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Characteristics of small, intermediate and large ions and nanometre particles, and the
influences of environmental conditions and local topography on the interactions of these
ions and particles in the size range of 3.85–47.8 nm diameter are studied during new
particle formation (NPF) events observed at Pune, India from 20 March to 23 May 2012.
During the NPF events, the formation rate of 5 nm particles ranged from 3.5 to 13.9 cm−3
s−1 and growth rates of both positive and negative ions were greater than those of neutral
particles. Total ion concentrations in this size range were approximately double on event
days than on non-event days. The NPF events were generally preceded by 2–3 h periods of
enhanced concentration of ions and aerosols (PECIA) which are associated with katabatic
winds from the surrounding hill-slopes at our site. During PECIA, ions ≤8 nm diameter
grew faster and attained mode diameters greater than those of neutral particles. PECIA
provided the ions of sub-8 nm diameter and dramatically reduced the condensation sinks
and thus contributed to the development of conditions conducive for NPF. During PECIA,
total concentrations of the ions and particles become almost equal and the Boltzmann
charge distribution breaks down. During NPF events, mode diameters of the ions and
particles first steeply decreased accompanied by a steep increase in condensation sink but
later gradually increased at identical rates.
Observations of charging ratio of 3–4 nm particles being higher than the charge
equilibrium value and non-observation of charge equilibrium for >5 nm ions and particles
indicate occurrence of ion nucleation and/or advection during the PECIA.
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1. Introduction
Terrestrial radioactivity and cosmic rays are the main sources of
ionization in the troposphere on a global scale (Hoppel et al.,
1986). The ionization produced by radioactive radiation from the
ground and the radioactive gases and their daughter products such
as radon (220 Ra and 222 Ra) exhaled from the ground generally
dominates in the lowest 1 km of the atmospheric boundary layer
over the land surface. On the other hand, cosmic rays generate
primary ions deep within the troposphere and are the main source
of small ion production above ∼1 km from the ground (Hoppel
et al., 1986). In addition to these two main sources which add equal
numbers of small ions of each polarity, some other processes such
c 2015 Royal Meteorological Society


as dust storms, combustion, raindrops splashing on the Earth’s
surface, breaking ocean waves, corona discharge occurring at
sharp points and tree branches below thunderstorms, waterfalls
and volcanoes all introduce a net charge into the atmosphere
(Blanchard, 1963; Anderson, 1965; Kamra, 1969, 1972a, 1972b,
1989; Gopalakrishnan et al., 1996, 2005; Yu, 2001; Laakso et al.,
2007; Luts et al., 2009; Kolarz et al., 2012).
In recent years, the studies of ions have received additional
impetus because atmospheric ions have been proposed as
significantly contributing to the nucleation and growth processes
of particles (Yu and Turco, 2000, 2011; Lee et al., 2003; Lovejoy
et al., 2004; Kanawade and Tripathi, 2006; Siingh et al., 2011).
The entire mobility distribution of the atmospheric ions can be
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divided in two main classes: (i) cluster ions (mobility ≥0.5 cm2
V−1 s−1 , diameter ≤1.6 nm) and (ii) aerosol ions (charged
aerosol particles, mobility <0.5 cm2 V−1 s−1 , diameter >1.6 nm)
(Hõrrak et al., 2003). These two classes can be divided into five
independent air ion categories i.e. small cluster ions (mobility
3.2–1.3 cm2 V−1 s−1 , size 0.46–0.85 nm diameter), big cluster
ions (mobility 1.3–0.5 cm2 V−1 s−1 , size 0.85–1.6 nm diameter),
intermediate ions (0.5–0.034 cm2 V−1 s−1 , size 1.6–7.4 nm
diameter), light large ions (mobility 0.034–0.0042 cm2 V−1 s−1 ,
size 7.4–22 nm diameter), and heavy large ions (mobility
0.0042–0.00087 cm2 V−1 s−1 , 22–79 nm diameter) (Hõrrak et al.,
2003). Particle formation in the intermediate size range gains
further importance in view of the recent study of Tammet
et al. (2013) that formation of such particles also occurs during
the quiet periods between events of intensive nucleation of
atmospheric particles. Also, charge on newly formed particles
can significantly change the aerosol coagulation and scavenging
characteristics (Tinsley et al., 2000; Tripathi and Harrison, 2002;
Rawal et al., 2013).
High particle concentrations observed in the clean marine
boundary layer and clean continental sites cannot be explained
by the homogeneous binary nucleation process alone (Covert
et al., 1996; Weber et al., 1997). Several processes such as
homogeneous ternary nucleation (Kulmala et al., 2000, 2013;
Merikanto et al., 2007), ion nucleation clusters (Lee et al., 2003;
Lovejoy et al., 2004; Eisele et al., 2006; Kanawade and Tripathi,
2006; Lida et al., 2006; Yu et al., 2008, 2010; Yli-Juuti et al.,
2009; Gagné et al., 2010; Yu and Turco, 2011; Gonser et al.,
2014), activation of neutral clusters (e.g. Kulmala et al., 2006) and
the effect of organic gases on nucleation (O’Dowd et al., 2002;
Zhang et al., 2004; Tunved et al., 2006; Laaksonen et al., 2008;
Metzger et al., 2010) have been proposed to explain high rates
of particle formation. From their four years of measurements
at a mountain observatory, Garcı́a et al. (2014) conclude that
SO2 concentrations in the range of 60–300 ppt seem to be
most influencing parameters in the year-to-year variability in
the frequency of new particle formation (NPF) events. Recent
observations of Kulmala et al. (2013) revealed that NPF occurs
by forming stable critical clusters (diameter 1.5 ± 0.3 nm)
followed by subsequent growth to 2 and 3 nm. Hõrrak et al.’s
(1998) observations of bursts of intermediate ions in air support
the ion-induced nucleation explanation. Further, simultaneous
measurements of ions and aerosol show increase of condensation
nuclei associated with increased rate of ionization (Harrison and
Aplin, 2001; Hirsikko et al., 2007; Vartiainen et al., 2007; Gonser
et al., 2014). Kulmala et al. (2000) and Modgil et al. (2005) showed
that high concentration of ultrafine condensation nuclei in a burst
event agreed with their model calculations assuming ion-mediated
nucleation of H2 SO4 - H2 O aerosols. On the contrary, Manninen
et al. (2009a) observed a minor contribution of ion-induced
nucleation in field experiments at Hyytiälä, Finland. Based on
ion–aerosol microphysical modelling, Yu and Turco (2000)
found that charged molecular clusters can grow significantly
faster than neutral clusters to reach the size of condensation
nuclei that can become cloud condensation nuclei (>80 nm)
under specific atmospheric conditions. Concentration of newly
formed ultrafine particles is mainly determined by the rates of
new particle formation and scavenging by the large pre-existing
background aerosol particles (Harrison and Carslaw, 2003).
Small ions, soon after their production, either recombine with
ions of opposite polarity and neutralize each other or attach to the
neutral particles. Charge distribution on the particles is normally
determined by the Boltzmann distribution (Keefe et al., 1959). If
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the concentrations and mobilities of ions of opposite polarity are
not equal, the Boltzmann distribution of charges breaks down.
It can happen under several conditions in the atmosphere. For
example, Hussin et al. (1983) found in his experiments that
Boltzmann charge distribution for nanometre particles is not
validated for particles in the size range of 4–30 nm. It is well
recognized that Boltzmann charge distribution breaks down for
small-size particles of below 100 nm diameter (Hoppel and Frick,
1986). However, the value of the attachment coefficient, used for
the calculations, determines the link between mass and mobility of
ions and thus the final charge distribution. Further, coagulation of
particles leads to a shift in their size distribution to larger particles
and reduces the build-up of extremely high concentrations of
ultrafine particles produced by the gas-to-particle conversion
(Harrison and Carslaw, 2003). Thus, knowledge of ions and the
charged fractions of particles during nucleation events could be
helpful in understanding the contribution of different nucleation
mechanisms.
Recently, NPF events have been reported to occur at nighttime and at high altitude sites (Venzac et al., 2007; Lee et al.,
2008; Boulon et al., 2010; Ortega et al., 2012; Gonser et al., 2014;
Kecorius et al., 2015). It has been reported that transportation of
air masses in valleys and the variations in radon concentration
and the ionization produced by it can influence the formation
and growth of new particles. We propose to investigate such
influences on diurnal cycles of ions and particles at our site which
is also located near hills and is described in detail in section
2.5. The present study aims at understanding the formation and
growth characteristics of ions and particles and to study the
influences of environmental conditions and local topography on
their interactions. Since the ions can lower the critical stable size
of the clusters that can grow to cloud condensation ion nuclei,
an attempt has been made to understand the relative roles of
ion nucleation and neutral cluster nucleation mechanisms in the
formation and growth processes of ions and particles during NPF
events.
In this article, we present simultaneous measurements of
number size distributions of ions and aerosol particles in the size
ranges of 0.46–47.8 nm diameter and 3.85–135.8 nm diameter,
respectively, during 20 March 2012 to 23 May 2012 at an urban
site, Pune, in the tropical Indian subcontinent. The rates of
formation and growth of positive/negative ions and particles have
been calculated. From our simultaneous measurements of ions
and particles in the common size range of 3.85–47.8 nm the
influences of the local topography and environmental conditions
on ion–particle interactions have been studied during the NPF
events. Since radon and its daughter products dominate in the
formation of primary ions close to the land surface and these ions
have been proposed to significantly contribute to the nucleation
and growth of particles (e.g. Gonser et al., 2014), simultaneous
measurements of radon and its progeny have also been made in
order to understand the role of ions in the mechanism responsible
for the formation and growth of new particles. A comparative
study of particle size distributions observed at this site and at
Kanpur during the period of 15 April to 23 May is reported by
Kanawade et al. (2014).
2. Instrumentation and observation site
2.1.

Ion measurements

A Neutral cluster and Air Ion Spectrometer (NAIS) measures
the ion and particle number size distributions in 28 size bins
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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simultaneously by running the instrument alternately in the
corresponding operating modes with a 1 min (minimum period)
resolution to optimize its sensitivity and signal-to-noise ratio.
However, NAIS was operated only in ion mode in the present
study. NAIS uses two unipolar corona dischargers to charge the
sampled particles and for their subsequent detection. Basically, it
has two identical cylindrical aspiration-type differential mobility
analysers (DMA), one for positive ions and the other for negative
ions. Naturally charged particles, carried by air flow, drift in
the radial electric field and are deposited on different electrodes
of the DMA according to their electrical mobilities. Each DMA
has 21 insulated collectors and the current carried by ions to
each collector is amplified and measured separately. Detailed
information about the NAIS and the software can be found
on website: http://airel.ee and in Manninen et al. (2009b) and
Mirme and Mirme (2013). The site location, installation and
some preliminary results are given in detail by Siingh et al. (2013).
The average mobility for positive and negative ions is obtained
over a 5 min period, based on 200 s sample air and 100 s
offset-level measurements. We have divided our data into five
categories as described by Hõrrak et al. (2003). However, in our
observations, the upper range of heavy large ions was limited
to the mobility range of 0.0042–0.00133 cm2 V−1 s−1 (size
22–47.8 nm diameter). Here, we have used the procedure of
Tammet (1995) and Hõrrak et al. (2003) for the mobility-todiameter conversion. The first two and the last two of Hõrrak
et al.’s (2003) categories can be merged with each other to describe
results in three categories, i.e. cluster, intermediate and large ions.
However, we prefer here to present our results with higher sizedependent categorization in order to learn more of ion-growth
processes which are highly size dependent.
2.2.

IITM

Figure 1. Topography and surroundings of the land around the measurement
site at Indian Institute of Tropical Meteorology campus, Pune (India). Numbers
on contours correspond to the altitude (m) above mean sea level, ‘Covered tank’
are the covered water tanks, and ‘Chimney’ does not exist at present.

Aerosol particle measurements

Particle size distributions were measured using a scanning
mobility particle sizer (SMPS) in the diameter range of 13–750 nm
using a long-differential mobility analyser (LDMA, TSI 3081) in
combination with a butanol condensation particle counter (CPC,
TSI 3775) from 20 March to 15 April 2012 and in the size range
of 3.85–135.8 nm with a nano-differential mobility analyser
(NDMA, TSI 3085) in combination with the same butanol CPC
from 16 April to 23 May 2012. More details can be found elsewhere
(Kanawade et al., 2014).

Figure 2. Photograph of inlet for NAIS.

is used for measurement of global solar radiation in the wavelength range of 0.3–4 μm, with an accuracy of 5% (Ranalkar
et al., 2012).
2.5.

2.3.

Radon and its progeny gas concentrations were simultaneously
measured using an RTM 2200 radon detector of SARAD Gmbh,
Germany (http://www.sarad.de/). Details of this technique are
given in section 3.1.
2.4.

Observation site

Radon measurements

Measurements of meteorological parameters

Meteorological parameters such as temperature, relative humidity, wind speed, wind direction and solar radiation were obtained
from the India Meteorological Department (IMD) observatory
at Pune (located about 200 m away from our sampling site). Air
temperature and relative humidity were measured using Sutron
Corporation (USA) thermistor- and capacitive-type sensors, with
an accuracy of ±0.2◦ C and ±3%, and resolution of 0.1◦ C and 1%,
respectively. Wind speed and direction were measured using Gill
Instruments (UK) ultrasonic-type sensors, with an accuracy of
1.2 m s−1 and 1◦ , and resolution of 0.1 m s−1 and 1◦ , respectively.
A LI-COR (USA) silicon photodiode-type pyranometer LI-200SZ
c 2015 Royal Meteorological Society


The NAIS, SMPS and RTM 2200 were placed inside a laboratory
on the second floor of a three-storey building of the Indian
Institute of Tropical Meteorology, Pune (18◦ 31 N, 73◦ 55 E, 560 m
above mean sea level), India. The institute is located on the
outskirts of a moderately big city with a population of over
∼9 million and population density of 603 km−2 as per the 2011
census report. The institute building is surrounded by 500–800 m
high hills in the northeast, south and west directions (Figure 1).
Hills are closest and very steep to the southeast of the measuring
site. An 8 m wide road with moderate traffic runs in the east–west
direction about 100 m away from the institute building. A small
canteen and a residential area are about 200 and 400 m away,
respectively, from the sampling site. However, these sources of
pollution had no apparent influences on our measurements. The
area is covered with cotton soil. The inlet for NAIS consisted of
a metallic pipe of 40 cm length and 3 cm diameter. To minimize
the particle loss, the pipe had no sharp turns and was fixed in a
cutout (2 × 7 m2 ) of the building with its open end facing down
at a height of ∼6 m above ground level (Figure 2). The inlet pipe
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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was shielded from the atmospheric electric field by walls of the
building on three sides and a projected roof on the top, but still
was well-ventilated to the ambient air.
3. Observations
A 64-day observation campaign by the Indian Institute of Tropical
Meteorology, Pune and the Indian Institute of Technology
Kanpur, Kanpur (hereafter referred to as IITM-IITK campaign)
was carried out at Pune from 20 March to 23 May 2012 to
study the characteristics of the NPF events at Pune. During
this campaign period, continuous measurements of ions, aerosol
particles, radon and meteorological parameters were made. In
the following sections, the characteristics of nine NPF events of
the type to be described in section 3.2 are discussed. Rates of
formation and growth of the ions of both polarities and particles
and condensation sinks are calculated for all the nine events
observed during our campaign period. However, to illustrate the
variability of ions, particles and other parameters and to learn the
behavior of ion–particle interactions in this study, we restrict our
discussions to a typical NPF event observed on 2 May 2012 and
compare the results with those observed on a typical non-event
day of 4 May 2012 at this site. The results observed on other event
days are qualitatively similar to those observed on 2 May 2012.
3.1.

Environmental factors

Five-day air-mass back-trajectories using the HYbrid SingleParticle Lagrangian Integrated Trajectory (HYSPLIT) transport
and dispersion model (Draxler and Rolph, 2010) calculated for
2 May 2012 show that the air mass reaching the measuring site
at 500 m height originated at ∼2000 m level over Iran, travelled
southeast to Pakistan and descended to ∼1500–1000 m level
before crossing over to the north Arabian Sea where it further
descended to ∼500 m level before curling to Mumbai city and
arriving over Pune. On the contrary, on 4 May 2012 the air mass
originated and travelled from the west at almost sea level and
reached Pune without much vertical displacement (Figure 3).
On 2 May 2012 surface temperature and relative humidity
varied in the range of 20–36.5◦ C and 17–64%, respectively,
and southeasterly winds prevailed at a speed of 0.7–9.0 m s−1
at the measuring site (Figure 4). Comparatively, on 4 May 2012,
atmospheric temperature remained lower by ∼3◦ C and relative
humidity remained higher by ∼20% for most of the day. Winds
were stronger and south-southeasterly in direction, especially in
the evening hours, on the non-event day as compared to the event
day. Solar irradiance was maximum during noontime and a little
higher on 2 May than on 4 May 2012 (Figure 4). Atmospheric

Figure 3. The 5-day NOAA HYSPLIT model back-trajectories of the air masses
arriving at 500 m level (Draxler and Rolph, 2010) at the measurement site on 2
and 4 May 2012.
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pressure was consistently higher by 1–4 mb on 2 May than on 4
May 2012.
Ionization rate was calculated from measurements of radon
by RTM 2200 which provides the equivalent equilibrium
concentrations of radon and its progeny, i.e. Po218 , Po214 and
Bi214 . As these charged particles traverse through the air, they
lose their kinetic energy by collisional and radiative energy losses.
Collisional loss includes the energy losses in the excitation and
ionization of the atom. Ionization creates ion-pairs and the ion
production rate due to radon and its progeny is calculated from
q = ε/I,

(1)

where

ε = 5.49 × 106 Rn + 6 × 106 (Po218 ) + 7.68 × 106 (Po214 )
+ 0.85 × 106 (Bi214 )(in Bq m−3 ),

(2)

and where Rn is concentration of radon, Po218 , Po214 and Bi214
are the concentrations of radon progeny (in Bq m−3 ), ε is total
energy (in eV) released by the decay of radon, I is the energy
required to produce one ion pair (32 eV) and q is ionization rate
(Prasad et al., 2005).
This method, however, does not include the ionization
produced by cosmic rays which is about 1–2 ion pairs
cm−3 s−1 (Hoppel et al., 1986; Siingh and Singh, 2010). The
values of ionization rate shown in Figure 5 are thus less by this
amount. Earlier measurements conducted close to this site also
produced comparative values (Kamsali et al., 2011).
3.2.

New particle formation events in ion measurements

We identified a total of nine NPF events which mostly occurred
in the morning between 0830 and 1200 LT (local time, UTC +
5 h 30 min) at our site. In these NPF events a distinct new mode
of 4–6 nm appeared in the size range of intermediate ions. The
appearance of these particles and their growth towards larger sizes
continued for several hours. The shape of the concentration versus
time plots in these events resembled a banana shape. However,
these were characteristically different from the traditional bananatype events (Laakso et al., 2008; Vana et al., 2008; Lehtipalo et al.,
2010; Manninen et al., 2010) observed at other locations, in the
respect that they showed neither any burst of small ions nor any
persistent growth of ions of <4–6 nm diameter which are typical
features of banana-type NPF events. However, these NPF events
followed a banana shape for the ion growth from 4–6 to 47.8 nm
diameter. We shall classify such events as ‘truncated banana’ type
events. Days with such events are distinctly different from the
non-event days when no particle growth is detected. Mobility
distributions on non-event days show a deep depression between
the cluster ion and large ion modes with very low concentrations
of intermediate ions. The traditional banana-type events are
typically observed when NPF occurs over a large spatial scale and
indicate regional particle formation and growth (Kulmala et al.,
2012). The growth of freshly formed particles during the early
stage of NPF is due to condensation of vapour on the existing
particle surface (Kulmala et al., 2001), while the total number
concentration declines in the later stages of NPF mainly because
of their coagulation with large particles (Kerminen et al., 2001;
Stolzenburg et al., 2005). Figure 6(a) shows time variation of ion
size distributions and concentrations of both positive and negative
polarities for a typical type of truncated banana event observed
here on 2 May 2012. Growth of particles from 4–6 to 47.8 nm
diameter can be observed to start from 0914 LT. The average
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Figure 4. Diurnal variations of meteorological parameters at the measurement site on 2 and 4 May 2012.
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Figure 5. Diurnal variations of the ionization rate (cm−3 s−1 ) calculated from
the measurements of radon and its progeny on 2 and 4 May 2012.

growth rates of positive and negative ions, calculated from the
method of Shi et al. (2007), also followed by Kulmala et al. (2004),
separately for size ranges of 3.9–25.3 and 25.3–47.8 nm diameters,
in this and other events of this type, are shown in the second and
third columns of Table 1. In this method, mean diameters are
obtained by manually examining each size distribution to identify
the particle size that separated freshly nucleated particles from preexisting particles. Then the number mean diameter values for each
of the size ranges are calculated from an average growth rate using
the slope of the fitted line joining number mean diameter vs. time.
In all the nine NPF events, growth rates of 3.9–25.3 nm positive
(negative) ions are on the average ∼49–142% (49–126%) greater
than those of 25.3–47.8 nm positive (negative) ions. Moreover,
growth rate of negative ions is always greater (except during one
event) than that of positive ions. Our values of ion growth rates
given in Table 1 agree well with those of Siingh et al. (2013)
c 2015 Royal Meteorological Society


obtained at the same site during April–May 2010. Moreover,
since the growth rates have been observed to be size-dependent,
growth rates of 1.9, 3.6 and 4.2 nm h−1 observed by Manninen
et al. (2009a) and Yli-Juuti et al. (2011) at Hyytiälä, Finland for all
particles in size ranges of 1–3, 3–7 and 7–21 nm, respectively, are
less than half of the average growth rates observed for nucleation
mode particles in our observations at this tropical site. However,
the rates of formation and growth of particles observed during
the NPF events at this site are much higher than those observed in
the higher altitude observations in the Himalayas (Venzac et al.,
2008; Neitola et al., 2011) but are comparable to those observed
at other urban sites, e.g. at East St Louis (Shi et al., 2007) and at
Mexico City (Dunn et al., 2004).
Figure 6(b) shows time evolution of the ion size distributions
and concentrations observed for a typical non-event day, 4 May
2012. Average values of total ion concentrations on 2 May,
especially during daytime, were approximately double those on
4 May. Moreover, ion concentrations of each polarity on 2 May
exhibited a maximum in the early morning between 0500 and
0800 LT. Thereafter, with the appearance of the NPF event on 2
May, total ion concentration kept increasing for the next 3–4 h
and maintained those high values for the whole day. Figure 6(a,b)
(lower panels) also show the variations of the concentration of
small cluster ions, big cluster ions, intermediate ions, light large
ions and heavy large ions with local time on the event and nonevent days. Occurrence of higher concentrations of the small
and big cluster ions of positive polarity throughout the day on
both days indicates the manifestation of electrode effect near the
Earth’s surface (Chalmers, 1967) or the difference in mobilities of
positive and negative ions. Extremely low concentrations of small
ions in our observations may be due to the fact that the inlet for
NAIS is located ∼8 m above the ground surface. It is noticeable
in this respect that small ion concentrations at 1 m height in an
observatory only about 100 m away from this site were found
to be about an order of magnitude higher than in the present
measurements (Dhanorkar and Kamra, 1993).
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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(a)

Local time (UTC + 5.5 h)
Figure 6. (a) Diurnal variations of ion mobility spectra of positive and negative ions (upper two panels), and concentration of atmospheric ions of both polarities
(red line – positive ions, blue line- negative ions) (third panel and, for hourly averages, lower six panels for different categories) on 2 May 2012. (b) As in (a) for 4 May
2012.

3.3.

New particle formation events in aerosol measurements

Our aerosol particle measurements simultaneously made with
SMPS using NDMAS on 2 and 4 May 2012 also exhibited a
truncated banana-type NPF event on 2 May 2010 when particles
of 3.85 nm diameter grew to a size of >60 nm diameter (Figure 7).
The growth of particles continued for the whole day and the
calculated average growth rate of particles based on the method
of Shi et al. (2007) ranged from 5.2 ± 1.9 nm to 9.8 ± 3.9 nm h−1
for 3.85–25 nm diameter and from 2.8 ± 0.9 to 6.6 ± 2.2 for
25–47.8 nm diameter particles. The growth rates of positive
(negative) ions are 6.2–25.4% (9.5–23.4%) higher than those of
particles of corresponding sizes in the size range of 3.9–25.3 nm
diameter, and 10.7–60.6% (6.8–72.7%) higher than those of
particles in the size range of 25.3–47.8 nm diameter. Moreover,
the growth rate of particles observed at this site are comparable to
those observed at other urban sites e.g. at Atlanta (McMurry et al.,
2005), at Pittsburgh (Stanier et al., 2004), at Beijing (Yue et al.,
2009), at Pune (Siingh et al., 2013) and at Kanpur (Kanawade
et al., 2014).
The rate of formation of 5 nm particles (J5 ) calculated from
the method of Dal Maso et al. (2005) for different events lies
in the range of 3.5–13.9 cm−3 s−1 (Table 1). These values of
J5 are averages for the period of the event and do not account
c 2015 Royal Meteorological Society


for the mixing of the air mass being sampled, and therefore
may be in error determined by the air mass inhomogeneities
in ions, aerosols and condensing vapours. The kinetic model
of Yu (2010) for an ion-mediated nucleation mechanism shows
that the nucleation rate nonlinearly depends on parameters such
as sulphuric acid vapour concentration, temperature, relative
humidity, ionization rate and surface area of pre-existing particles
which may show large variability from day to day. Moreover,
as concluded by Korhonen et al. (2011) various tools used to
calculate different parameters for NPF events are useful for
getting order-of-magnitude estimates of the parameter related to
atmospheric nucleation. From this view the value of J5 needs to
be taken as a rough estimate. However, the values of J5 observed
at our site are comparable to those observed at other urban sites
at Gual Pahari, India (Mönkkönen et al., 2005), Singapore (Betha
et al., 2013) and Beijing (Yue et al., 2009). Table 2 shows the
calculated values of condensation sink based on the method of
Kulmala et al. (2001) at the time of start of the NPF event (CSstart )
which generally occurs around 0900 LT and as averaged over
the NPF time duration (0900–1600 LT) of the event (CSavg ).
Since low values of condensation sink favour particle formation
(Kulmala et al., 2005) it is notable that all values (except in two
cases) of CSstart are lower than the corresponding CSavg values.
However, such a conclusion should not be generalized, especially
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for comparison on different days (e.g. on 23 April and 2 May
in our observations), since the effect of some other variables
such as concentration of condensable vapours dominate the NPF
processes on different days (e.g. Yu and Turco, 2011; Kanawade
et al., 2014).
3.4.

Period of enhanced concentrations of ions and aerosols

The NPF events were generally preceded by a 2–3 h period
of enhanced concentrations of ions and aerosols (PECIA) that
generally occurred between 0600 and 0800 LT (e.g. Figures 6(a,b)
and 7). The times of start of NPF events are given in Table 1.
Although PECIA occurred most frequently in the early morning
hours, it also occurred occasionally at other times, mostly around
2000 LT. During these periods ions did not show any distinctive
growth pattern such as banana type. Instead, these periods were
characterized by the appearance of high concentrations of ions and
aerosol particles in the measured ranges within a short period of
the order of minutes. These periods can also be readily recognized
in the total ion concentrations versus time record plotted in
the third row of Figure 6(a). Prominent among these were the
enhancement in concentrations of large ions. PECIA could not
be associated with local traffic as the periods and timings of
ion/aerosol particle concentration maxima generally preceded
by 2–3 h the peak traffic hours, which were ∼0900–1100 LT
c 2015 Royal Meteorological Society


at this location. Earlier observations of enhancement of ions
and conductivity (Dhanorkar and Kamra, 1993) and radon
concentrations (Kamsali et al., 2011) observed at the Atmospheric
Electricity Observatory,∼100 m away from this site, were also
reported during the same period. Such enhancements of ions
and aerosol particles can be associated with accumulations of
ions, aerosols, radioactive decay products and precursor gases
below inversion layers at night-time (Porstendörfer, 1994) and
their downward transport with the ketabatic winds along the
surrounding hill-slopes in the morning. Occurrence of such a
transport process is further discussed in detail in section 4.
Such periods of high concentration of ultrafine particles with
diameters of 4–9 nm have also been observed by Lee et al. (2008)
in their night-time troposphere and ground-based observations
in Tumbarumba (Australia). The occurrence of PECIA was more
frequent than that of NPF events but not necessarily followed by
an NPF event. During the 64-day campaign period, the PECIA was
observed on 27 days in the early morning hours. Although PECIA
occurred on both days, 2 May and 4 May, it was much less intense
on the non-event day (4 May) than on the event day (2 May).
3.5.

The common size range in the ion and aerosol measurements

Figure 8(a,b) shows variations of the hourly averaged size
distributions of both ions of either polarity and aerosol particles
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Figure 6. Continued.

measured by NAIS and SMPS, respectively, on 2 May 2012.
The size range of ∼3.85–47.8 nm was covered in simultaneous
measurements of both instruments. This unique dataset has been
used here to study change in characteristics of ions and particles
and their interactions during the NPF events. Although, the ion
concentrations measured with NAIS at the sizes greater than
25 nm may be in error due to the multiple charged particles
(Mirme and Mirme, 2013), such an error is not likely to be large.
Moreover, whenever desirable, we have derived and discussed our
results separately in 3.85–25 and 25–47.8 nm size categories.
The size-distribution functions, dn/dlogD, of small and big
cluster ions (<1.7 nm) in Figure 8, soon after the generation of
ions under stratified conditions at night-time, keep decreasing
with the ion diameter, from 2000 to 0900 LT, presumably by
recombination of oppositely charged ions and/or their conversion
to large ions by attachment to aerosol particles. The minimum
value of dn/dlogD for ions then starts increasing with diameter at
a comparatively faster rate. This faster rate of increase in dn/dlogD
for ions from 2000 to 0900 LT in Figure 8 is confined to the ions
in the size range of 1.6–7.4 nm and is most probably associated
with the formation/advection of intermediate ions in the morning
hours. After attaining a peak at 7.4 nm, the dn/dlogD values for
ions experience a rapid but short fall but then again keep their
increasing trend, though at a rate slower than that of ions of
diameter from 1.6 to 7.4 nm. The short fall at 7.4 nm diameter
shows that although the formation of intermediate ions ceases at
c 2015 Royal Meteorological Society


this size which is the upper size-limit of this ion category, their
dissipation by recombination/combination processes continues.
This trend in ion distribution was observed on all days of the NPF
events during our observation period. Concentration of aerosol
particles in the common size range always remained higher than
that of ions of the same size (Figure 8). However, the ions soon
get attached to the aerosol particles and coagulation rate of these
charged particles is relatively stronger than that of neutral particles
for smaller size particles in this size range because of the larger
electrostatic force contribution to the relative motion of charged
particles. Yu and Turco (2001) determined that coagulation
kernel (rate coefficient) is enhanced by a factor 103 for oppositely
charged particles of radii 1 nm as compared with neutral particles.
This enhancement in the coagulation rate contributes to higher
rate of growth of smaller particles and may account for the much
faster growth of such particles during the NPF event. However,
this effect of charge on coagulation rate decreases fast as the
particle size increases (Yu and Turco, 2001). The enhancement
factor is already smaller than 5 for 3 nm particles (Yu and
Turco, 2011). The small ions can also grow at rates comparable
to coagulation rates, through ion–molecule reactions since the
charged molecular recombination coefficient is 104 times greater
than that for neutral molecules (Landau and Lifshitz, 1980). These
changes in growth rates of ions and particles lead to their increase
in size but decrease in concentration (due to their coagulation),
and consequently to the development of a dip in dn/dlogD values
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Table 1. Average growth rates (GR) with their standard deviations for positive and negative ions of 3.9–25.3 nm (25.3–47.1 nm) diameter and particles of 3.85–25 nm
(25–47.8 nm) diameter, percentage increase of GR of the positive/negative ions with respect to particles, and formation rate (J5 ) of particles during the NPF event
days.
Date in 2012
(time of start of
NPF event, LT)
23 April
(0905)
28 April
(1045)
30 April
(1155)
1 May
(1202)
2 May
(0914)
10 May
(0840)
12 May
(0955)
22 May
(0855)
23 May
(0842)

GR for ions (nm h−1 )
Positive

Negative

8.6 ± 2.4
(5.3 ± 1.6)
7.3 ± 1.7
(3.3 ± 1.4)
7.5 ± 1.3
(3.1 ± 1.8)
8.8 ± 2.6
(5.1 ± 2.1)
10.7 ± 4.7
(7.6 ± 4.5)
7.8 ± 2.2
(5.6 ± 1.9)
5.8 ± 2.4
(3.9 ± 1.3)
10.3 ± 4.2
(7.3 ± 2.4)
8.9 ± 3.1
(5.3 ± 2.9)

9.1 ± 2.8
(5.4 ± 2.6)
7.1 ± 1.8
(3.1 ± 1.2)
7.9 ± 2.1
(3.5 ± 1.7)
9.1 ± 2.6
(6.7 ± 1.4)
11.1 ± 3.7
(8.9 ± 3.5)
8.1 ± 2.5
(5.9 ± 2.4)
6.1 ± 3.1
(4.1 ± 2.5)
10.9 ± 4.5
(7.6 ± 3.5)
8.3 ± 2.6
(5.7 ± 2.8)

c 2015 Royal Meteorological Society


GR for aerosol
particles
(nm h−1 )
8.1 ± 2.7
(4.4 ± 1.8)
6.1 ± 1.8
(2.9 ± 1.3)
6.4 ± 1.8
(2.8 ± 0.9)
7.4 ± 2.7
(4.3 ± 1.9)
9.8 ± 3.9
(6.6 ± 2.2)
7.4 ± 2.5
(4.2 ± 1.3)
5.2 ± 1.9
(3.3 ± 2.4)
8.9 ± 4.1
(5.9 ± 2.4)
7.1 ± 2.6
(3.3 ± 2.2)

Increase of GR of ions over
aerosol particles (%)
Positive

Negative

6.2
(20.5)
19.6
(13.7)
17.2
(10.7)
18.9
(18.6)
9.2
(15.20)
5.4
(33.3)
11.5
(18.1)
16.9
(23.7)
25.4
(60.6)

12.3
(22.7)
16.4
(6.8)
23.4
(25.0)
23.0
(55.8)
13.3
(34.8)
9.5
(40.5)
17.6
(24.2)
22.5
(28.1)
16.9
(72.7)
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(b)

Figure 7. Diurnal variations of aerosol particle size spectra on (a) 2 May 2012 and (b) 4 May 2012.

Table 2. Condensation sink due to 4–135 nm diameter particles for observed
NPF events at Pune in 2012. CSstart is the condensation sink at the start of the
NPF event (i.e. at about 0900 LT). CSavg is the condensation sink averaged over
an NPF time duration of 0900–1600 LT.
Date
23 April
28 April
30 April
1 May
2 May
10 May
12 May
22 May
23 May

CSstart (10−3 s−1 )

CSavg (10−3 s−1 )

9.2
5.2
4.2
8.9
2.7
5.3
4.9
4.5
4.4

8.4 ± 2.8
5.8 ± 0.7
5.9 ± 2.1
4.3 ± 1.6
5.1 ± 1.7
7.7 ± 1.0
6.4 ± 2.5
8.5 ± 3.6
7.3 ± 2.7

for particles in the size range of 3.85–7.4 nm diameter. This dip
in dn/dlogD values starts to develop at ∼2000 LT and continues
to appear till ∼1000 LT (Figure 8(a,b)). Notably, this dip, i.e. a
decrease followed by an increase in dn/dlogD for particles and the
peak in dn/dlogD for ions, occurs in the same size range, thereby
strongly indicating that ions combine with particles in this size
range at a faster rate and convert them to charged particles (Yu
and Turco, 2001). These charged particles grow much faster in
size than the particles existing before these are charged during
NPF events, strongly suggesting that either a larger fraction of
particle population is charged and/or some of these particles carry
multiple charges.
In addition to ion–particle attachment, ion–ion recombination also occurs at a faster rate due to enhanced concentrations of
ions and particles during the NPF events. As a net effect of these
and perhaps other processes, such as advection with winds during
PECIA, concentrations of ions and particles become approximately equal to each other sometime during 0400–0800 LT. It
is worth noting that, while the position of ion peaks in Figure 8
remains almost fixed at 7.4 nm or shifts towards higher size, the
position of minima in particles dip shows some displacement
from 6 nm towards a smaller size from 2000 to 1000 LT.
c 2015 Royal Meteorological Society


At about 1000 LT in Figure 8, a quick and more than tenfold
increase occurs in concentration of the particles with diameters
between 7 and 8 nm. As shown in Figure 7(a) this increase is
associated with the enhanced rate of formation of new particles
of this size during the NPF event. The shift of the mode diameter
from 7–8 nm at 1000–1100 LT to ∼40 nm at 1600–1700 LT in
Figure 8(a) well illustrates the growth of particles. The growth of
particles occurs due to condensation of vapours and coagulation
of particles. However, coagulation of particles is important in
the atmosphere because it leads to a shift in the particle size
distribution to larger size and reduces the build-up of very high
concentrations of ultrafine particles produced during the NPF
events (Harrison and Carslaw, 2003).
Figure 9 shows the diurnal variations of mode diameters of
aerosol particles and ions of both polarities and condensation sink
calculated from the data collected at 5 min resolution on 2 May
2012. The decrease in condensation sink from ∼0700 to 0900 is
most likely associated with breakdown of nocturnal inversion and
dispersion of ions and aerosols to higher levels. Such a decrease
in condensation sink may help in creating necessary conditions
for the occurrence of NPF at ∼0900 LT. An outstanding feature
of this figure is a rapid and large decrease in mode diameter of
the SMPS-measured particles accompanied by a rapid increase
in condensation sink just after the start of the NPF event. An
hour later, during 1000–1400 LT, measured negative ions also
show downward peaks. During this period, condensation sink, in
addition to showing two sharp peaks at ∼1000 LT, also shows an
increasing trend. The absence of these peaks in the smooth curves
in Figure 8 is due to a larger averaging period used for computing
the data for the curves in Figure 8 than in Figure 9. Such trends in
changes of ions, particles and condensation sink were observed in
all the NPF events observed by us during our campaign period.
These simultaneous but opposite changes, occurring in mode
diameters of ions and particles on the one hand and condensation
sink on the other, can very well be understood when one considers
the burst of ultrafine particles during the NPF event. This addition
of ultrafine particles will initially decrease the mode diameters of
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Figure 8. (a) The hourly-averaged number size distributions (dN/dlogD) of positive ions and aerosol particles on 2 May 2012. Dashed lines show variations of ions
and continuous lines show variations of particles. (b) As in (a) for negative ions.

ions and particles but will cause an increase in condensation sink.
However, these ultrafine ions and particles grow fast and after
some time start contributing to the increase in mode diameter as
well as to an increase in condensation sink. Another important
feature of Figure 9 is that variation in mode diameters of ions of
both polarities are roughly similar but always greater than that
of particles at the start of the NPF event and continue to remain
greater throughout the NPF event. This trend was universally
observed during all the NPF events observed in our campaign
c 2015 Royal Meteorological Society


period and strongly suggests that the mechanisms responsible for
the growth of ions and aerosols are the same/similar and are not
affected whether the particles are charged or uncharged. These
observations also show that these ions have already grown to a
mode diameter of ∼8 nm before the growth of both ions and particles starts during the NPF event. Since ions have already grown
bigger than particles during PECIA and their growth rates during
the NPF period are similar, the growth curve for the ions remains
higher than the growth curve for particles during the NPF period.
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Figure 9. Diurnal variations (LT) of mode diameter of ions (both polarities), aerosol particles and condensation sink on 2 May 2012.
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3.6.

Ion–particle interactions

The small ions of opposite polarity either recombine and
neutralize each other or get attached to particles and are converted
to large ions. In addition, an ion loss due to small ion deposition
occurs as found by Hõrrak et al. (2008) in their measurements
made in a coniferous forest. In this section, we aim to investigate
the variability of the charged fraction for different particle sizes
and under different environmental conditions prevailing over
different periods of the NPF days when the formation, dissipation
and transportation processes of the particles may differ.
To derive the relative importance of ion and neutral nucleation
processes, it is useful to examine the overcharging of particles
of <3 nm diameter. However, it is not possible to arrive at this
ratio from our observations in view of: (i) the non-availability of
data on neutral particles of <3 nm diameter, and (ii) the absence
of any systematic and sustained growth rate of ions of <3 nm
diameter. Instead, we have computed the ratio of total number of
ions of both polarities (N+ + N− ) and total number of particles
(N) in the size range of 3.9–25.3 nm diameter obtained from our
data obtained from NAIS and SMPS measurements on all event
days. Smooth curves in Figure 10 show variations of the ratio
with particle diameter in the three cases. Approximately similar
variations of this ratio for 2 May 2012 and for the average of all
the NPF event days in Figure 10 confirm the typical nature of the
event on 2 May 2012. The values of the charging ratio in these
c 2015 Royal Meteorological Society


two curves for event days, especially for small particles (<14 nm),
are much closer to each other than on non-event days. In view
of the non-availability of data for <3 nm particles, an accurate
quantitative assessment of overcharging of particles in this size
range is not possible. However, it appears that about 3% of 3–4 nm
particles are charged, which is higher than the ion equilibrium
charge fraction of 1% (Reischl et al., 1996). Moreover, the curves
show a trend of attaining higher values of the ratio for particles
<3 nm. This overcharging is an indication of the dominance of
ion nucleation. Further, since particles >5 nm are known to soon
(within a few seconds) achieve a charge equilibrium with ambient
ions during NPF events (Laakso et al., 2007; Gagné et al., 2008;
Yu and Turco, 2011), non-observation of such equilibrium in our
observations indicates that such advected ions and particles are
still in a state of evolution of charge equilibrium.
Figure 11 shows the diurnal variations of the N/N± for particles
of different sizes on 2 May 2012. The ratio of N/N± increases
during both PECIA (maxima at 0600 LT) and NPF events
(maxima at ∼1000–1300 LT). The depression between these
two maxima can be associated with the time interval between
occurrence of PECIA and NPF events. The peak at 0100 and
the depression between 0200 and 0400 LT are most likely to
be associated with variability in the nocturnal process of particle
formation and growth (Lee et al., 2008; Boulon et al., 2010; Ortega
et al., 2012; Kecorius et al., 2015). It is notable in Figure 11 that
enhancement in values of N/N± corresponds to relatively bigger
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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Figure 11. Diurnal variations of (a) N/N+ and (b) N/N− for particles of different sizes on 2 May 2012. Blue lines join the hollow symbols for particles of <12 nm
diameter and red lines join the solid symbols for particles of ≥12 nm diameter.

ions and particles (∼16–25 nm) during PECIA and smaller ions
and particles (∼4.6–12 nm) during the NPF period. However, it
needs to be emphasized here that event modelling results of Yu and
Turco (2011) show that the question of whether ion nucleation
or neutral cluster mechanism is operating should be examined
with the charged fraction at 1 nm diameter. Comparatively lower
values of N/N± for particles in the intermediate size range during
PECIA in the early morning hours indicate that either attachment
of ions to the neutral particles plays a stronger role in their
formation or a higher proportion of ions than neutral particles
are advected to the measuring site during this period.
4. Discussion
Our observations provide a good dataset to study the ion–aerosol
particle interactions and influence of the local topography and
environmental conditions on characteristics of such interactions.
The ions, aerosols, radioactive decay products and precursor gases
accumulate below the stratified inversion layer formed at nighttime near the Earth’s surface along the hill-slopes (Porstendörfer,
1994). The transfer and accumulation of these elements at the
measuring site increases and is maximum in the early morning
hours when the solar rays first hit the surrounding hill-tops
and set the katabatic winds flowing down the slopes of the hills
surrounding the measuring site. It is worth noting that winds of
∼5 m s−1 flowing at ∼0600 LT quickly change their direction
c 2015 Royal Meteorological Society


from northerly to southeasterly (Figure 4) in which direction the
hills are closest to the measuring site. These winds bring down
these elements accumulated along the hill-slopes. Observation
of a high peak in ionization rate at about 0600 LT in our
radon measurements (Figure 4) strongly indicates such downward
advection of radon along the hill-slopes at the measuring site.
Supporting such a transport are earlier observations of peaks
in ion concentration and electrical conductivity (Dhanorkar
and Kamra, 1993) and radon concentration (Kamsali et al.,
2011) in the early morning hours at the Atmospheric Electricity
Observatory, located ∼100 m from this site which also reported
similar accumulations of ions and radon and were explained by a
similar transport mechanism.
Coagulation and removal of aerosol particles by scavenging
also are largely enhanced if the particles are electrically charged by
artificial or natural ionization (Clement et al., 1995; Tripathi and
Harrison, 2001). Ionization can also produce ultrafine particles
either by clustering of water molecules around ions or from
homogeneous nucleation of H2 SO4 or HNO3 generated radiolytic
reactions at typical levels of natural radioactivity (radon) in the
atmosphere (Vohra et al., 1984). Growth of such ions/particles has
been suggested as providing a source of cloud condensation nuclei
(Yu and Turco, 2001). These model results suggest that most of
these particles are those derived from original charged clusters and
therefore the ion-mediated particle formation mechanism is likely
to be most important in the lower atmosphere. Our observations
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)
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of a rapid increase in ion concentration of intermediate category
and greater growth rates of ions of both polarities than those
of neutral particles (Figure 8(a,b)) support the theory that the
formation and growth of ions below the inversion layer occurs
by the ion-mediated nucleation mechanism and/or advection of
ions with katabatic winds during PECIA when the solar radiation
is absent or very low in the early morning hours. Further,
our measurements also support model results of ion-mediated
nucleation theory (Yu and Turco, 2000, 2001; Yu, 2003), which
show that the charged molecular clusters, formed around ions,
are much more stable and can grow faster than corresponding
neutral clusters and can preferentially achieve stable sizes. Model
results of Nadykto and Yu (2003) also show that the interaction
of charges with polar gas molecules enhances the growth rate of
small charged clusters. These results are important because if the
ions/particles can grow to the size of cloud condensation nuclei,
they can affect cloud formation and possibly cause a change in
climate (Carslaw et al., 2002).
Positively charged ions and particles tend to settle down to the
Earth’s surface under the electrical forces in the early morning
hours. The resulting reduction of the surface area of the preexisting aerosol particles will cause a reduction in condensation
sink which combined with the increasing solar radiation and
ionization (Figures 4 and 5) in the morning hours contribute
to creating suitable conditions for the occurrence of NPF events
which normally occur at this location between 0830 and 1200 LT.
The large decrease in condensation sink between 0700 and 0900
LT on 2 May 2012 (Figure 9) and lower values of CSstart than
CSavg observed during most of the events (in Table 2) confirm
such low values of the surface area of the pre-existing particles at
∼0900 LT.
Formation of intermediate ions during the NPF events causes
a rapid enhancement in ion concentration in the size range of
1.7–7.4 nm (Figure 8). These intermediate ions, in addition to
the existing small ions, get attached to neutral particles, reduce
their concentration, and convert them to large/intermediate ions
(Figure 8). Under the net effect of ion–aerosol attachment,
ion–ion recombination and perhaps other processes such as
advection, concentrations of ions and aerosols become almost
equal to each other during 0400–0800 LT (Figure 8). Thus
Boltzmann charge distribution of particles in this size range
breaks down during such periods. Breakdown of Boltzmann
charge distribution for particles below 100 nm has also been
reported by Hussin et al. (1983) and Hoppel and Frick (1986).
In most of the banana-type NPF events reported at different
locations around the world, growth of particles starts from the
molecular or cluster size particles which are formed by the
nucleation process (e.g. Kulmala et al., 2004). In our observations
of the NPF events, the growth of particles starts from the size
of 4 to 6 nm. It is uncertain, however, how particles grow
to such sizes even before the NPF events. We propose that
particles of this size (4–6 nm) are provided from the remnants
of PECIA events. These particles may be charged/uncharged
aerosol particles which accumulate along the hill-slopes and grow
by electrostatic force during night-time to the size of 4–6 nm
and are then transported downwards through to the stratified
atmospheric boundary layer during the PECIA events by the
katabatic winds in the early morning. The model results, that most
of the large particles grown up after a few hours are those derived
from original charged clusters, support our hypothesis (Yu and
Turco, 2001, 2011). Figures 6 and 7 do show some enhanced
concentrations of 60–85 cm−3 for the sum of intermediate ions
of both polarities and particles, respectively, during the PECIA
c 2015 Royal Meteorological Society


3153

period. The intermediate ions formed during the NPF events
may get attached to particles or ions and may cause formation of
singly or multiply charged aerosol particles. The resulting charged
fraction of particles will have greater growth rate (Clement et al.,
1995; Tripathi and Harrison, 2001). It is significant to note that
night-time observations of Lee et al. (2008) of such periods of
high concentrations of ultrafine particles also report particles of
4–9 nm diameters. Although no particular mechanism for nighttime events of particle formation is identified, their occurrence
may be important for aerosol generation and the radiation budget
on a global scale that may eventually affect the climate.
Higher values of charge fraction of 3–4 nm diameter particles
in our observations than their equilibrium values indicate
the dominance of ion nucleation. On the other hand, our
observations of non-observation of a systematic and sustained
growth pattern of ions of <3 nm diameter during PECIA and
non-observation of charge equilibrium for particles >5 nm in
our observations support the advection of ions and particles. The
present observations are not detailed enough to assess relative
contributions of these processes. Comparatively lower values of
N/N± during PECIA than in NPF events indicate either a stronger
role of ion–particle attachment processes and/or dominance of
ions over aerosol particles in the katabatic airflow during PECIA.
5. Conclusions
Our simultaneous measurements of ions and aerosol particles in
the size range of 3.85–47.8 nm diameter show that the ion–aerosol
particle interactions at this site are strongly influenced by the local
topography and environmental conditions. Major characteristics
are described below:
1. During the nine truncated banana-type NPF events
observed during our campaign period: (i) the average
rate of formation of 5 nm diameter particles were observed
to range between 3.9 and 13.9 cm−3 s−1 , and (ii) the
average rate of growth ranged between 5.2 and 9.8 nm
h−1 for particles in the size range of 3.85–25 nm but only
between 2.8 and 5.9 nm h−1 for particles in the size range
of 25–47.8 nm. These values are, however, subject to the
same uncertainties as discussed in section 3.3.
2. During the same NPF events, average rates of growth of
positive (negative) ions ranged between 5.8 and 10.7 (6.1
and 11.1) nm h−1 for ions in the size range of 3.9–25.3 nm
and between 3.1 and 7.6 (3.1 and 8.9) nm h−1 for ions in
the size range of 25.3–47.8 nm. So, growth rates of positive
(negative) ions were 5.1–25.3% (1.1–60.6%) higher than
for particles in the size range of 3.9–25.3 nm and 9.5–22.5%
(9.6–55.8%) higher than for particles in the size range of
25.3–47.8 nm.
3. Total ion concentrations were approximately double on
event days than on non-event days.
4. The NPF events are generally preceded by 2–3 h by
PECIA. Large concentrations of ions, particles, radon and
condensing vapours accumulated below inversion layers
during the PECIA encourage ion nucleation and growth of
ultrafine ions. In addition, small and cluster ions, during
their downward journey with katabatic winds along the
hill-slope, recombine and combine with neutral particles
and grow in size at a rate faster than the neutral particles.
As a result, ions attain a mode diameter greater than
those of uncharged particles (Figure 9). However, this
faster rate of ion growth continues only up to a size of
∼8 nm. Therefore, ions attain a diameter greater than
Q. J. R. Meteorol. Soc. 141: 3140–3156 (2015)

3154

5.

6.

7.

8.

A. K. Kamra et al.
that of neutral particles even before the start of the NPF
events. Availability of these larger-than-neutral charged
particles at the beginning of the NPF events is reflected in
our observations (Figure 9). So, remnants of PECIA in the
early morning period provide ions already grown to the
size of 4–8 nm diameter for their further growth during
the NPF events. During the NPF event, mode diameters
of these ions and particles, after having an initial large
and steep fall, increase at approximately the same rate
(Figure 9). This large and steep fall in mode diameters of
these ions and particles is accompanied by an equally large
and steep increase in condensation sink.
Ions in the intermediate size range attach with aerosol
particles. As a net result of the ion–ion recombination,
ion–aerosol particle attachment, and other processes such
as advection, concentrations of ions and particles in this size
range become almost equal to each other during 0400–0800
LT. Thus Boltzmann charge distribution breaks down for
particles in this size range.
The settling of positively charged ions and particles under
electric force, the breaking of the nocturnal inversion
and the weakening of katabatic winds at ∼0700–0800
LT reduce the fresh induction of ions and particles and
dispersion of ions and particles to higher levels, and thus
contribute to a large reduction in the particle mode
diameters. This results in a decrease in condensation
sink and helps in creating conducive conditions for the
occurrence of NPF.
The observation that the charging ratio of 3–4 nm particles
is higher than their charge equilibrium values indicates
occurrence of ion nucleation during PECIA. However, the
observation that particles >5 nm do not attain charge
equilibrium indicates that either such particles grow too
fast to obtain the equilibrium or the advection of ions and
particles.
Mode diameter of particles shifts from 7–8 nm at
1000–1100 LT to ∼40 nm at 1600–1700 LT and the
growth is most probably mainly due to condensation of
vapours, and/or coagulation of particles.
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Kulmala M, Vehkamaki H, Petäjä T, Dal Maso M, Lauri A, Kerminen VM, Birmili W, McMurry PH. 2004. Formation and growth rates of ultrafine
atmospheric particles: A review of observations. J. Aerosol Sci. 35: 143–176.
Kulmala M, Petäjä T, Mönkkönen P, Koponen IK, Dal Maso M, Aalto PP,
Lehtinen KEJ, Kerminen V-M.. 2005. On the growth of nucleation
mode particles: Source rates of condensable vapor in polluted and clean
environments. Atmos. Chem. Phys. 5: 409–416.
Kulmala M, Lehtinen KEJ, Laaksonen A. 2006. Cluster activation theory as
an explanation of the linear dependence between formation rate of 3 nm
particles and sulphuric acid concentration. Atmos. Chem. Phys. 6: 787–793.
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T, Siivola E, Kulmala M, Kgabi N, Molefe M, Mabaso D, Phalatse D, Pienaar
K, Kerminen V-M. 2008. Characteristics of atmospheric particles, trace
gases and meteorology in a relatively clean southern African savannah
environment. Atmos. Chem. Phys. 8: 4823–4839.
Laaksonen A, Kulmala M, O’Dowd CD, Joutsensaari J, Vaattovaara
P, Mikkonen S, Lehtinen KEJ, Sogacheva L, Dal Maso M, Aalto P, Petäjä
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Merikanto J, Napari I, Vehkamäki H, Anttila T, Kulmala M. 2007. New
parameterization of sulfuric acid–ammonia–water ternary nucleation
rate at tropospheric conditions. J. Geophys. Res. 112(,): D15207, doi:
10.1029/2006JD007977.
Metzger A, Verheggen B, Dommen J, Duplissy J, Prevot ASH, Weingartner E,
Riipinen I, Kulmala M, Spracklen DV, Carslaw KS, Baltensperger U. 2010.
Evidence for the role of organics in aerosol particle formation under
atmospheric conditions. Proc. Natl. Acad. Sci. U.S.A. 107: 6646–6651.
Mirme S, Mirme A. 2013. The mathematical principles and design of the
NAIS – a spectrometer for the measurement of cluster ion and nanometer
aerosol size distributions. Atmos. Meas. Tech. 6: 1061–1071.
Modgil MS, Kumar S, Tripathi SN, Lovejoy ER. 2005. A parameterization
of ion-induced nucleation of sulphuric acid and water for atmospheric
conditions. J. Geophys. Res. 110: D19205, doi: 10.1029/2004JD005475.
Mönkkönen P, Koponen IK, Lehtinen KEJ, Hämeri K, Uma R, Kulmala M.
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