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Abstract. Global models predict that new particle formation
(NPF) is, in some environments, responsible for a substantial
fraction of the total atmospheric particle number concentra-
tion and subsequently contributes significantly to cloud con-
densation nuclei (CCN) concentrations. NPF events were fre-
quently observed at the highest atmospheric observatory in
the world, on Chacaltaya (5240 m a.s.1.), Bolivia. The present
study focuses on the impact of NPF on CCN population.
Neutral cluster and Air Ion Spectrometer and mobility par-
ticle size spectrometer measurements were simultaneously
used to follow the growth of particles from cluster sizes
down to ~2nm up to CCN threshold sizes set to 50, 80
and 100 nm. Using measurements performed between 1 Jan-
uary and 31 December 2012, we found that 61 % of the
94 analysed events showed a clear particle growth and sig-
nificant enhancement of the CCN-relevant particle number
concentration. We evaluated the contribution of NPF, rela-
tive to the transport and growth of pre-existing particles, to
CCN size. The averaged production of 50 nm particles during
those events was 5072, and 1481 cm—3 for 100 nm particles,
with a larger contribution of NPF compared to transport, es-
pecially during the wet season. The data set was further seg-
regated into boundary layer (BL) and free troposphere (FT)

conditions at the site. The NPF frequency of occurrence was
higher in the BL (48 %) compared to the FT (39 %). Parti-
cle condensational growth was more frequently observed for
events initiated in the FT, but on average faster for those initi-
ated in the BL, when the amount of condensable species was
most probably larger. As a result, the potential to form new
CCN was higher for events initiated in the BL (67 % against
53 % in the FT). In contrast, higher CCN number concen-
tration increases were found when the NPF process initially
occurred in the FT, under less polluted conditions. This work
highlights the competition between particle growth and the
removal of freshly nucleated particles by coagulation pro-
cesses. The results support model predictions which sug-
gest that NPF is an effective source of CCN in some envi-
ronments, and thus may influence regional climate through
cloud-related radiative processes.

1 Introduction

Atmospheric aerosol particles are known to affect air qual-
ity, health (Seaton et al., 1995) and climate. Beside their di-
rect interaction with the solar and telluric radiations, aerosol
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particles also act as condensation nuclei for cloud droplets.
Cloud effects such as cloud albedo (Twomey, 1977) and life-
time (Albrecht, 1989) constitute the largest uncertainty in the
estimation of the radiative forcing of the Earth’s atmosphere
(IPCC, 2013).

The interaction between aerosol particles and the forma-
tion of warm clouds relies on the ability of the particles to
serve as cloud condensation nuclei (CCN), which depends
on the water vapour supersaturation, particle-size distribution
and also the chemical composition (e.g. Roberts et al., 2010;
Wex et al., 2010; Asmi et al., 2012). Besides the processing
of primary particles, other CCN sources were identified, such
as regional new particle formation (NPF) events (Kerminen
et al., 2012).

NPF is a frequent atmospheric phenomenon including the
formation of nanometer-sized clusters from gaseous precur-
sors and their subsequent growth to larger sizes (e.g. Kul-
mala and Kerminen, 2008). Typical growth rates between 1.8
and 10.7nmh~! were found for particles in the range 1.5—
20 nm (Yli-Juuti et al., 2011), meaning that a few hours to a
few days are needed for nucleated particles to grow to CCN
size, around 50-150 nm (Kerminen et al., 2012). The abil-
ity of these clusters to grow to CCN size strongly depends
on the competition between condensational growth and their
removal by coagulation onto pre-existing particles.

During the last few years, several global model inves-
tigations were dedicated to the study of the CCN-sized
aerosol production attributed to atmospheric NPF (Makko-
nen et al., 2012; Merikanto et al., 2009; Reddington et al.,
2011; Spracklen et al., 2008). While the outcomes of these
different models may vary according to the way they treat
NPF and aerosol particle processes (Lee et al., 2013), most
of them show an enhancement of the CCN number con-
centration due to NPF, both in the boundary layer (BL)
and in the free troposphere (FT). Based on the study by
Makkonen et al. (2012), predictions of the present-day an-
nual global average CCN concentration in the BL show al-
most a 5-fold increase when taking into account NPF. Ac-
cording to Merikanto et al. (2009), 45 % of global low-level
cloud CCN at 0.2 % supersaturation originates from nucle-
ation, and 35 % has been formed in the free and upper tropo-
sphere. Slightly contrasting results are provided by Redding-
ton et al. (2011) using the global model GLOMAP against
measurements conducted at 15 European ground-based sta-
tions in the frame of the EUCAARI project. Reddington and
coworkers found that CCN-sized particle concentrations in
the BL were mainly driven by processes other than NPF,
which contributed significantly to the CCN budget at little
less than a quarter of observational sites included in the study.

However, observations to validate these predictions are
scarce, especially for the FT, where measurements are of-
ten technically challenging. Recent studies conducted at
the Jungfraujoch station (Switzerland, 3580 m a.s.l.) reported
significant enhancement of the particle concentration below
50 nm by NPF in the FT, while only a minor fraction of these
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particles grow beyond 90 nm, even on a timescale of several
days (Herrmann et al., 2015; Trostl et al., 2016). The con-
tribution of NPF to the production of CCN is thus likely to
be very limited in this part of the FT, while boundary-layer-
originating particles were observed to dominate the CCN
concentrations measured at Jungfraujoch. The occurrence of
the NPF process itself in the FT was reported to be tightly
connected with the strength of boundary-layer influence at
the site, together with global radiation (Bianchi et al., 2016;
Trostl et al., 2016).

In this context, the purpose of the present study is to es-
timate the contribution of NPF to CCN formation at the sta-
tion of Chacaltaya (5240 ma.s.l., Bolivia). Special attention
is given to differentiating the CCN number concentrations at-
tributed to NPF and particle growth occurring at the station
from those attributed to the transport of pre-existing CCN-
sized particles to the site. This analysis was performed using
an indirect method based on the NPF event classification pre-
viously reported by Rose et al. (2015a) and particle number
size distribution measurements in the range 10-500 nm. In
addition to global CCN number concentrations, a more de-
tailed analysis of NPF and subsequent CCN production in
the BL or in the FT is also reported.

2 Measurements and methods
2.1 Observation site and instruments

Aerosol particle number size distributions, together with rou-
tine meteorological parameters, were measured at the Cha-
caltaya GAW (Global Atmospheric Watch) station, located
in a range of the Bolivian Andes at the summit of Mount
Chacaltaya (16°21.014’ S, 68°07.886’ W), 15 km north of La
Paz — El Alto metropolitan area (2 million inhabitants).

The mobility distribution of charged particles and ions
(3.2-0.0013cm2 V-1 s71) and the size distribution of total
particles (2-42 nm) were measured by a Neutral cluster and
Air Ion Spectrometer (NAIS, Airel Ltd., Mirme and Mirme,
2013). The NAIS sampled the ambient aerosol through an in-
dividual non-heated short inlet (~ 50 cm) with a 5 min time
resolution. Since the NAIS was likely to overestimate par-
ticle number concentrations above 20 nm (Manninen et al.,
2016), particles in the range of 20nm to the relevant CCN
size were preferentially measured using a scanning mobility
particle sizer (SMPS) developed by TROPOS (Wiedensohler
et al., 2012). The SMPS operated behind a whole air inlet
equipped with an automatic dryer.

More details on the measurement site as well as the instru-
mental set-up and the data quality assurance can be found in
Rose et al. (2015a) and Andrade et al. (2015).

www.atmos-chem-phys.net/17/1529/2017/
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2.2 Method to assess the local influence of the
boundary layer in Chacaltaya

In order to assess whether the site is under the influence of
the planetary boundary layer or the low free troposphere at
a local scale, regardless of the history of the air mass, we
employed the hourly averaged value of the standard deviation
of the horizontal wind direction (op).

The value of oy has been extensively used in air pollu-
tion monitoring (EPA, 2008; Mitchell, 1982; Mitchell and
Timbre, 1979; Weber, 1997) and dispersion models as an in-
dicator of the stability of the lower atmosphere. Instable at-
mospheric conditions produce turbulence and therefore high
wind variability. Conversely, low wind variability due to sta-
ble conditions produces low oy values. In Chacaltaya, oy was
used from a mountain perspective, i.e. assuming that turbu-
lent conditions (oy > 12.5) reflect the influence of the BL at
the observatory and, contrarily, that non-turbulent (or stable)
conditions are equivalent of being in the FT (0y < 12.5).

In Chacaltaya, oy is obtained at the summit (5380 ma.s.1.,
10m above the surface) by means of a wind vane and
propeller (Young 05103) and processed directly on a CS-
CR1000 data logger. oy is defined as the standard deviation
of the horizontal wind direction itself according to Eq. (1),
but its value is approximated by the Yamartino (1984) single-
pass method (set of Eq. 2) directly in the data logger.

N
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ow=|=5—7—| " M

where 6; is the instantaneous wind direction and 6 the aver-
age wind direction.
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The synoptically driven change of wind direction may af-
fect the calculation of op for short time periods. This low-
frequency horizontal wind oscillation is called “meandering”
and may produce an overestimation of oy during conditions
of low wind speed (<2 m g~ ), which usually take place dur-
ing the daytime in Chacaltya. Therefore, 15 min-averaged
values are calculated offline according to Eq. (3) to avoid
wind-meandering effects.
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where every op(15x) €quation is a 15min deviation of the
wind direction.

The threshold set for stable FT conditions is oy > 12.5, fol-
lowing Mitchell (1982)’s recommendations. In Chacaltaya,
FT conditions take place usually during night-time and be-
fore sunrise, as it would be expected for mountain sites. Nev-
ertheless, in many cases oy values lower than 18 are observed
in a persistent pattern (more than 4 h of this condition). This
may indicate the existence of a residual or interface layer
(IL). This intermediate layer would not correspond neither to
the FT nor the proper BL. Moreover, during the wet season,
convective and unstable conditions produce more turbulence
at the site, shifting the oy towards higher values, typically
below 18. Therefore other secondary site specific thresholds
are applied, namely 18 and 22.5.

The obtained hourly data set is then checked for consis-
tency, in particular with black carbon measurements, and the
following smoothing is applied. We establish a 4 h window
(2 h before and 2 h after the data point of interest) into which
the following criteria are applied.

— If the oy value is lower than 12.5 (classified as FT), but
if it is the only data point in the 4h window, it is not
considered as FT and it is reclassified as an IL point
instead.

— If the oy value is lower than 18 and 75 % of the points
in the 4 h window are lower than 12.5, the point is clas-
sified as a FT point (stable).

— If the oy value is lower than 22.5 and 75 % of the points
in the 4 h window are lower than 18, the point is clas-
sified as an IL point (this takes place mostly during the
wet season).

3 Results
3.1 CCN formation during and from NPF

3.1.1 Investigation of total CCN formation during NPF
events

In absence of direct CCN measurements at Chacaltaya, the
contribution of NPF to CCN production was estimated from
the continuous monitoring of the particle number size dis-
tribution. This indirect method was first introduced by Li-
havainen et al. (2003) and has already been used in sev-
eral other studies (Asmi et al., 2011; Kerminen et al., 2012;
Laakso et al., 2013; Laaksonen et al., 2005).

The basic hypothesis is that the lower cloud droplet ac-
tivation diameter of aerosol particles is in the range 50—
150 nm for the usual supersaturations encountered in natu-
ral clouds (Asmi et al., 2011, 2012; Komppula et al., 2005)
including those forming at altitudes up to 3580 ma.s.l., as
observed at the Jungfraujoch station (Switzerland) (Hammer
et al., 2014; Juranyi et al., 2011). Although these conditions
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Figure 1. Determination of the CCN concentration increase for the three threshold diameters (50, 80 and 100 nm) from the particle-size
distributions measured by SMPS. #;,i; and fimax denote, for each diameter, the times from which concentration increases are calculated.

24 July 2012.

might be slightly different from those found in clouds form-
ing above 5000 m, we assume that on a first approach the
CCN sizes previously mentioned apply the same way at such
altitudes. Thus, CCN number concentrations are assimilated
to a range of three different CN concentrations: hereafter,
CCNj5p and CCNjgp refer to the higher and lower limits of
the CCN concentration estimated from the number concen-
trations of particles larger than 50nm and 100 nm, respec-
tively. As additional information, an intermediate CCN con-
centration (CCNgy) was deduced from the number concen-
tration of particles larger than 80 nm. The CCN production
during an event was obtained from the comparison of the
CCN concentration Njyi¢ prior to and the maximum CCN
concentration Npax during the event. For each particle diam-
eter range, Ny is defined as the 30 min average concentra-
tion obtained at #,;, when growing particles reach the thresh-
old size, whereas Npax is the 30 min average concentration
calculated when the CCN concentration reaches a maximum
during an event, at fmax. The determination of Njpic and Npax
is depicted in Fig. 1. It is worth noting that this indirect
method based on particle size only provides estimations of
potential CCN concentrations instead of real concentrations
as measured by CCN chambers (Roberts and Nenes, 2005).
However, for simplicity, we refer to these potential CCN as
CCN hereafter.

The selection of the NPF events to be analysed was per-
formed based on the following criteria. First, only those NPF
events referred as type I, i.e. with clear particle growth from
smallest sizes, were considered. They contrast with type II
events, during which the growth is more irregular and may
be interrupted in certain size ranges, and bump type events,
which completely miss the growth of the newly formed clus-
ters (Hirsikko et al., 2007; Yli-Juuti et al., 2009). Second, the
days showing an eventual contribution from NPF events trig-
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gered the day before were rejected. In particular, the days
on which the NPF contribution superimposed on a strong
growing pre-existing Aitken mode band (of similar or even
larger intensity in terms of particle concentration) were re-
moved from the analysis, as previously described by Trostl
et al. (2016). Regarding this aspect, our analysis is thus a
lower limit of the contribution of NPF to CCN-sized relevant
aerosol concentrations.

During the measurement period from 1 January to 31 De-
cember 2012, 147 days showing type I NPF events were de-
tected: 112 during the dry season, from May to October, and
35 during the wet season, from November to April (Rose
et al., 2015a). However, because of missing data of parti-
cle number size distribution measurements, only 94 of them
were analysed further (75 from the dry season and 19 from
the wet season).

Over the whole year, 61 % of the studied NPF events were
apparently growing to CCN-relevant sizes and, when ob-
served, the contribution of growing particles to CCN concen-
trations was systematically seen up to at least 100 nm. During
the wet season, the frequency of aerosol particles reaching
CCN size during a NPF event was higher compared to the
dry season (79 and 56 %, respectively). This last observation
can be ascribed to the larger growth rates which were de-
tected during the wet season, being on average enhanced by
a factor 1.7 compared to the dry season (Rose et al., 2015a).
It is, however, worth noting that at this stage, the contribution
of pre-existing grown particles to the site cannot be excluded.

Our results of CCN concentration increase during NPF
events can be compared to literature values obtained using
similar methodologies for other sites. The results reported by
Asmi et al. (2011) for Pallas (560 m a.s.l., Finland) slightly
contrast with these observations. Indeed, the CCN number
concentration increase during NPF events showed a seasonal

www.atmos-chem-phys.net/17/1529/2017/
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variation but also decreased with increasing activation diam-
eter. This might be explained by a decreasing availability of
condensing vapours over the course of the particle-growth
time period. At Chacaltaya, the availability of condensing
gases appears to increase over a large time period, sometimes
reaching concentrations that trigger a second (and third) nu-
cleation event during the same day, in spite of the raising
condensable sink due to the first nucleation event (Rose et al.,
2015a). Coagulation processes, however, lead to a decrease
of CCN1gg compared to CCNj5. This is illustrated in Fig. 2a,
which shows the median CCN concentration increase during
NPF events for the three threshold sizes and for each season,
calculated as the difference between Nyax and Njyit. Consid-
ering all type I event days over the whole year, the median
number concentration of new CCN produced during a NPF
event was 5072 cm™3 for CCNsg, 2254 cm™3 for CCNgg and
1481 cm™3 for CCNjgo. The number concentration of new
CCN was on average higher during the dry season, especially
for CCNj5.

Corresponding relative increases in CCN number concen-
tration were calculated as the ratio of the absolute increases
previously reported over Ny, i.e. the 30 min-averaged CCN
number concentration measured when growing particles ini-
tially reached the threshold sizes (Fig. 2b). CCN concentra-
tions were found to increase by 168 to 996 % at Chacaltaya
during NPF events, with no clear differences between sea-
sons or threshold sizes.

One should note that when several consecutive type I
events were detected on the same day (this occurred on 7 oc-
casions), it was complex to extract the contribution of each
event, so the calculated CCN production was the result of the
contribution of all events as a whole. During multiple-event
days, the median number concentration of CCN produced
was on average 1.7 times higher compared to single type I
event days.

As previously mentioned, similar methodologies were
used in previous studies to evaluate the increase of CCN con-
centrations during NPF events. The average absolute CCN
production observed during NPF events at Chacaltaya is
lower compared to that reported by Laaksonen et al. (2005)
at the station of San Pietro Capofiume, located in the pol-
luted region of the Po Valley (11 ma.s.l,, Italy): on the basis
of 304 NPF events, the average number of new CCN pro-
duced during an event are 7.3 x 10% and 2.4 x 103 cm™3,
for CCN5p and CCNjqg, respectively. In contrast, the val-
ues from both Chacaltaya and San Pietro Capofiume are
significantly higher than those reported by Kerminen et
al. (2012) for the stations of Botsalano (1420 m a.s.1., South
Africa), Vavihill (172ma.s.l.,, Sweden), Pallas and Hyytiéld
(182ma.s.l.,, Finland). Among these four sites, the high-
est CCN concentration increases are on average observed
at Botsalano (2500, 1400 and 800 cm™> for CCNso, CCNgo
and CCNjqp, respectively), whereas Pallas displays the low-
est CCN production (1000, 250 and 150 cm™3 for CCNj5p,
CCNgp and CCNjqp, respectively). Corresponding relative
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Figure 2. Median (a) absolute and (b) relative CCN productions
observed during type I events for the different activation diameters
and seasons (wet and dry). Lower and upper limits of the error bars
stand for the 1st and 3rd quartiles, respectively.

increases in CCN concentrations found in the literature are
always larger than 100 % but never exceed 400 %, thus are
on average significantly lower than those observed at Cha-
caltaya. However, it is worth noting that these contrasting re-
sults may arise from the various conditions that are found at
the different stations, especially regarding altitude and pollu-
tion levels, thus influencing NPF in terms of strength, spatial
extent and temporal evolution.

The potential of NPF to contribute to CCN production at
high altitude was more particularly investigated by Trostl et
al. (2016) at the Jungfraujoch station. Trostl et al. (2016)
found that newly formed particles did not directly grow
to CCN size (90nm at Jungfraujoch) within an observable
timescale (up to 2 days) but rather experienced a multi-step
growth process over several days. As a consequence, the con-
tribution of NPF to the CCN budget was too complex to be
distinguished from that of other sources such as BL entrain-
ment of larger particles, which was likely the main source
of measured CCN. At Whistler Mountain (2182 ma.s.l.,
Canada), Pierce et al. (2012) followed a different approach,
including calculations of the probability for freshly nucleated
particles to reach CCN-relevant sizes. Based on a 5 event-
day period, they found that, in the absence of high coagu-
lation/condensation sinks, up to 24 % of the newly formed
clusters could grow to at least 100 nm, thus forming poten-
tial CCN.

As previously mentioned, the vertical transport of aerosol
particles from lower atmospheric levels, which takes place
after sunrise, concurrently to NPF, may represent a signifi-
cant contribution to the increase of CCN-relevant size parti-
cle number concentrations at these mountain sites. This as-
pect will be addressed in the next section, in which the con-
tribution of NPF is further compared with the CCN number
concentration increase resulting from the transport of parti-
cles to the site.

The seasonal and annual CCN productions related to NPF
events were estimated from (1) the average fraction of type I
NPF events contributing to the formation of new CCN, re-
ported above, (2) the frequency of occurrence of type I NPF

Atmos. Chem. Phys., 17, 1529-1541, 2017
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events at the site and (3) the average CCN number concentra-
tion increase measured for those type I events during which
growing particles reached the potential CCN activation di-
ameter. As an example, the CCN5s( production during the wet
season was calculated as follows:

CCN50—wet = fracyer X tot_nbye; X avg_conCyet
=79% x 35 x 3070 =8.48 x 10*ecm™3,  (4)

where, for each season, frac is the fraction of NPF events
leading to CCN concentration increase, tot_nb is the total
number of days showing type I events and avg_conc is the
median number of new CCN formed during an event. Sim-
ilar calculations were done for each season and CCN class,
leading to the values reported in Table 1. The annual CCN
production was calculated as the sum of the seasonal pro-
ductions.

Based on Table 1, the CCN production at Chacaltaya was
higher during the dry season compared to the wet season
for all CCN classes, but especially for CCN5o, which was
more than 4 times higher compared to the wet season. The
annual CCN production calculated at San Pietro Capofiume
is 3.4 x 10° and 1.1 x 10% cm ™3, for CCNsg and CCN g, re-
spectively (Laaksonen et al., 2005). These values are slightly
lower than those obtained at Chacaltaya, despite the fact that
the median number of potential new CCN formed during an
event is on average higher in San Pietro Capofiume. This last
observation can be ascribed to the high NPF frequency at
Chacaltaya, together with the significant fraction of type I
events and high growth rates (Rose et al., 2015a).

3.1.2 Estimation of CCN formation from NPF alone

The aim of this section is to evaluate the contribution of par-
ticles transported to the site to the total CCN concentration
and to give an estimation of the CCN production from NPF
alone.

In fact, in addition to the previous analysis classically used
in the literature, further calculations are needed to take into
consideration the geographical specificity of the site. Indeed,
if NPF contributes to the formation of potential new CCN,
pre-existing particles in the CCN size range transported to
the site by diurnal forced or heat convection might also, in
parallel, lead to an apparent increase in CCN number con-
centration. Thus, the CCN number concentrations estimated
using the methodology previously described and attributed
to NPF in a first approach might in fact result from both
NPF and transport. The transport of particles to the site is
taken into account based on the hypothesis that similar num-
ber concentrations of particles are transported to the site on
event and non-event days. The contribution of NPF to the
production of new CCN was thus estimated from the differ-
ence between the median CCN increases obtained on event
(contributions from NPF and transport) and non-event days
(transport only).

Atmos. Chem. Phys., 17, 1529-1541, 2017

Table 1. Estimation of the median seasonal and annual CCN pro-
ductions during NPF events.

CCNj5 CCNgg CCNjqo
(crn_3) (cm_3) (cm_3)
Dry season  3.96 x 10°  1.60 x 10> 9.40 x 10*
Wet season  8.48 x 104 498 x 104  3.90 x 10%
Whole year 4.81 x 10> 2.10x 10> 1.33 x 10°

Dry season Wet season

0 6 12 18 24 0 6 12 18 24
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Figure 3. Median diurnal variation of CCN5( on event (upper panel,
red line) and non-event days (upper panel, blue line). CCNj3q at-
tributed to NPF (lower panel) is calculated as the difference of the
concentrations recorded on event and non-event days. Lower and
upper limits of the error bars stand for the 1st and 3rd quartiles,
respectively.

Of the 362 days included in this analysis, 108 (23 and
85 during the dry and wet season respectively) were iden-
tified as non-event days, but only 78 of them (22 from the
dry season and 56 from the wet season) were further anal-
ysed because of instrumental failures. The median diurnal
variation of CCNjs( obtained on these non-event days and
attributed to transport is shown in Fig. 3, together with the
median number concentrations obtained on event days and
ascribed to both NPF and transport (upper panel). Similar fig-
ures are reported in the Supplement for CCNgp and CCNygp
(Figs. S1 and S2, respectively). As previously mentioned, the
contribution of NPF to the production of new CCN was es-
timated from the difference between the median CCNsg in-
creases obtained on event and non-event days and is shown
in Fig. 3 (lower panel). This absolute CCN production from
NPF alone is also reported, together with the corresponding
relative concentration increase, in Fig. 4 for further compar-
ison with Fig. 2 (showing both transport and NPF contribu-
tions as a whole).

During the dry season, transport contributes to CCNgg, and
CCNjo to the median level of 1139 and 863 cm™3, which
is similar to the contribution of NPF (1229 and 784 cm™3
for CCNgp and CCNjqg, respectively, Figs. S1, S2). In con-
trast, CCNs attributed to NPF (3197 cm™3) significantly ex-
ceeds the median number of particles transported to the site
(1610cm™?) (Fig. 3). During the wet season, NPF is likely to
be the dominant CCN source, with productions of 1950, 771
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Figure 4. Median (a) absolute and (b) relative CCN productions
from NPF, i.e. corrected for the transport of CCN-sized particles to
the site, for the different activation diameters and seasons (wet and
dry).

Table 2. Estimation of the median seasonal and annual CCN in-
creases from NPF, i.e. corrected for the contribution of particles
transported to the site.

CCNsg CCNgg CCNio
(em™3) (em™3) (em=3)
Dry season  2.00x 10° 771 x 10* 492 x 10*
Wet season  5.39 x 10* 2,13 x 10*  1.48 x 10*
Whole year  2.54 x 10> 9.84 x 10*  6.40 x 10*

and 535 cm ™3 for CCNsp, CCNgo and CCNigo compared to
median concentrations attributed to transport which do not
exceed 690, 404 and 321 cm™3. The contributions of NPF
particles to the increase of CCN, all shown in Fig. 4a. and
reported in Table 2 for the different seasons and sizes, hence
represent a significant fraction of the CCN increase shown
in Fig. 2a. and reported in Table 1. The contribution of NPF
to CCN concentrations are comparable or even higher than
those previously mentioned for other stations in the litera-
ture, which probably also include CCN sources other than
NPFE. The relative impact of NPF is estimated to increase
the CCNsop number concentrations by more than 250 % dur-
ing both seasons, and the CCNjgp number concentrations by
more than 100 and 200 % during the dry season and wet sea-
son, respectively.

These calculations rely on the hypothesis that the specific
environmental conditions in which NPF occurs do not in-
fluence transport from lower atmospheric layers. In order to
further evaluate the reliability of this assumption, wind direc-
tion and speed as well as global radiation were investigated
on event and non-event days (Figs. S3 and S4 in the Supple-
ment). As previously reported by Rose et al. (2015a), NPF
events are favoured during clear-sky conditions, when radia-
tion is higher (Fig. S3). Thus, there is likely a bias towards an
underestimation of radiative-driven transport from lower at-
mospheric layers due to the fact that cloudy days are overrep-
resented for non-event days. Regarding wind, contrasting di-
rections are also observed between event and non-event days
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(Fig. S4), with patterns closely related to those observed for
the dry and wet seasons, respectively (Rose et al., 2015a). It
is worth noting that winds originating from the more polluted
sector of La Paz — El Alto (south) do not seem to be over-
represented on event days or on non-event days. However,
because of the close proximity of this area, it is complex to
further assess how it contributes to CCN concentration from
wind direction alone, and we cannot exclude a bias related
to the variability of this specific source between event and
non-event days. Nonetheless, the particle number concentra-
tions observed at the time preceding the usual occurrence
of the NPF events are similar for event and non-event days
(Figs. 3, S1, S2). Moreover, higher wind speeds are on av-
erage recorded on non-event days, which likely lead to an
enhanced transport of particles to the site compared to event
days, and hence lead to an underestimation of the contribu-
tion of NPF to the increase of CCN. In any case, taking into
account the contribution of transport when calculating the in-
crease of CCN concentrations after NPF events was never
done in the past, but it certainly helps with approaching a
more realistic view of the real contribution of NPF to CCN
number concentrations.

3.2 How layering influences growth to CCN size

3.2.1 Occurrence of NPF in the different tropospheric
layers

The purpose of this section is to further investigate NPF in
terms of occurrence, event type and characteristics (particle
formation and growth rate) regarding the location of the sta-
tion in the tropospheric layers (i.e. BL, FT or IL) at the onset
of the NPF process. The classification of air mass types into
BL, IL and FT was obtained using the standard deviation of
wind direction (Sect. 2.2).

389 NPF events (including all event types, i.e. I, II or
bump) previously discussed by Rose et al. (2015a) were in-
cluded in this analysis. For each event, the air mass type (BL,
IL or FT) prevailing at the station was investigated on an
hourly basis during the first steps of the NPF process, i.e.
from the appearance of the newly formed clusters (<3 nm) to
the time at which the concentration of 3—7 nm particles was
maximum. There was no information available regarding the
classification into BL, IL and FT for 56 events.

Various scenarios were observed during this part of the
NPF process, which on average lasted for 2.7+ 1.3 h. The
most frequent scenarios, which include more than 88 % of
the documented events, are listed with their frequency of oc-
currence in Table 3. Scenario S1 refers to those days when
the first steps of the NPF process were observed to occur
in the BL, while scenario S2 refer to the events started in
the FT. Scenario S2 is further divided into two subclasses to
distinguish between the events which first steps occur exclu-
sively in the FT (S2.1) from those during which BL dynamics
lead to changing conditions in the course of the event (S2.2).
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Table 3. Description of the scenarios concerning the location of the station in the troposphere (boundary layer, BL; interface layer, IL; and
free troposphere, FT) during the first steps of the NPF process, i.e. from the appearance of the newly formed clusters (<3 nm) to the time
at which the concentration of 3—7 nm particles was maximum. The total number of occurrence is provided for each scenario in the second
column. Since multiple events are frequently observed at Chacaltaya, a more detailed classification including the event position is specified

in the last two columns.

Scenario  Description Total number  Single and first Second and

of occurrence  position events  following events
S1 First steps of NPF occur in BL 217 100 117
S2 77 68 9
S2.1 First steps of NPF occur in FT 12 7 5
S2.2 Nucleation occurs in FT and initial par- 65 61 4

ticle growth is observed in changing
conditions, from FT to IL/BL

Events triggered in the IL are not frequently observed com-
pared to those initiated in the BL or in the FT, and are thus
not highlighted in this classification. Since multiple events
were frequently detected at Chacaltaya, additional informa-
tion regarding the occurrence of the scenarios as a function of
the event position (first event, second event, third and follow-
ing events) is also provided. For that purpose, single events
and events occurring first on multiple-event days were con-
sidered all together, while second and following events were
considered in a second category.

Based on Table 3, constant conditions, i.e. scenarios S1
(BL conditions only) and S2.1 (FT conditions only), were
found in 64 % of the selected single and first position events
and 97 % of the second and following events. In each case,
scenario S1, corresponding to BL conditions, was the most
frequent, representing 93 and 96 % of the events initiated in
constant conditions for single and first position events and
for second and following ones. The fact that scenario S2.2
related to changing conditions was more frequently observed
for single and first position events (36 % compared to 3 %
for following events), i.e. occurring earlier in the morning
compared to following events, is mainly explained by the de-
velopment of the BL during the first part of the day, as shown
in Fig. 5.

NPF frequencies in the FT and in the BL were also de-
duced from the previous classification. For that purpose, the
analysis was focused on the time period 08:00-12:00 LT (lo-
cal time), which includes the most probable nucleation hours
(Rose et al., 2015a). Seventy-two days (including both event,
non-event and undefined days) were rejected from the analy-
sis because of missing information regarding the location of
the station in the tropospheric layers. Free-tropospheric con-
ditions were detected during at least 1h on 122 days, and
among these days, 48 showed NPF events initiated in the
FT, leading to a NPF frequency of 39 %. In contrast, the sta-
tion was located in the BL during at least 1 h on 248 days,
and among these days, 119 showed events starting in the BL,
leading to a NPF frequency of 48 %.

Atmos. Chem. Phys., 17, 1529-1541, 2017

Dry season Wet season

Cumulative frequencies (%)
Cumulative frequencies (%)

[ [

[ JUndefined

L] L]
08:00 09:00 10:00 11:00 12:00
Local time

08:00 09:00 10:00 11:00 12:00
Local time

Figure 5. Statistics on the location of the station in the tropospheric
layers (boundary layer, BL; interface layer, IL; and free troposphere,
FT) between 08:00 and 12:00LT, separately for the dry and wet
seasons.

3.2.2 Event type and characteristics

An additional analysis concerning the event type (i.e. I, IT or
bump) as a function of the scenario was performed using the
event classification from Rose et al. (2015a). The results of
this analysis are shown in Fig. 6. Almost half of the 77 events
triggered in the FT (scenario S2, Table 3) were identified as
type I events (38 events), while types II and bump events
were observed on 18 and 21 occasions, respectively, which
represent 23 and 27 % of scenario S2. When considering the
scenarios S2.1 and S2.2 independently from one another, we
found that type I events were predominant when changing
conditions were detected (S2.2), whereas they displayed sim-
ilar probabilities of occurrence as other event types in con-
stant free-tropospheric conditions (S2.1). This observation
suggests that the probability for type I events to occur is in-
creased when initial free-tropospheric conditions are chang-
ing in the course of the events. This could be explained by
favourable conditions for the onset of nucleation events, in-
cluding sufficient amount of gaseous precursors and low co-
agulation sink preventing the loss of clusters, followed by
increased input of condensable species from the BL promot-
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Figure 6. Statistics on the event type (I, II or bump) as a function of
the scenario describing the location of the station in the tropospheric
layers (see Table 3).

ing particle growth. However, this hypothesis must be con-
sidered with caution regarding the limited number of events
occurring under scenario S2.1. Regarding scenario S1, in the
BL, a comparable number of events belonging to class I and
IT were reported (87 and 92 events, thus representing 40 and
42 % of scenario S1, respectively).

In order to further characterize the NPF events in the dif-
ferent atmospheric layers, statistics regarding the formation
rate of 2nm particle and the growth rate (GR) in the size
range 1-3nm as a function of the scenarios were performed
for type I events. Growth rates were derived from the particle
number size distribution using the “maximum” method from
Hirsikko et al. (2005), while formation rates were calculated
according to Kulmala et al. (2007). Given the limited number
of type I events observed in scenario S2.1 (4 events), scenar-
ios S2.1 and S2.2 were not distinguished from each other in
the statistics. As shown in Fig. 7, increased values are on av-
erage reported in the BL with higher variability, especially
for the GR. Additional analysis was performed to investigate
the correlation between the GR in the size range 3—7 nm and
the location of the station at the end of the scenarios. How-
ever, because of an insufficient number of values for events
occurring under scenarios ending in the FT (scenario S2.1,
4 values), these results will not be further discussed.

We have shown so far that, while higher NPF frequencies
were found in the BL compared to the FT, higher probabil-
ities for type I events to occur were associated with scenar-
ios starting in the FT and ending in the BL or IL. However,
when events belonging to class I are initiated in the BL, they
show on average higher particle formation and growth rates
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rate in the range 1-3nm (GR|_3) reported separately for type I

events initiated in the BL (scenario S1) and in the FT (scenario S2).

Lower and upper limits of the error bars stand for the 1st and 3rd

quartiles, respectively.

compared to those started in the FT. Thus, it is likely that
on the one hand higher amounts of gaseous precursors usu-
ally associated with the BL could favour nucleation events
of higher intensity and explain both higher NPF frequencies
and enhanced particle formation and growth rates. On the
other hand, cleaner conditions found in the FT at the very
beginning of the NPF process may reduce the sink for the
newly formed clusters and facilitate their growth to larger
sizes. This observation suggests that the amount of condens-
able species could directly influence the occurrence of the
NPF process and determine the particle growth rate while the
occurrence of the growth process itself could rather depend
on the strength of the particle sink. Overall, the difference of
occurrence frequency, nucleation rates and GR between FT
and BL are not very large, and we show that nucleation is
initiated in the FT with a rather high frequency.

The purpose of the next section is now to investigate the
impact of these NPF events on the CCN number concentra-
tion in each of the atmospheric layers.

3.2.3 CCN production during NPF events in the
different tropospheric layers

Based on the results discussed in Sect. 3.1.1, 57 NPF event
days showing particle growth up to CCN activation diame-
ter were detected at Chacaltaya. Thirteen of them were not
further analysed due to missing information regarding the lo-
cation of the station in the tropospheric layers. Among the
remaining 44 days, 31 showed events initiated in the BL, 10
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Table 4. CCN production as a function of the location of the station (BL or FT) at the onset of the NPF process.

Threshold CCN increase for events started CCN increase for events started
CCN size in the BL (cm™?) in the FT (cm™3)

25th perc.  Median  75th perc. | 25th perc. Median  75th perc.
50 nm 2556 5072 10110 3070 5137 9378
80 nm 1155 2416 3919 1483 2138 5173
100 nm 820 1518 2338 960 1447 3568

in the FT, 2 at the interface between the BL and the FT and
1 in random conditions. Given their limited number, events
started in the IL will not be further discussed. The frequency
of NPF contribution to the production of new CCN in the
BL and in the FT was calculated as the ratio of NPF events
growing to the CCN sizes to the total number of type I events
occurring in each atmospheric layer, i.e. 46 in the BL and 19
in the FT. The resulting frequency of CCN production from
NPF was 67 % in the BL, slightly higher compared to the FT
(53 %).

The number concentration of CCN formed during an event
was also analysed as a function of the air mass type (BL
or FT) prevailing at the station (Table 4). Using the three
threshold sizes, median CCN productions were comparable
for events initiated in the BL and in the FT. In contrast, the
third quartiles of CCNgg and CCNgp were higher for the
events initiated in the FT.

The fact that the contribution of NPF to the formation of
new CCN was more frequently observed for events initiated
in the BL might be explained by faster particle growth sus-
tained by higher amounts of condensable material, thus in-
creasing the chances for particles to reach CCN size. The ten-
dency for CCNgg and CCNjqg to reach higher values when
the NPF process was started in the FT could be due to smaller
initial concentrations prior to the NPF event, thus weaker co-
agulation associated to less polluted conditions in the FT.

Additional analyses regarding the history of the air mass
and BL influence along its trajectory would provide valuable
information to further assess the role of the exchanges be-
tween the BL and the FT on the occurrence of NPF and its
contribution to the formation of new CCN. Indeed, obser-
vations conducted at the Jungfraujoch showed that stronger
NPF events (type I) occurred in air masses 1 or 2 days after
contact with the BL (Bianchi et al., 2016; Trostl et al., 2016).
These results are, however, based on proxies (CO, NOy) and
modelling tools which were unfortunately not available for
Chacaltaya. Nevertheless, to some extent, our results go in
the same direction as the work by Trostl et al. (2016) and
Bianchi et al. (2016), at least supporting the major role of BL
intrusion (regardless of its kind, before or during the event)
to sustain particle growth. A similar FT feeding process from
the BL was also shown by Rose et al. (2015b) at the puy de
Dome (France, 1465 ma.s.l.).
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4 Conclusion

In this paper, the contribution of NPF to the production of po-
tential new CCN was investigated at the highest station in the
world, Chacaltaya (5240 m a.s.1., Bolivia), between 1 January
and 31 December 2012.

Using potential CCN activation diameters 50, 80 and
100 nm, we found that 61 % of the type I NPF events in-
cluded in the analysis lead to CCN number concentration
increase, with higher probabilities during the wet season
(79 %) explained by faster particle growth. Because of co-
agulation on pre-existing particles, the number concentration
of CCN was observed to decrease with increasing activation
diameter, but the frequency of particles reaching the highest
potential CCN activation diameter (100 nm) was not reduced
compared to the lowest CCN size (50 nm). When comparing
the CCN production from NPF with the number concentra-
tion of pre-existing CCN transported to the site, we found
that NPF was on average responsible for the largest contri-
bution to the CCN concentration, especially during the wet
season.

When segregating BL and FT air masses sampled at the
site, we found slightly higher NPF frequency in the BL
(48 %) but still an important frequency of occurrence in the
FT (nucleation frequency of 39 %). This observation is, to
our knowledge, the first of its kind. Particle growth was more
frequently observed for events initiated in the FT but was
on average faster for events started in the BL, most proba-
bly because of increased amounts of condensable vapours.
As a result, the chance for particles to grow up to potential
CCN activation diameters was higher when the NPF process
occurred in the BL. In contrast, the impact of NPF on CCN
number concentrations initiated in the FT was higher than
for NPF initiated in the BL, most likely because of the de-
creased pollution levels and weaker coagulation sink. The
previous observations clearly highlight the competition that
exists between particle growth and their removal by coagula-
tion processes on pre-existing particles, and thus the complex
balance between sources and sinks that is required to observe
the formation of new particles and their subsequent growth to
climate-relevant sizes. Such conditions are often fulfilled at
Chacaltaya, where NPF often seems to play a dominant role
in the formation of new CCN.
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