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Abstract. The present paper investigates the diurnal and
seasonal variability of the aerosol total number concentra-
tion, number and volume size distribution between 10 nm
and 10 µm, from a combination of a scanning mobility par-
ticle sizer (SMPS) and an optical counter (OPC), performed
over a two-year period (January 2006–February 2008) at the
Nepal Climate Observatory-Pyramid (NCO-P) research sta-
tion, (5079 m a.s.l.). The annual average number concen-
tration measured over the two-year period at the NCO-P is
860 cm−3. Total concentrations show a strong seasonality
with maxima during pre-monsoon and post-monsoon sea-
sons and minima during the dry and monsoon seasons. A
diurnal variation is also clearly observed, with maxima be-
tween 09:00 and 12:00 UTC. The aerosol concentration max-
ima are mainly due to nucleation processes during the post-
monsoon season, as witnessed by high nucleation mode in-
tegrated number concentrations, and to transport of high lev-
els of pollution from the plains by valley breezes during the
pre-monsoon season, as demonstrated by high accumulation
mode integrated number concentrations. Night-time number
concentration of particles (from 03:00 to 08:00 NST) are rel-
atively low throughout the year (from 450 cm−3 during the
monsoon season to 675 cm−3 during the pre-monsoon sea-
son), indicating the of high altitudes background level, as a
result of downslope winds during this part of the day. How-
ever, it was found that these background concentrations are
strongly influenced by the daytime concentrations, as they
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show the same seasonal variability. If nighttime concentra-
tions were presumed to be representative of free troposphere
(FT)/residual layer concentrations, they would be found to be
two times higher than at other lower altitudes European sites,
such as the Jungfraujoch. However, BL intrusions might con-
taminate the free troposphere/residual layer even at this alti-
tude, especially during regional air masses influence. Night-
time measurements were subsequently selected to study the
FT composition according to different air masses, and the ef-
fect of long range transport to the station.

1 Introduction

Rapid economic growth in the Asian regions, in particular
China and India, is causing strong air pollution problems
that are not confined to urban and sub-urban areas, but in-
volve a large fraction of the Asian continent, hosting over
4 billion people. In particular, anthropogenic emissions of
particles and particle precursors from industry, transport and
incomplete fossil fuel combustion are rising rapidly (Richter
et al., 2005; Ramanathan et al., 2008), leading to great con-
cern about their impact on air quality and climate. It is es-
timated that air pollution exceeding WHO guidelines causes
more than 500 000 premature deaths in Asia annually, in par-
ticular in the large Asian cities (Cohen et al., 2005). How-
ever, air pollution, in particular the particulate fraction, also
affects the atmospheric energy budget with significant im-
pacts on regional climates and precipitation dynamics.

This layer of particulate pollution that can be observed
also from satellites is often referred to as brown cloud
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(Lelieveld et al., 2001; Nakajima et al., 2007; Ramanathan et
al., 2007a, b). Brown clouds generally denote anthropogenic
aerosols that not only scatter, but also absorb solar radia-
tion due to black carbon, dust and other absorbing materials.
Over the past decade, considerable research investment has
begun in Asia, bringing large-scale international and national
regional experiments, such as INDOEX, (Indian Ocean Ex-
periment), ACE-Asia (Aerosol-Cloud Experiment Asia) and
ABC (Atmospheric Brown Cloud), studying precursor gases
and aerosol. Such experiments have led to a much better
assessment of aerosol impact on the atmospheric radiative
balance and the development of the Indian monsoon, as well
as impacts on agriculture and human health. The water cycle
dynamics and surface energy feedback appear to be triggered
by aerosol direct effects. (Hansen et al., 2000; Ramanathan
et al., 2001). Ramanathan et al (2005) showed that the block-
ing of solar radiation reaching the surface by aerosol induces
Earth surface cooling, leading to a gradual spin-down of the
tropical water cycle, and the eventual weakening of the Asian
monsoon. Aerosols can, therefore, affect the cloud-radiation
feedback, with impacts on land-atmosphere interactions and
precipitation in the Indo-Ganges Basin and the Himalayas.

Work performed within INDOEX revealed that this haze
layer can be efficiently transported far beyond the source re-
gion (Clarke et al., 2002), in particular as far as the high al-
titude region of the Himalayas. Atmospheric aerosols emit-
ted in the Indian plains and lofted into the mid- and upper-
troposphere by thermal winds are efficiently stacked up to-
wards the southern foothills and slopes of the Himalayas,
rising to higher altitudes and reaching the Tibetan Plateau.

In order to provide reliable estimates of the impact of
particles on air quality and climate, information on source
emissions and temporal and spatial variability of their chem-
ical, physical and optical properties, are urgently required.
The ABC project of the United Nation Environmental Pro-
gram (UNEP) has been coordinating a network of stations in
Asian countries on the Indian and Pacific oceans, with the
aim of monitoring the extension and composition of atmo-
spheric brown clouds. Most of these stations are located
in coastal or island environments, providing little informa-
tion on the aerosol concentrations in the higher Himalayan
mountain environments. Lack of direct information on the
nature of aerosol particles sampled in the high altitude re-
gions is, therefore, still limiting the more precise quantifi-
cation of aerosol impact on the atmospheric energy budget,
especially far from emission sources.

The atmospheric impact of this changing area is, in fact,
best evaluated by long term measurements, located at a back-
ground site not influenced by local pollution. While pollu-
tants are released from different sources with a high time
variability, and interact with each other in a complex man-
ner, observations of seasonal and diurnal pollutant variations
at a remote high altitude site provides insight on the horizon-
tal and vertical extent of the anthropogenic influence on the
broader regional and global atmospheric scale.

Particle size distribution and number concentration of are
among the major aerosol parameters constraining (1) aerosol
radiative forcing, as they directly relate to the optical prop-
erties of an aerosol population, (2) cloud forming capacity
of an aerosol population, as they directly relate to the num-
ber of available cloud condensation nuclei (CCN), and (3)
the health impact of aerosols, as they provide useful infor-
mation on the lung-penetrating fraction of the aerosol popu-
lation. An accurate knowledge of long-term particle number
and size variability is therefore clearly relevant to aerosol and
climate sciences. In particular, very little information exists
to date from Asian remote sites, especially for the high alti-
tude regions of the Himalayas.

Aerosol number size distributions have been characterized
at other high altitude stations, by Raes et al. (1997) at the
Izana station (2373 meters above sea level (m a.s.l.)), Wein-
garter et al. (1999) and Nyeki et al., 1998 at the Jungfraujoch
station in the Swiss Alps, (3450 m a.s.l.) and, more recently,
at Mt Norikura (2770 m a.s.l.), Japan (Nishita et al 2007), at
the top of Mount Lemmon (2790 m) in Arizona, USA (Shaw
2007), puy de D̂ome, central France (1465 m) (Venzac et
al., 2009) and Monte Cimone, Italian Northern Apennines
(2165 m) (Marinoni et al., 2008). The only information avail-
able for Asia concerns Mt Waliguan (3816 m), inland China
(Kivekäs et al., 2009) and the study of Komppula et al. (2009)
at the Mukteshwar station (2180 m), in Northern India. Of all
the studies listed above, only a few report long-term records
allowing for seasonal variation analysis.

The objective of the present paper is therefore to report and
analyze a unique data set of aerosol size and number con-
centration measured at the 5079 m a.s.l. Himalayan Nepal
Climate Observatory-Pyramid (NCO-P) site over a two-year
period. The measurements are used to characterize aerosol
variability far from local sources and, in particular, its sea-
sonal variability. Additional classification using air mass
back-trajectories is subsequently used to provide a robust sta-
tistical description of aerosol physical properties.

2 Site description and instrumental set-up

The NCO-P (Nepal., 27.95◦ N, 86.82◦ E), is described in de-
tail by Bonasoni et al. (2010). Here, only information rele-
vant to the scope of the present paper will be provided. NCO-
P is located in the Khumbu valley at 5079 m a.s.l., ideally sit-
uated between China and India to study the long-range and
regional transport of anthropogenic pollutants. The station
is equipped to perform continuous measurements of chem-
ical (organic and inorganic, soluble and insoluble), phys-
ical (mass and number size distribution) and optical (ab-
sorption and scattering coefficients) properties of aerosol.
The submicron aerosol size distribution is measured with
the scanning mobility particle sizer (SMPS) technique us-
ing a TSI Inc. 3010 Condensation Particle Counter and a
custom-made Differential Mobility Analyzer (Villani et al.,
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2008) assembled, tested and quality controlled according to
EUSAAR recommendations (http://www.eusaar.net/). The
SMPS size distributions were acquired from 10 nm to 650 nm
with a two-minute time resolution. Calibration of the SMPS
is performed once a year during the annual station mainte-
nance campaign, using calibrated latex spheres (from 100
to 400 nm) directly nebulized into the SMPS inlet. Good
agreement between expected and measured particle sizes has
been consistently found since the beginning of operations.
Measurements were performed with a two-minute resolu-
tion from January 2006 to February 2008 without instrumen-
tal failures except during the summer 2006 (6 August to 17
September).

Supermicron size distributions were acquired with an op-
tical particle counter (OPC) GRIMM 190 over the diameter
range 0.25–32 µm. After comparing the SMPS and OPC size
distributions on their overlapping diameters, it was decided
to discard the first four channels of the OPC, on which SMPS
and OPC diverged the most. SMPS and Grimm 190 size dis-
tributions were merged, using the SMPS size distributions
up to 400 nm and Grimm data beyond this size. Number
size distributions were fitted to a sum of log-normal distribu-
tions. Three modes were usually found, the first one having
a mean geometric diameter lower than 30 nm (hereafter re-
ferred to as nucleation mode), the second one has a geomet-
ric mean diameter being comprised between 30 and 85 nm
(Aitken mode), and the third mode has a geometric mean di-
ameter larger than 85 nm between (accumulation mode). Be-
cause the various impacts of particles (direct and indirect ra-
diative impact, deposition on the snow surface, etc.) should
be calculated under the local atmospheric conditions, con-
centrations are given, unless mentioned otherwise, at the lo-
cal pressure, whose seasonal average varies between 550 hPa
(dry season) and 553 hPa (monsoon and post-monsoon sea-
sons).

The sampling of aerosols is performed using a PM2.5 head
inlets (flow rate 1 m3 h−1) for the SMPS and a Total Sus-
pended Particle (TSP) head for the optical particle counter
(0.018 m3 h−1). There is a possibility that particles are inad-
equately sampled through the PM2.5 head inlet during cloudy
conditions. RH was measured at the station continuously,
and can give indications on the frequency of occurrence of
clouds at the level of the station. At the PDD station, where
LWC was measured simultaneously to RH, it was found that
when the LWC is higher than 0.05, the RH sensor is indi-
cating higher values than 98% for 95% of the time (unpub-
lished data). The same comportment was observed over a
two months period at the NCO-P when the web-cam images
were analyzed in comparison to the values of the RH sensor.
Hence, based on the RH sensor, it was found that the station
at maximum 17% of the time in cloud on average. This effect
can lower the concentration of particles larger than 100nm
(usual activation diameter) at maximum by 17% on average,
and she should keep it in mind.

Particles are dried before entering the SMPS, using a dif-
fusion dryer filled with silica gel. In the OPC, the aerosol
particles are not dried prior to sampling, but the temperature
differences between the ambient air and the shelter air is al-
ways higher than a few degrees so the sampling RH is always
lower than 50%.

As explained in detail by Bonasoni et al. (2010), meteo-
rological conditions at the station are driven on the seasonal
scale by the monsoon activity, and on the diurnal scale by
thermal wind developments in the valley. On an annual time
scale, the site is under the influence of the Indian summer
monsoon from the beginning of June until September, while
the winter season lasts from December to February (Bol-
lasina et al., 2002). Intermediate seasons are defined as the
pre-monsoon season (March-May) and post-monsoon sea-
son (October-November). Onset and offsets are described
in detail with their year to year variability for the 2006–2008
period in Bonasoni et al. (2010). The station is located at
the uppermost point of a valley, with mountain and valley
winds whose strength varies according to the time of the day
and the season. A strong valley wind (S-SW) prevails dur-
ing the afternoon, and a weaker down-slope breeze prevails
during night-early morning. Compared to the other seasons,
the monsoon season is characterised by a weaker mountain
breeze and lower diurnal variations of temperature, due to the
frequently cloudy conditions occurring at the measurement
site (Bollasina et al., 2002; Bonasoni et al., 2010). As a result
of valley wind circulation, aerosol particles transported from
lower altitudes in the valley are expected to reach the mea-
surement site during the day, and free tropospheric aerosol
particles to be transported there during the night.

3 Results

3.1 Seasonal variation of total number concentration

3.1.1 Seasonal variability analysis

Integration of the SMPS and OPC size distributions gives
access to the total number concentration of particles from
10 nm up to 32 µm (CNtot). The annual average number
concentration measured over the two-year period at NCO-
P is 860±55 cm−3. The variability of CNtot during the
considered observation period is shown Fig. 1. In the fig-
ure, the record is split between daytime (hereinafter de-
fined from 10:00 to 18:00 Nepal Standard Time (NST))
and nighttime concentrations (from 03:00 to 08:00 NST).
The monthly mean concentrations of particles at NCO-
P during daytime vary from 840 cm−3 (monsoon season)
to 1500 cm−3 (pre-monsoon season), with an averaged
yearly concentration of 1300 cm−3. During nighttime, con-
centrations are lower, varying from 450 cm−3 (monsoon sea-
son) to approximately 675 cm−3 (pre-monsoon season), with
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Fig. 1. Monthly median, 25ile and 75ile of the total particle number
daytime (light blue) and nighttime (dark blue) concentrations.

an averaged concentration of 580 cm−3, 50% lower than day-
time concentrations regardless of season.

CNtot shows two clear yearly maxima, observed for both
daytime and nighttime concentrations: one during the pre-
monsoon season, the other during the post-monsoon season.
The seasonal variations are obviously different from those
observed in more temperate regions, where only one maxi-
mum is often observed during the summer period, due to a
higher frequency of boundary layer air masses reaching the
sites during warm seasons (Nyeki et al, 1998; Marinoni et
al., 2008; Venzac et al., 2009).

The variability of the monthly mean and the day/night dif-
ference are the result of several factors. The first is related
to the variability of the regional PBL dynamics characteriz-
ing the Himalayan foothills, which does not reach high alti-
tude sites with the same frequency throughout the year, the
second is the seasonality of the regional PBL concentrations
themselves, and the last is the occurrence of new particle for-
mation (NPF) events, which might be promoted by thermal
wind circulation and high altitude photochemistry.

Particle nucleation events at NCO-P have been discussed
in detail by Venzac et al. (2008), showing that NPF events
take place very frequently at NCO-P and throughout the val-
ley. Such events are favoured by sunny conditions and take
place in the morning hours (09:00–11:00 NST) simultane-
ously with the local wind shift from downslope to upslope
conditions. This effect clearly contributes to increasing day-
time CNtot concentrations with respect to nighttime. Because
the frequency and intensity of NPF events change according
to season, the monthly averaged record is unevenly affected
by this feature. The seasonality of the NPF event frequency

shows high frequency during the post-monsoon season, and
also, surprisingly, during the monsoon season (Venzac et al.,
2008). The contribution of NPF events to the total aerosol
number concentration will be further discussed in Sect. 3.2.,
dealing with size distributions

Moreover, upslope thermal winds bringing air from the
polluted Nepal plains (Panday et al., 2009; Bonasoni et al.,
2010) also contribute to higher concentrations during day-
time. Our observations are in agreement with those of Komp-
pula et al. (2009), who observed at Mukteshwar station, lo-
cated in the Indian foothills of the Himalayas, the lowest
particle number concentrations during the rainy season and
highest ones during the pre-monsoon season. The main rea-
son for the low monsoon total number concentrations is the
very efficient washout of particles by rain before they reach
the measurement station. This effect would best be ob-
served on the accumulation mode particles. In fact, Nishita et
al. (2007) observed at Mt Norikura, in Japan, a clear decrease
of the number concentration of particles in the accumulation
mode, linearly correlated with the cumulative precipitation
amounts during the 24 h preceding the sampling time. The
decrease in particle number concentrations of the accumu-
lation mode were found to be mostly explained by incloud
scavenging at Mt Norikura, and could therfore be one of
the causes of the low concentrations observed in the present
study during the monsoon season. It cannot be excluded that
additional, although some losses result from inadequate sam-
pling of cloud drops during cloud formation at the station,
since the SMPS measurement line is not equipped with a
whole air inlet. During the monsoon season, this effect could
artificially decrease the accumulation mode number particles
by 20% if all of them are activated into cloud droplets (con-
sidering the activation diameter is usually around 100 nm).
The good agreement in seasonal variations of the total parti-
cle concentrations between the NCO-P and Mukteshwar sta-
tions may indicate an efficient transport of pollution aerosols
from the valleys to extremely high altitudes. Regional pol-
lution aerosols are mostly found in the accumulation mode,
and a detailed investigation of their contribution to the total
aerosol number concentrations will be performed to confirm
this hypothesis for the pre-monsson season in Sect. 3.2.

The last effect is linked to atmospheric dynamics. The
development of the PBL height over the Indian plains is
favoured during warm periods, and is minimum during the
cold seasons. When the PBL height is low, it less frequently
reaches high altitude sites, where minimum aerosol concen-
trations are everywhere recorded during winter. In fact, rel-
atively low particle concentrations were also observed dur-
ing the cold dry season. Contrary to European high altitude
stations, however, the summer period (monsoon) is not char-
acterized by the highest concentrations. In fact, over South
Asia, PBL height has a pronounced seasonal variation, with
highest values during the pre-monsoon (e.g. Vernekar et al.,
2003), which could also partly explain the high pre-monsoon
total number concentrations observed at NCO-P.

Atmos. Chem. Phys., 10, 10679–10690, 2010 www.atmos-chem-phys.net/10/10679/2010/
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3.1.2 Comparisons with total number concentrations at
other altitude sites

Yearly averaged particle concentrations can be compared
to other high altitude sites. Because the ambient sam-
pling pressures can be very different from one altitude sta-
tion to the other, we chose to correct all concentrations
to correct all concentrations to the sea level pressure, i.e.
1013 hPa, in the Sect. 3.1.2. After pressure correction,
the NCO-P average median concentration is 1580 cm−3.
From measurements performed in the foothills of the In-
dian Himalayas at the Mukteshwar station (2180 m a.s.l.),
Komppula et al. (2009) reported an average particle (10–
800 nm) number concentration more than two times higher
(3480 cm−3) than NCO-P. Still on the Asian continent, at
Mount Waliguan (3816 m a.s.l.), the yearly median total con-
centrations are very similar to those sampled at Mukteshwar,
reaching 3280 cm−3 (Kivekäs et al., 2009). The lower height
of these stations compared to NCO-P implies that the PBL air
is sampled more frequently, influencing the average yearly
concentrations. In addition, both stations are also closer to
major pollutant source areas.

In Europe, yearly averaged CNtot seem to be ubiquitously
lower at different mountain sites (i.e. possibly in the free tro-
posphere). At Jungfraujoch the annual average number con-
centration of particles (10–750 nm) is 900 cm−3 (Weingart-
ner et al., 1999), while at the puy de Dôme (1465 m a.s.l.),
whose lower altitude permits PBL air to be sampled more
frequently, the yearly average concentration is 3080 cm−3.
The data sets of European sites are usually subdivided into
a nighttime sampling period, during which the high altitude
sites are presumably dominated by free troposphere condi-
tions, and a daytime sampling period during which a direct
influence of the PBL can be observed.

The average night-time (03:00–08:00 NST) yearly con-
centration measured at NCO-P is 1050 cm−3. It was cal-
culated from Komppula et al. (2009) that the average sea-
sonal concentration at night varies from about 1500 cm−3

during the monsoon season to about 4500 cm−3 during the
pre-monsoon season, with a yearly average of 2600 cm−3 at
the Mukteshwar station at 2180 m a.s.l. Such values are still
significantly higher than the ones measured at NCO-P, but
the Mukteshwar station, despite its high altitude, seems to be
frequently located within the PBL, even at night (Hyvärinen
et al., 2009). At puy de D̂ome, CNtot varies between
700 cm−3 during winter to 2700 cm−3 during summer for
nighttime conditions, while the yearly nighttime concentra-
tion is 1400 cm−3. At this altitude, this site is not fully in
the free troposphere at night, but still often in the residual
layer (Venzac et al., 2009). At Jungfraujoch, nighttime CN-
tot is 461 cm−3 (Nyeki et al., 1998), which is roughly two
times lower than the concentrations measured at NCO-P, de-
spite its lower altitude. At the top of Mt. Lemmon, Arizona,
Shaw (2007) measured a mean particle number concentra-
tion of 1465 cm−3 in the size range (12–390 nm) during late

winter and spring (February–May) at night time, when con-
ditions are expected to represent the free troposphere. This
average concentration is significantly higher than the one re-
ported here for NCO-P, although similar to those reported for
puy de D̂ome. The relationships between stations, even when
presumably mainly located in the free troposphere, are not
straightforward when considering only total number concen-
trations. It can be said, however, that altitude is not the only
factor influencing the CNtot background in the free tropo-
sphere. The analysis of the size distributions will contribute
to a better understanding of these connections, and to a better
understanding of the seasonal variations observed in the total
number concentrations.

3.2 Daily variation of size distributions

Geometric mean diameters calculated from the average
hourly size distributions are reported Table 1. According to
the different seasons and night/day data sorting, the number
size distributions peak at 15–27 nm for the nucleation mode,
35–68 nm for the Aitken mode and 110–200 nm for the ac-
cumulation mode particles.

While Komppula et al. (2009) report size distributions
dominated by the accumulation mode except during the rainy
season, at NCO-P a very important presence of the Aitken
and nucleation modes is observed, during both valley and
mountain breezes, except during the pre-monsoon season,
when the accumulation mode dominates. Consequently, ex-
cept for the pre-monsoon season, it is concluded that PBL
aerosols might only partly contribute to the aerosol load sam-
pled NCO-P.

As detailed in Venzac et al. (2008), the diurnal variation
of the aerosol number concentration shows a clear increase
onset around 09:00 NST for all seasons, which can lead to
a multiplication by 2 to 4 of the concentrations. The result-
ing total number concentrations are found to be surprisingly
high for this high altitude, with a mean hourly value peaking
at 2000 cm−3 during the post-monsoon season at noontime
(Fig. 2). The size of the particles responsible for this increase
in concentrations appears to be the smallest detectable by the
SMPS (10 nm) at the onset of the increase, with a growth in
size later in the day, up to 50 nm, i.e. the nominal size of
the Aitken mode found at night in the free troposphere in the
area. NPF has been identified as one of the processes respon-
sible for the aerosol number concentration increase during
the day (Venzac et al., 2008), and seems to be responsible
for the total particle concentration increase observed during
the post-monsoon season (the nucleation mode particles in-
crease comprise around 85% of the total number concentra-
tion increase), as also suggested by nucleation mode inte-
grated concentrations three times higher than during the dry
season (Table 1). In fact, NPF frequency was also found to
be high during the post-monsoon season.
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Table 1. Daytime and nighttime median integrated number concentrations and median geometric mean diameters for the nucleation, Aitken
and accumulation modes and total number concentration during different seasons.

N (cm−3) (day/night) Dry Season Pre-monsoon Monsoon Post-monsoon

Nucleation 485/220 535/240 nd/nd 1050/370
Aitken 465/225 465/240 620/304 380/261
Accumulation 150/25 480/195 220/143 120/Nd
Total 1100/470 1480/675 789/447 1550/630
DpN (nm) (day/night)
Nucleation 15/22 18/27 Nd/Nd 17/22
Aitken 68/63 65/64 35/40 65/65
Accumulation 180/200 150/135 130/110 150/Nd

Table 2. Daytime and nighttime median integrated volume concentrations in the accumulation and coarse modes and total volume concen-
tration during different seasons. Geometric Mean volume diameter of the accumulation and coarse modes during different seasons.

V (µm3 cm−3) Dry Season Pre- monsoon Monsoon Post- monsoon

Day Accumulation 1.46 2.51 0.7 1.16
Coarse 2.15 5.5 1.67 1.58
Total 3.61 8.01 2.37 2.74

Night Accumulation 0.41 1.47 nd 0.42
Coarse 0.42 2.76 1.27 0.26
Total 0.83 4.23 1.27 0.68

Dpv (nm) Dry Season Pre-monsoon Monsoon Post-monsoon
Day Accumulation 409 335 307 411

Coarse 3683 3794 3520 3738
Night Accumulation 373 436 nd 380

Coarse 3184 3529 3547 2988

Nucleation mode particles are suspected to form along the
valley and up to 5079 m a.s.l., due to the transport of pre-
cursor gases reacting by photochemistry. Komppula et al.,
2009 instead found that nucleation mode particle concentra-
tions at Mukteshwar were highest during the pre-monsoon
season. Because Mukteshwar is located at the foot of the In-
dian Himalayas, nucleation mode particles produced at lower
altitudes, with highest efficiency during spring, can be trans-
ported to NCO-P, where they are sampled after a continuous
growth up to Aitken size. At NCO-P, it was shown that nucle-
ation was a high altitude process (Venzac et al., 2008), which
seems to betriggered by valley breezes, and nottransported
by valley breezes. Hence NPF at NCO-P does not coexist
with NPF at lower altitudes.

Although NPF occurs only during the day, the nucleation
mode integrated concentrations remain high during the night.
This could indicate that nucleation processes occurring dur-
ing the uplift of air masses from the valley are feeding the
free troposphere during the day, involving higher concentra-
tions also at night in the FT during the post-monsoon season.
Recent work by Spracklen et al. (2010) shows, in fact, that
the seasonal CN cycle observed at field stations worldwide

is better simulated by including particle formation mecha-
nisms than by increasing the number emission from primary
sources.

The causes of the high particle concentrations observed
during the pre-monsoon season are various. Indeed, the nu-
cleation mode integral concentrations are not as high during
the pre-monsoon season than during the post-monsoon sea-
son. The reason why nucleation is promoted during the post-
monsoon season rather than the pre-monsoon season, which
exhibits the same level of radiation, is probably due to the
lower accumulation mode integrated concentrations detected
by the SMPS, and hence a lower condensational sink pro-
moting nucleation (Kerminen et al., 2001) during the post-
monsoon season. It is here confirmed that the pre-monsoon
season is not favourable to nucleation, in view of the fact
that the highest volume concentrations are calculated for that
season (Table 2). It was found that the high pre-monsoon
number concentrations are mainly attributed to high accumu-
lation mode integral number concentrations, which are sig-
nificantly higher than during the dry season (Table 1). In
fact, during the pre-monsoon season, the high particle num-
ber concentrations observed in the late afternoon are partly

Atmos. Chem. Phys., 10, 10679–10690, 2010 www.atmos-chem-phys.net/10/10679/2010/
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Fig. 2. Mean diurnal variation of the aerosol total number concen-
tration Ntot (light grey area), and 10-to-30 nm integrated number
concentrations N10–30 (dark grey) averaged over the whole mea-
surement period for the(a) dry season,(b) pre-monsoon season,(c)
monsoon season and(d) post-monsoon season.

due to the transport of accumulation mode particles (about
150 nm). On Figure 2, a clear secondary maximum of total
number concentrations is observed around 18:00 NST, due
to the increase of particles larger than 30 nm. Accumulation
size particles are evidences of long-range transport, particles
of this size having been formed and later on transformed
by cloud processing, or aged by photochemical formation
of particulate matter. Black carbon, a tracer for combustion
processes, was observed to increase at the same time as the
accumulation mode particle number concentrations during
the pre-monsoon season. Moreover, it was also found in the
present study that the coarse mode particle volume increased
during the pre-monsoon season (Table 2), as also shown by
Marinoni et al. (2010). The transport of accumulation and
coarse mode particles is best illustrated by the volume size
distributions, shown in Fig. 3, where it is very clear that ac-
cumulation mode particle volume increases during the late
afternoon hours, especially during the pre-monsoon season.
The same is observed for coarse mode particle mass, rep-
resentative of dust, for all seasons except for the monsoon
(Marinoni et al., 2010). During the pre-monsoon season, the
transport of regional/long-range polluted aerosols to the high
glacier-altitudes in the Himalayas could have significant im-
pacts on the local radiative balance (Marcq et al., 2010; Ya-
sunari et al., 2010).

During the monsoon season, the coarse mode particle vol-
ume increases during nighttime. This observation is prob-
ably due to the cloud droplet scavenging of large particles
by clouds during the day, which form more frequently at
the station during daytime hours during the monsoon sea-
son, favored by thermal circulation and forced convection.
Aerosol scavenging by cloud droplets is also clearly seen on
the daytime accumulation mode particle integrated volume
concentrations, which are lowest during the monsoon season.
However, accumulation mode integrated number concentra-
tions remain reasonably high during the monsoon season,
compared to the other seasons, possibly because only the
larger particles of the accumulation mode are activated in
cloud droplets, or because new accumulation mode parti-
cles are generated along the valley trajectory path after the
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Fig. 3. Mean diurnal variation of the aerosol volume size distri-
bution detected from 10 to 6000 nm and accumulation (white dots)
and coarse (grey squares) diameter mode fitted on aerosol volume
size distribution, averaged over the whole measurement period for
the (a) dry season,(b) pre-monsoon season,(c) monsoon season
and(d) post-monsoon season.
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Table 3. Seasonal cluster frequency and number (in parenthesis). See text for the air mass origin type description.

Cluster Pre-monsoon Monsoon Post-monsoon Dry season

SW-AP 8.98% (36) – 10.18% (17) 18.02% (60)
SW–AS 11.97% (48) – 7.78% (13) 8.11% (27)
SW–BG – 22.31% (114) – –
W–NA 29.85% (120) – 18.56% (31) 47.15% (157)
W–EU 6.2% (25) – – –
W–ME 19.4% (77) 3.91% (20) 37.13% (62) 6.91% (23)
REG 23.95% (96) 73.8% (377) 26.35% (44) –

Table 4. Geometric Mean number diameter of the Nucleation,
Aitken and accumulation modes during different seasons segregated
into air mass origins.

DpN Dry Pre- Monsoon Post-
monsoon monsoon

Nucleation W–NA 25 30 – 23
mode

SW–AS 20 30 – 32
SW–AP 22 29 – 25
W–EU 19 24 – –
W–ME 25 28 31 32
Reg – 30 – 25
BG – –

Aitken W–NA 56 64 – 40
mode

SW–AS 56 65 – 53
SW–AP 54 64 – 53
W–EU 63 70 – –
W–ME 65 61 73 60
Reg – 66 46 53
BG – – 39 –

Accumulation W-NA 200 125 – 135
mode

SW–AS 200 135 – 125
SW–AP 200 135 – 125
W–EU 200 135 – –
W–ME 200 120 160 125
Reg – 125 180 110
BG – – 180 –

atmosphere is washed out. Such hypotheses are confirmed
by the lower geometric mean diameter of the accumulation
mode particles during the monsoon season (Table 2). The
monsoon is the only season for which nighttime concentra-
tions are of the same order as the daytime concentrations.
Again, this is likely due to daytime preferential cloud scav-
enging compared to nighttime and to the fact that, following
Ueno et al. (2008), it is possible that during the monsoon,
the nighttime southerly wind are representative for a “large-
scale” monsoon circulation and not a mountain breeze. Dur-
ing the monsoon season, the Aitken mode geometric mean
diameter is significantly lower than during the other seasons
(Table 1). During the monsoon, new particle formation has
been shown to be still rather frequent, despite the low ra-

diation levels (Venzac et al., 2008). Hence the small Aitken
mode mean geometric diameter possibly indicates the growth
of freshly nucleated particles, visible at mid-day Fig. 3. As
a result, during night and day, the Aitken mode integrated
number concentrations are higher during the monsoon sea-
son than during any other season.

In the following section, select nighttime measurements
are chosen as representative of the free tropospheric condi-
tions, to study the impact of the different air mass origins on
particle concentrations and size distributions.

3.3 Nighttime number size distributions as a function of
the air mass type

Air masses are classified using a clustering method applied
to LAGRANTO (Wernli and Davies, 1997) back-trajectories,
as detailed in Bonasoni et al. (2010). The number of air
mass backtrajectories belonging to each cluster is shown
Table 3. In order to describe the dominant synoptic-scale
circulation and to minimize the interference of local valley
circulation, only night-time back-trajectories were consid-
ered. In Bonasoni et al. (2010), it is shown that SW (South-
Westerly) air masses, representing 23.5% of all air masses,
can be split into three sub-classes according to the statisti-
cal analysis: SW–AP (South Westerly–Arabian peninsula),
SW–AS (South Westerly–Arabian Sea), and SW-BG (South
Westerly- Bengal Gulf). The size distributions observed for
the SW-AP and SW-AS sub-classes show sufficient similar-
ities whatever the season to be considered as one single air
mass type (SW) in the following discussions. SW-BG air
masses occur only during the monsoon season, in replace-
ment of the SW-AP and SW-AS origins and the vertical cross
section analysis shows that they originate from lower alti-
tudes.

Westerly air masses, representing most of the air masses
(43.3%), can be also split into three sub-classes: W–NA
(Westerly–North Africa), W–EU (Westerly–Europe), and W–
ME (Westerly–Middle East). Aerosols found in the W-NA
air masses show similarities with those found in the SW
air masses, while European and Middle East aerosols show
some discrepancies.
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Regional (Reg) air masses (32.2%) constitute the third ma-
jor class of air masses, they differ from other air masses in
the fact that they originate at lower altitudes than the other
air mass types (except SW-BG air masses which also origi-
nate from low altitudes) (Bonasoni et al., 2010). The REG
air masses origins spread from the Arabian sea to the gulf of
Bengal.

Within one season, significant differences are observed be-
tween aerosol size distributions sampled in different air mass
types. High nucleation mode integrated concentrations dur-
ing the post-monsoon season are mostly observed within the
SW air masses (Fig. 4). The SW air masses are not more
frequent during the post-monsoon season than during the
pre-monsoon and winter seasons. Consequently, it is the
conjunction of post-monsoon season conditions and SW air
masses which promotes nucleation. The SW air masses con-
tain the lowest levels of coarse mode PM (Marinoni et al.,
2010), which would explain why, in these air masses, the
condensational sink is lower and the occurrence of high lev-
els of radiation during the post-monsoon season triggers nu-
cleation.

The high accumulation mode integrated concentrations
during the pre-monsoon season are mostly observed among
the W–ME and REG air masses (Fig. 4). In the REG air
masses, the high accumulation particle concentrations reflect
a larger contribution of the pollution aerosol from down the
valley, as observed for other pollution tracers, such as BC,
which is rather high during this period in REG air masses
(Marinoni et al., 2010). In the case of the W–ME air masses,
however, the vertical origin is not different from the other air
masses. Thus long distance transport of pollution aerosols
seem to impact significantly on the aerosol population dur-
ing this season, especially when air masses originate from
these regions. Also in the other seasons, and especially dur-
ing the post-monsoon season, Middle East air masses bring
high concentrations of accumulation mode particles. In fact,
part of these aerosols found in the ME air masses are likely
to be submicronic pollution (such as BC, see Bonasoni et al.,
2010) or dust, as the coarse mode mass is found to be highest
in this air mass as well (day and night altogether) (Marinoni
et al., 2010).

During the monsoon season, all air masses contain par-
ticles with a dominant Aitken mode and low accumulation
mode particle concentrations, except for REG air masses, in
which the accumulation mode integrated concentrations re-
main high. During the monsoon season, nighttime aerosols
are efficiently washed out for all sizes above the Aitken
mode, while in regional air masses, accumulation mode
aerosol concentrations most probably build up rapidly again
from pollution originating from lower altitudes, or the acti-
vation diameter is larger because of the large concentrations
of particles they contain.

During the winter season, differences between different
air mass originating aerosol size distributions are mostly ob-
served in the nucleation and Aitken modes. Western air

❂✠✝

0

50

100

150

200

250

300

350

N (cm-3)

W-NA SW-AS SW-AP W-EU W-ME Reg BG

Dry Season

Nucleation
Aitken
Accumulation

✂

0

50

100

150

200

250

300

350

400

N (cm-3)

W-NA SW-AS SW-AP W-EU W-ME Reg BG

Pre-Monsoon

Nucleation
Aitken
Accumulation

�

❂ ✂

0

50

100

150

200

250

300

350

N (cm-3)

W-NA SW-AS SW-AP W-EU W-ME Reg BG

Monsoon Season

Nucleation
Aitken
Accumulation

✂

0

100

200

300

400

500

600

N (cm-3)

W-NA SW-AS SW-AP W-EU W-ME Reg BG

Post-Monsoon

Nucleation
Aitken
Accumulation

�

✄✆☎✞✝✠✟☛✡✌☞❃❉ ✎✁�✿✓✖✕✒✗✙✡✾☎ ✹✬✟✖✗✳☎✞✓✖✕ ✓✁✰ ✗✙✘✖☞✤✕✒✟✸✷✦✚★☞✦✧ ✗✳☎✞✓✖✕✖✩✄✂✻☎ ✗✙❅✁☞✦✕ ✧✦✕✖✥ ✧✦✷✦✷ ✟✸✢✺✟✸✚★✧ ✗✳☎✞✓✖✕ ✢❃✓✁✥✖☞✬❈❄☎✞✕✒✗✳☞✴✝✖✡✌✧ ✗✳☞✦✥✭✕✒✟✸✢✺✹☛☞✦✡❂
✷✦✓✖✕✖✷✦☞✦✕✒✗✙✡✌✧❇✗✙☎✞✓✖✕✫❈✣✗✙✓ ✗✙✘✖☞ ✗✙✓✒✗✳✧✴✚✯✧✦☞✴✡✌✓✫❈✌✓✖✚✯✕✒✟✸✢✺✹✸☞✴✡ ✷✦✓✖✕✖✷✦☞✴✕✒✗✙✡✌✧ ✗✙☎✞✓✖✕ ✟✸✕✖✥✖☞✴✡✍✕✖☎✞✝✁✘✒✗ ✗✙☎✞✢✤☞ ✷✦✓✖✕✖✥✖☎ ✗✳☎✞✓✖✕✫❈ ✰ ✓✖✡❉
✥✖☎✞✰ ✰✾☞✴✡✌☞✦✕✒✗ ✧✦☎ ✡❄✢❃✧✏❈ ❈ ✗ ✛✒✵✫☞✏❈❄✰ ✓✖✡✱✗✙✘✖☞✤✽✾✧✴❁❄✥✬✡✳✛ ❈✌☞✦✧✬❈✌✓✖✕✖✩✶✽✙✹✠❁ ✵✖✡✌☞✎✟ ✢❃✓✖✕✁❈✌✓✁✓✖✕✮❈✌☞✦✧✏❈✌✓✖✕✖✩✶✽✾✷✴❁ ✢❃✓✖✕✁❈✌✓✁✓✖✕✮❈✌☞✦✧✏❈✌✓✁✕✪
✧✴✕✖✥❃✽✾✥✬❁✶✵✖✓✫❈✳✗✏✟ ✢❃✓✖✕✫❈✌✓✁✓✖✕✤❈✌☞✦✧✏❈✌✓✖✕✫✎✞✎❊

�
�

�

Fig. 4. Contribution of the nucleation, Aitken and accumulation
modes integrated number concentrations to the total aerosol num-
ber concentration under nighttime conditions for different air mass
types for the(a) dry season,(b) pre-monsoon season,(c) monsoon
season and(d) post-monsoon season.
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masses contain high nucleation mode integrated concentra-
tions and low accumulation mode integrated particle concen-
trations, while in the SW air masses the opposite is true. The
relationships between air mass origin and aerosol number
size distributions are the opposite of those observed during
the pre-monsoon and post-monsoon seasons (when nucle-
ation is promoted in SW air masses, while high accumulation
mode particle number concentrations are observed in W air
masses). Hence, a single air mass has different characteris-
tics according to the season.

4 Summary and conclusions

The present work addresses the diurnal and seasonal variabil-
ity of aerosol particle total number concentration and aerosol
size distributions between 10 nm and 10 µm (from a combi-
nation between SMPS and optical particle counter) measured
over a two-year period (January 2006–February 2008) at the
NCO-P research station (5079 m a.s.l.).

The annual average number concentration measured over
the two-year period at the NCO-P is 860 cm−3. The inte-
grated number concentrations show a strong diurnal variation
with maxima during daytime, as observed for all high alti-
tude stations, and for other aerosol characteristics at NCO-
P (Marinoni et al., 2010; Descesari et al., 2010; Marcq et
al., 2010). The daytime maxima are linked to upslope ther-
mal winds, both directly through the transport of pollution
aerosols, and indirectly through the formation of new ultra-
fine particles during transport. These two processes feed the
high altitude atmosphere with a contribution which is sea-
sonally variable.

Total concentrations also show a strong seasonality, with
maxima during pre-monsoon and post-monsoon seasons and
minima during the dry and monsoon season. The dry sea-
son minimum is attributed to lower PBL heights involving
less air mass export from the lower altitude, while the mon-
soon minimum is attributed to aerosol scavenging by fre-
quent cloud and rain events. The aerosol concentration max-
ima are mainly due to new particle formation processes dur-
ing the post-monsoon season, and the transport of higher lev-
els of pollution aerosols by valley breezes in the form of
accumulation mode particles during the pre-monsoon sea-
son. Nighttime particle number concentrations (from 03:00
to 08:00 NST) are relatively low throughout the year, indicat-
ing the level of free-tropospheric/residual layer background,
as a result of down-slope winds during this part of the day.
However, the nighttime values follow the daytime concentra-
tion seasonal variations, in term of both concentrations and
sizes, indicating that the upper troposphere can be fed by
thermal winds. In fact, also at Mt Lemmon, Shaw (2007) re-
tains that the aerosols pumped into the free troposphere dur-
ing the day remain behind at night in residual layers (Shaw et
al., 2007). Total nighttime number concentrations are on av-
erage two times higher than the ones reported at the Jungfrau-

joch station, located in the Swiss Alps at a much lower al-
titude (3450 m a.s.l.). This result would indicate that up to
very high altitudes, the Asian atmosphere is more concen-
trated with aerosol particles than in Europe.

For the purpose of studying the upper troposphere compo-
sition according to different air masses, and the effect of long
range transport to the station, nighttime measurements have
been analysed as a function of air mass back-trajectories. In
this way, the possible interferences of local valley winds were
minimized, as confirmed by the lower fraction of accumula-
tion particles with respect to nucleation, and Aitken modes
compared with daytime size distribution.

During nighttime, Middle East and regional air masses
seem to be responsible for the high accumulation mode parti-
cle integrated concentrations during the pre-monsoon season,
as obtained by nighttime conditions. Regional air masses
originate from lower altitudes, and are probably more influ-
enced by the Asian Brown Cloud than the other air masses,
which would explain a more efficient transport of pollution
from the Himalayan foothills and Indian Gangetic plains.
New particle formation during the post monsoon season is
favored under SW air masses, which contain the lowest lev-
els of coarse mode PM.
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H. W., and Baltensperger, U.: The background aerosol size dis-
tribution in the free troposphere: An analysis of the annual cycle
at a high-alpine site, J. Geophys. Res. 103, 31749–31762, 1998.

Osada K., Kido, M., Iida, H., Matsunaga, K., Iwasaka, Y., Na-
gatani, M., and Nakada, H.: Seasonal variation of free tropo-
spheric aerosol particles at Mt. Tateyama, central Japan, J. Geo-
phys. Res.-Atmos., 108(D23) 8667, doi:10.1029/2003JD003544,
2003.

Panday A. K. and Prinn R. G.: Diurnal cycle of air pollution in the
Kathmandu Valley, Nepal: Observations, J. Geophys. Res., 114,
D09305, doi:10.1029/2008JD009777, 2009.

Pio, C. A., Legrand, M., Oliveira, T., Afonso, J., Santos, C., Ca-
seiro, A., Fialho, P., Barata, F., Puxbaum, H., Sanchez-Ochoa,
A., Kasper-Giebl, A., Gelencsér, A. Preunkert, S., and Schock,
M.: Climatology of aerosol composition (organic versus inor-
ganic) at nonurban sites on a west-east transect across Europe, J.

www.atmos-chem-phys.net/10/10679/2010/ Atmos. Chem. Phys., 10, 10679–10690, 2010



10690 K. Sellegri et al.: Seasonal variations of aerosol size distributions

Geophys. Res., Vol. 112, D23S02, doi:10.1029/2006JD008038,
2007

Raes F., Van Dingenen, R, Cuevas, E., Van Velthoven, P. F. J.,
and Prospero, J. M.: Observation of aerosols in the free tropo-
sphere and marine boundary layer of the subtropical Northeast
Atlantic: discussion of processes determining their size distribu-
tion, J. Geophys. Res., 102(N17), 21315-21328, 1997

Ramanathan, V., Krutzen, P. J., Kiehl, J. T., and Rosenfeld, D.:
Aerosols, climate, and the hydrology, Science, 294, 2119–2124,
2001.

Ramanathan, V., Chung, C., Kim, D., Bettge, T., Buja, L., Kiehl,
J. T., Washington, W. M., Fu, Q., Sikka, D. R., and Wild, M.:
Atmospheric Brown Clouds: Impacts on South Asian Climate
and Hydrological Cycle, PNAS, 102(15), 5326–5333, 2005.

Ramanathan, V., Ramana, M. V., Roberts, G., Kim, D., Corrigan,
C., Chung, C., and Winkle, D.: Warming trends in Asia amplified
by brown cloud solar absorption, Nature, 448, 575–578, 2007a.

Ramanathan, V., Li, F., Ramana, M. V., Siva, P. S., Kim, D., Corri-
gan, C. E., Nguyen, H., Stone, E. A., Schauer, J. J., Carmichael,
G. R., Adhikary, B., and Yoon, S. C.: Atmospheric Brown
Clouds: Hemispherical and regional variations in long range
transport, absorption and radiative forcing, J. Geophys. Res.,
112, D22S21, 26 pp., doi:10.1029/2006JD008124, 2007b.

Ramanathan, V., Agrawal, M., Akimoto, H., et al.: Atmospheric
Brown Clouds: Regional Assessment Report with Focus on
Asia, Published by the United Nations Environment Programme,
Nairobi, Kenya, 2008.

Richter, A., Burrows, J. P., N̈uß, H., Granier, C., and Niemeier, U.:
Increase in tropospheric nitrogen dioxide over China observed
from space, Nature, 437, 129–132, 2005.

Shaw, E.: Aerosols at a mountaintop observatory in Arizona, J.
Geophs. Res., 112, D07206, doi:10.1029/2005JD006893, 2007.

Spracklen, D. V., Carslaw, K. S., Merikanto, J., Mann, G. W., Red-
dington, C. L., Pickering, S., Ogren, J. A., Andrews, E., Bal-
tensperger, U., Weingartner, E., Boy, M., Kulmala, M., Laakso,
L., Lihavainen, H., Kivek̈as, N., Komppula, M., Mihalopoulos,
N., Kouvarakis, G., Jennings, S. G., O’Dowd, C., Birmili, W.,
Wiedensohler, A., Weller, R., Gras, J., Laj, P., Sellegri, K., Bonn,
B., Krejci, R., Laaksonen, A., Hamed, A., Minikin, A., Harri-
son, R. M., Talbot, R., and Sun, J.: Explaining global surface
aerosol number concentrations in terms of primary emissions
and particle formation, Atmos. Chem. Phys., 10, 4775–4793,
doi:10.5194/acp-10-4775-2010, 2010.

Tunved, P., Hansson, H.-C., Kulmala, M., Aalto, P., Viisanen, Y.,
Karlsson, H., Kristensson, A., Swietlicki, E., Dal Maso, M.,
Strm, J., and Komppula, M.: One year boundary layer aerosol
size distribution data from five nordic background stations, At-
mos. Chem. Phys., 3, 2183–2205, doi:10.5194/acp-3-2183-2003,
2003.

Tunved, P., Nilsson, E. D., Hansson, H.-C., and Ström, J.: Aerosol
characteristics of air masses in northern Europe: Influences of
location, transport, sinks, and sources, J. Geophys. Res. 110,
D07201, doi:10.1029/2004JD005085, 2005.

Van Dingenen, R., Putaud, J.-P., Martins-Dos Santos, S., and Raes,
F.: Physical aerosol properties and their relation to air mass ori-
gin at Monte Cimone (Italy) during the first MINATROC cam-
paign, Atmos. Chem. Phys., 5, 2203–2226, doi:10.5194/acp-5-
2203-2005, 2005.

Venzac, H., Sellegri, K., and Laj, P.: Nucleation events detected
at the high altitude site of the Puy de Dôme Research Station,
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