–20 (the number concentration of particles with

diameters between 10 and 20 nm), the frequency of recent new particle formation (NPF) events in the air

masses arriving at Jungfraujoch can be estimated with reasonable accuracy. NPF events were identified by

visual inspection of daily size distribution contour plots and additional N10–20 data. Identification and classi-

fication follow the protocol outlined by Kulmala et al. [2012]. Days were classified as event days (Class 1 or

Class 2), undefined days, or nonevent days, depending on appearance of small particles, observable particle

growth, event intensity, and event duration.

Figure 9. Median size distribution for footprint clusters (medians in blue, quartiles in red). Prevalence is given with each

figure. The free troposphere percentage indicates which fraction of each cluster fulfils the CO/NOy FT criterion derived in

section 3.3 and also applied in Figure 7. Clusters as in Figure 8: (1) free tropospheric, (2) Alpine, (3) Central, (4) North-West

strong, (5) North-West weak, (6) North-East, (7) East, (8) far South-East, (9) South, (10) South-West, (11) West weak, and

(12) West strong.
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Table 2 shows the nucleation fre-

quency for each month. It is highest

in March and April but there is no

distinct annual pattern and year-to-

year variation is large. Over the whole

period of 6 years, new particle forma-

tion was observed on 14.5% of days.

This is somewhat below the 17.5%

Boulon et al. [2010] reported for 1 year

of observations at Jungfraujoch. In

their study, they used a neutral cluster

and air ion spectrometer (NAIS),

which measures neutral clusters as

small as 2 nm and detects ions with

0.8 nm diameter. This means that

Boulon et al. [2010] were able to

detect events that could not be observed with a lower cutoff diameter of 10 nm as in this study; a somewhat

higher nucleation frequency has thus to be expected. Compared to other high-altitude sites, new particle for-

mation at Jungfraujoch occurs rather infrequently. For example, at Chacaltaya in Bolivia, Rose et al. [2015]

observed nucleation almost on a daily basis during the local dry season. For Storm Peak in Colorado, Hallar

et al. [2011] have reported a nucleation frequency of 52%. García et al. [2014] found 30% in their long-term

study at Izaña, and Boulon et al. [2011] 36% for Puy de Dôme. As an outlier in the global observations,

Neitola et al. [2011] have reported nucleation probabilities for Mukteshwar that are as low as the ones found

at Jungfraujoch. But in contrast to our findings, Mukteshwar shows a very pronounced annual cycle.

Table 2 separately lists Class 1 events which are characterized by a large increase in N10–20 and continued

growth over several hours. These very strong and distinct events occur only once or twice per month.

Their clear features, however, allow for a closer inspection of their characteristics. New particle formation

starts earlier in summer than in winter, as also shown in Figure 2, as expected by the earlier sunrise. From

the time that passes between the onset of the concentration increase in N10 and N20, it is possible to estimate

the growth rate between these diameters. Typically, N10 and N20 increases are shifted by 1 to 2 h. This implies

an upper limit for the mean growth rate of about 6 nmh�1which is close to the value of 5.7 for growth from 7

to 20 nm found by Boulon et al. [2010]. Considering growth rates at elevated sites, in general, one notices very

heterogeneous results. Some locations are reported to show small growth rates around 0.5 nmh�1 (Izaña

[García et al., 2014] and Mauna Loa [Weber et al., 1995]). A number of sites have been found to have growth

rates around 2.5 nmh�1 (Norikura [Nishita et al., 2008], Mukteshwar [Neitola et al., 2011], and Dome C

[Järvinen et al., 2013]). Values close to the 6 nmh�1 observed at Jungfraujoch have been reported for Puy

de Dôme [Boulon et al., 2011], Chacaltaya [Rose et al., 2015], and Storm Peak [Hallar et al., 2011].

Based on the evolution ofN10–20 over time it is further possible to estimate an “apparent formation rate” (themax-

imum slope ofN10–20 over time) of these particles, which is about 1 cm�3 s�1 on average but the determination of

an actual nucleation rate requires too many assumptions to be reliable. For comparison, formation rates in the

literature reach from 0.023 cm�3 s�1 (Dome C [Järvinen et al., 2013]) to 7.47 cm�3 s�1 (Storm Peak [Hallar et al.,

2011]).N10–20 typically peaks at 3000 cm
�3 (median) on event days, while values of over 15000 cm�3 are observed

during the strongest events. In contrast to this, N10–20 typically does not exceed 500 cm�3 on nonevent days.

While particle formation rates and initial growth below 20nm can only be approximated, the available data per-

mit a clear look at subsequent particle growth eventually resulting in CCN formation, i.e., growth to 90nm and

beyond. Above 20nm, the growth rate rapidly declines. Newly formed particles typically do not grow beyond

the Aitken mode, with the biggest particles reaching 60 or 70 nm as evident from surface plots (Figure S5). In

6 years, no event was observed in which newly formed particles continued to grow to CCN sizes in significant

numbers within the same air mass which means within 1 or 2 days. This is in contrast to observations by Pierce

et al. [2012] who found significant CCN production driven by biogenic organic compounds following nucleation

events on Whistler Mountain. One has to point out, however, that the two sites on Whistler Mountain are at

1300m and 2182m asl, while Jungfraujoch is at 3580m and well removed from biogenic sources. In some

Table 2. Frequency of New Particle Formation Events Throughout the Year

Class 1

Events (%)

All Events

(%)

Undefined

(%)

Nonevents

(%)

January 5.1 13.1 3.6 83.2

February 4.5 16.0 5.8 78.2

March 8.3 27.2 5.3 67.5

April 9.3 18.6 8.7 72.7

May 4.6 11.6 5.8 82.7

June 2.0 9.2 3.9 86.9

July 3.4 12.4 4.0 83.6

August 3.5 14.0 6.4 79.5

September 3.9 10.8 2.9 86.3

October 5.9 16.0 5.9 78.2

November 4.1 9.3 6.2 84.5

December 2.7 11.5 5.3 83.2

All 6 years 4.9 14.5 5.4 80.1
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cases, preexisting particles of the Aitken mode grew to larger sizes during new particle formation events, i.e.,

when much condensable vapor was available. However, such growth of the Aitken mode is quite rare, of all

Class 1 events, only some 20 cases with notable increase in CCN concentration were identified in the 6 year data

set while Class 2 events typically do not contribute to CCN numbers. When this occurs, the CCN yield is signifi-

cant with an average of 100 cm�3. However, one has to keep in mind that this value is only an upper limit since

part of the increase inN90 is likely connected to PBL influence which is typical for nucleation days. The contribu-

tion of this process to average CCN concentrations at Jungfraujoch is only roughly 1 CCNcm�3d�1 on average,

i.e., on the order of magnitude of 1%. In the light of these numbers it is justified to conclude that the greatest

fraction of CCN at Jungfraujoch originates from the boundary layer or was formed during the vertical transport

of air masses to Jungfraujoch. However, this does not exclude that new particles formed in the FT eventually

end up as CCN. They can possibly be mixed down to the PBL, where growth to CCN sizes is more efficient

due to higher concentration of condensable vapors. However, the fact that in situ CCN formation in the FT is

negligible compared to vertical transport of CCN to the Jungfraujoch is an essential observation that validates

the approach of using the number concentration of accumulation mode particles in the determination of a

criterion for FT conditions as described in section 3.3.

4. Summary and Conclusions

The aerosol size distribution at Jungfraujoch was measured over a period of 6 years with an SMPS system

covering the particle diameters between 20 and 600 nm. Additional data include the total particle number

concentration above 10 nm, long-wave radiation, ambient temperature, relative humidity, NOy, CO, and
222Rn concentrations. FLEXPART simulations provided information on the history of the sampled air masses.

N10 shows a clear diurnal cycle for all seasons. During summer, daily variability is driven by PBL influence

which affects nucleation, Aitken, and accumulation modes while daily variations of Aitken and accumulation

mode concentrations are very small in winter. N10–20 shows a distinct diurnal cycle throughout the whole

year, implicating that new particle formation occurs in all seasons. As can be expected, nucleation starts ear-

liest during the day in summer and latest in winter. New particle formation has been observed on 14.5% of all

days with highest values in spring but without a clear seasonal pattern and high year-to-year variation. New

particles grow relatively fast from 10 to 20 nm (6 nmh�1 for Class 1 events) but do not grow beyond Aitken

mode sizes. The growth of new particles all the way to CCN sizes within 2 days of nucleation onset has not

been observed. Occasionally, preexisting Aitken mode particles grow above 90 nm during nucleation events

but the process is rare and contributes very little to average CCN concentrations. Ultimately, CCN concentra-

tions at Jungfraujoch are thus almost exclusively driven by transport from lower altitudes.

The sky temperature, which can be calculated from long-wave radiation, has been used as a parameter to

determine cloud presence. To verify this approach, it was compared to automated analysis of webcam

photos taken at 1 h intervals. Both approaches show very good agreement indicating that the sky tempera-

ture is a reliable parameter to identify cloud presence in the absence of direct in situ cloudmeasurements. RH

as a cloud proxy works poorly in comparison at this location.

Three parameters were used to identify free tropospheric conditions and the influence of the planetary

boundary layer. Based on FLEXPART simulations we developed the parameter “time since PBL contact,”which

is the time that has passed since the air mass had the last significant contact with the boundary layer. For

comparison, also CO/NOy (as a derivation of the previously used NOy/CO) and
222Rn concentrations were

used to determine PBL influence. Combining these approaches, we found that the tropospheric background

concentration of N90 (≈CCN) is about 40 cm
�3 at the site with a certain amount of variation throughout the

year. As N90 at Jungfraujoch is almost exclusively originating from lower altitudes, this annual variation is

easily explained by the varying frequency of transport to Jungfraujoch, which is a consequence of varying

temperature and day length. The value of 40 cm�3 is derived in such a way that it does not constitute a

threshold between FT and PBL situations but a value toward which N90 will develop given that there are

no fresh injections from below. By the same token, time since PBL, CO/NOy, and
222Rn does not provide sharp

FT thresholds. Nevertheless, limits can be derived that describe “almost background” conditions. Using these

as FT limits, we can determine the shape of the average FT size distribution and find that FT conditions prevail

for 39% of the time, ranging from around 20% in summer to over 60% in January. It is noteworthy that even

during winter, Jungfraujoch is not at all times in the free troposphere.
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Compared to other high-altitude sites, new particle formation at Jungfraujoch is rare and shows no clear

annual cycle. While such scarcity renders a detailed statistical analysis of NPF at Jungfraujoch quite challen-

ging in terms of the required time series, it also provides an opportunity to determine the conditions that

favor nucleation at high altitude: contrasting NPF conditions and conditions where no NPF occurs is a power-

ful tool to this end. Closely related to this challenge is the observation that newly formed particles do not

grow to CCN size immediately while nucleation in the PBL is often related to large CCN gains [e.g.,

Herrmann et al., 2014]. This leads to the question at which height CCN are still produced. Jungfraujoch and

the surrounding region with its infrastructure and the resulting easy access provide the ideal ambient labora-

tory to study nucleation, CCN formation, and the necessary conditions at various altitudes.

In closing, the lower free troposphere at Jungfraujoch is strongly influenced by injections from the planetary

boundary layer and other transport processes from lower altitudes. Seventy percent of the air masses arriving

at the site had boundary layer contact within the last 24h before arrival, and almost 20% had no significant PBL

influence during the previous 5days. This bimodal distribution suggests that vertical transport happens mainly

in (and is likely caused by) the Alps, while it happens only infrequently over nonmountainous regions. With the

mountains as a main factor for vertical transport, one would expect that the PBL influence depends on the

characteristics of the mountain(s) in questions. Twenty-seven percent of the Earth’s land surface is defined as

mountainous (altitude> 1500m asl) [Messerli and Ives, 1997]. The currently best climate models have a resolu-

tion of 25 km [Wehner et al., 2014] and thus cannot capture accurately PBL influence on the free troposphere

driven by orographic effects over a significant portion of the globe’s surface. While model studies [e.g.,

Spracklen et al., 2010] show reasonable agreement between observed and modeled number concentrations

at sites such as Jungfraujoch, our findings suggest that further improvement requires a finer resolution of

the transport processes from the boundary layer to the free troposphere especially over mountain areas.
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