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� Size-and-time averaged k (0.16) over 3 seasons shows dominance of organics.
� Despite of less k, higher CCN/CN in spring is due to shifting of mode diameter.
� Increase in k with particle diameter shows chemical composition vary with size.
� Among all seasons, particles are found to be most hygroscopic in summer.
� CCN prediction is more sensitive to k in monsoon compared to other seasons.
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a b s t r a c t

We present properties of size-resolved cloud condensation nuclei (CCN) over the central Indo-Gangetic
Basin (IGB) station, Kanpur, India. The measurements were done during three different seasons: spring,
summer and monsoon in 2012. Size-resolved CCN efficiency spectra (20e280 nm), measured at 0.2e1%
supersaturation (SS), resulted in an average activation diameter (Da) of 148e45 nm. The activation
diameter was found to be maximum in spring followed by monsoon and summer at all SS except at
SS ¼ 1%. The size-averaged hygroscopicity (k) of CCN-active particles for all SS was found to be
0.11 � 0.03, 0.24 � 0.13 and 0.14 � 0.06 in spring, summer, and monsoon, respectively. k increased with
increasing particle diameter, suggesting change in chemical composition with size which further leads to
change in CCN activity. In comparison to summer and monsoon, despite the presence of lower k in spring,
the higher activation fraction in Aitken mode is observed due to the shift of CN size distribution towards
larger diameter. k is observed to be lower in first half of the day (0900e1400 h) for SS ¼ 0.2e0.5% due to
relatively less photochemical activity compared to second half of the day. Size-and-time averaged k value
over all three seasons (0.16 � 0.08) suggests dominance of organic species, as reported in previous
studies.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Changes in aerosol properties may also lead to higher cloud
droplet concentration and smaller droplet size, thus increased
cloud reflectivity (Twomey, 1974; Zhang et al., 2011) and decreased
precipitation (Albrecht, 1989) in shallow and short lived clouds
(Rosenfeld et al., 2008). This is known as the aerosol indirect effect
and is the largest source of uncertainty in climate change (IPCC
et al., 2007). Various past studies have addressed the role of
anthropogenic aerosols in alteration of cloud microphysical pro-
cesses and radiative properties (Hudson and Yum, 2002; Lohmann
and Feichter, 2005 and references therein). The aerosol particles act
ail.com (S.N. Tripathi).

All rights reserved.
as cloud condensation nuclei (CCN), thus enabling the formation of
cloud droplets (0.1e10 mm) when the ambient partial pressure of
water vapour (rw) is greater than the saturation vapour pressure
(r�w) resulting in a supersaturated condition (Ruehl et al., 2008).
Several initiatives have been taken to assess the CCN activity of
ambient aerosols over the last two decades, but the need for global
data is still not fulfilled (Kulmala et al., 2004). Thus, accurate pre-
diction of global distribution of CCN is essential to improve our
understanding of aerosolecloudeclimate interactions (IPCC et al.,
2007), and to make reliable prediction of future climate forcing.
The ultimate aim is to include the effects of these interactions in the
meteorological models through various parameterization schemes
(Rose et al., 2010).

One of the challenging tasks is to evaluate the relative impor-
tance of aerosol size distribution, chemical composition, mixing
state, dissolution behaviour inside the droplet, and surface tension
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Table 1
Meteorological parameters: Average (arithmetic mean� 1 standard deviation) wind
speed, RH and temperature in different seasons, viz., spring, summer and monsoon.

Seasons Wind speed
(ms�1)

Relative humidity (%) Temperature (�C)

Spring (March) 2.68 � 1.65 36.34 � 10.46 23.03 � 4.04
Summer

(MayeJune)
3.51 � 1.41 18.77 � 7.34 40.18 � 3.50

Monsoon (August) 2.25 � 1.42 70.17 � 10.32 29.90 � 2.33
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in the prediction of CCN concentration (Pruppacher and Klett,
1997). Several researchers have shown the primary role of total
aerosol (CN) size distribution and number concentration in estab-
lishing the tendency of aerosols to act as CCN at atmospherically
prevailing conditions (Dusek et al., 2006; Sihto et al., 2011). Recent
model studies have shown that for regions with higher particle
concentration and internally-mixed aerosols, chemical composi-
tion is an important controlling factor influencing cloud droplet
number concentration (Ervens et al., 2005). Previous size-resolved
CCN activation laboratory studies were based on the behaviour of
known chemical compounds, such as water soluble organic and
inorganic compounds separately, and their mixtures. The formation
process and solubility of an organic particle, affecting its CCN
activation behaviour were also investigated (Rissman et al., 2007
and references therein). However, in recent years, the size-
resolved CCN activity of ambient aerosols has gained much more
attention compared to laboratory generated aerosols (Rose et al.,
2010; Gunthe et al., 2009; Cerully et al., 2011). Several field
studies have been done in tropical (Gunthe et al., 2009), coniferous
(Levin et al., 2012), and boreal forests (Cerully et al., 2011; Sihto
et al., 2011) to understand the effect of biogenic organic aerosols
on hygroscopicity. During AMAZE-2008 campaign in central Ama-
zonia, Aitkenmode (D¼ 50e90 nm; k¼ 0.1) particles were found to
be less hygroscopic than accumulation mode (D ¼ 100e200 nm;
k ¼ 0.2) particles, exhibiting the possibility of presence of second-
ary organic aerosols in the Aitken mode particles (Gunthe et al.,
2009). It has been also found that hygroscopicity is lower for
fresh biomass burning aerosols, compared to aged ones with
varying k distributions (Petters et al., 2009). Size-segregated mea-
surements at Cape Hedo, Japan, showed high particle hygroscop-
icity due to internally-mixed nature of sulphate rich aerosols
(Mochida et al., 2010). Bougiatioti et al. (2011) found that particles
of less than 40 nm diameter were more hygroscopic than larger
ones (80 nm). They also observed a strong diurnal variation in the
particles of diameter less than 80 nm because of the photochemical
activity, and volatilization of less hygroscopic species. These mea-
surements provide a unique perspective on chemical distribution of
atmospheric species, and processes affecting CCN activity (Asmi
et al., 2012).

Size-resolved CCN measurements are increasingly becoming
common practice for decoupling the effect of size and chemical
composition on CCN activity, and characterizing chemical ageing
and mixing state of aerosols (Frank et al., 2006). The assessment of
the effect of aerosol chemical composition on CCN activity using a
single hygroscopicity parameter (k) has been demonstrated in the
past few years (Petters and Kreidenweis, 2007). It can quantita-
tively measure the ability of aerosols to uptake water vapours un-
der atmospheric conditions, and their CCN activity. Several studies
have documented the application of k in predicting CCN concen-
tration in model simulations (Moore et al., 2012) and field mea-
surements (Moore et al., 2011; Sihto et al., 2011). Several authors
have reported the hygroscopic properties of aerosols using hygro-
scopicity tandem differential mobility analyzer (HTDMA) under
sub-saturated conditions. These properties can be used to infer the
CCN activity at various saturation levels (Rissler et al., 2004; Vestin
et al., 2007). It was found that the presence of high organic fraction,
either soluble or insoluble, is responsible for different hygroscopic
properties under sub-saturated and supersaturated regimes (Lance
et al., 2012). Also, the effect of mixing state of aerosols has been
seen in the HTDMA and CCNc-derived critical diameters (Sihto
et al., 2011). It was found that the assumption of internally-mixed
aerosols did not make much difference between the two
methods. It was observed that the particles were mainly composed
of organics along with more hygroscopic species like, inorganics. It
has also been observed that oxygen to carbon (O:C) ratio of
secondary organic aerosols (SOA) has both linear (Chang et al.,
2010) and non-linear (Massoli et al., 2010) relationship with
HTDMA and CCNc-derived k value. Carrico et al. (2010) also
attempted to predict k from filter based particulate matter mass
(PM2.5) measurements during laboratory investigations. They
employed simple mixing rule (Petters and Kreidenweis, 2007) and
simplified assumptions of k and density for their four-component
model. Both the measured (HTDMA) and predicted k values were
found to be in reasonable agreement (Carrico et al., 2010).

Although, several studies have reported size-resolved CCN
measurements (e.g. Gunthe et al., 2009, 2011; Rose et al., 2010;
Bougiatioti et al., 2011), and long term variation in hygroscopicity
parameter and CCN concentration (Levin et al., 2012; Asmi et al.,
2012; Fors et al., 2011; Kammermann et al., 2010) worldwide,
there are currently no reports from India. The ground-based sea-
sonal CCN measurements and their closure analysis using sizee
invariant chemical composition have been previously looked into
from Indian region (Patidar et al., 2012). In addition, the closure
results from in-situ aircraft measurements for 6 flight sorties were
also obtained during Indian Continental Tropical Convergence Zone
(CTCZ) campaign (Srivastava et al., 2013). To the best of our
knowledge, this is the first study from India reporting the seasonal
variation of size-resolved CCN activity in terms of single hygro-
scopicity parameter, as a function of dry particle diameter and
critical water vapour supersaturation. The objective is to develop an
understanding of the relative contribution of different aerosol types
like, dust, organic and inorganic to CCN activity in different seasons.
This study also compares some of its results with the field mea-
surements at other continental regions.
2. Experimental details

2.1. Sampling site and meteorological conditions

The measurements were done at the first floor (w5 m above
ground) of the Western Laboratory of the Indian Institute of Tech-
nology, Kanpur (80.3 �E, 26.5 �N,142 m above mean sea level). Data
was collected over three seasons in 2012: spring (Feb 28eMarch 7),
summer (May 28eJune 14) andmonsoon (Aug 24eAug 30). Kanpur
is located in the central part of the Indo-Gangetic Basin (IGB) and is
representative of general characteristics of aerosols over IGB,
Northern India. This urban sampling site is w15 km upwind of the
Kanpur city (Ram et al., 2010). The potential sources of aerosols are
combustion of fossil fuels, bio-fuels, and other anthropogenic
sources like thermal power plant and vehicular emission (Jai Devi
et al., 2011; Dey and Tripathi, 2008). Spring and early summer are
influenced by westerly and north-westerly winds bringing dust
from Thar desert in Rajasthan, and semi-arid regions of Middle-East
(Ram et al., 2010; Mishra et al., 2008). The meteorological param-
eters recorded during the sampling period were: relative humidity
(RH) and temperature (Vaisala, Inc. Humicap, HMT337, accuracy of
1% for RH < 90%) (Table 1). Wind speed is taken from NCEP Rean-
alysis data. Back trajectory analysis done using HYSPLIT model
(Draxler and Hess, 1997) using GDAS (Global Data Assimilation
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System) meteorological data shows that the transport pathway of
air mass affecting the sampling site varies with the season.

2.2. Instrumentation and measurement details

Ambient aerosol particles, passed through silica-gel diffusional
dryer (RH<30%), were imparted charge equilibrium through Kr85
bipolar charger, and were classified with the Differential Mobility
Analyser (DMA; TSI 3081; Sample flow rate ¼ 0.8 lpm and sheath
flow rate ¼ 8 lpm). Particles were classified on the basis of their
electrical mobility in the DMA. These size-selected particles were
counted by Droplet Measurement Technologies Continuous-Flow
Streamwise Thermal-Gradient CCN counter (CCN-100; Roberts
and Nenes, 2005; Flow rate ¼ 0.5 lpm; Sheath to aerosol
ratio ¼ 10:1) and Condensation Particle Counter (CPC; TSI 3775;
Flow rate ¼ 0.3 lpm). Prior to the start of each sampling period,
calibration was done using monodisperse ammonium sulphate
(purity > 99%, Fischer Scientific) particles for five different DT
ranging from 3 Ke16 K in order to calculate effective supersatura-
tion, SSeff as shown in Fig. S1 (Rose et al., 2008; Patidar et al., 2012).
To obtain size-resolved CCN activation spectra at five selected su-
persaturation levels (0.2%, 0.3%, 0.5%, 0.8%, 1.0%), 15-20 different
particle diameter (2 min each) were selected in the range of 20e
280 nm depending on the SS chosen. In the middle of sampling
period of each supersaturation, aerosol size distribution (after
every 10e12 min) was obtained from SMPS (Scanning Mobility
Particle Sizer, Sheath to aerosol ratio ¼ 10:1). One complete set of
five different supersaturations was covered in 320 min that include
sufficient adjustment time between two supersaturation levels.
First 60 s of every 2 min data set is discarded, and the data inte-
gration time was kept at 60 s that included all the data points
during that period. Total 240 (48 spectra at 5 SS) size-resolved CCN
efficiency spectra were obtained: March (7), MayeJune (30) and
August (11) with few gaps due to rain in August, and instrument
related problems in spring. O3 and CO concentrations was also
measured during the sampling period at aerosol monitoring sta-
tion, located 400 m away from the sampling site to the north-east
direction inside the campus. The air mass sampled during one
complete set of experiment showed w20e30% variability showing
its homogeneous nature.

2.3. Methodology

Corrections for multiply-charged particles (Frank et al., 2006)
and DMA transfer function (Rose et al., 2008) were applied to all
size-resolved CCN efficiency spectra. For multiple charge correc-
tion, the aerosol size distribution measured by SMPS between su-
persaturation cycles is used with an assumption that the size
distribution did not vary significantly over a short duration (w10e
12 min). This assumption is based on our 5-year SMPS size distri-
bution statistical analysis (Kanawade et al., in preparation). Baxla
et al. (2009) found that seasonal variation in aerosol size distribu-
tion is more pronounced compared to diurnal variation, hence the
assumption is valid for the conditions prevailing in Kanpur. The
correction for CCN and CPC counting inefficiency was not required
as for pure ammonium sulphate particles, the CCN/CN ratio reached
unity for all DT considered. Besides, the correction for SS depletion
was not applied because the total CCN concentration never reached
the threshold value of 5000 particles cm�3 during the sampling
period (Lathem and Nenes, 2011). The measured CCN efficiency
spectrum was fitted using Equation (1) (Rose et al., 2008)

fCCN=CN ¼ a
�
1þ erf

�
D� Da

saO2

��
(1)
The fit parameters, a and sa are half of the maximum activated
fraction (MAF ¼ 2a), and standard deviation of the fit, respectively.
Da is the dry particle diameter at which CCN/CN fraction reaches
50% of its maximum value. These parameters correspond to prop-
erties of CCN active particles. MAF< 1 suggests the external mixing
of CCN active species with CCN inactive species from Da to Dmax. sa
depicts the width of chemical distribution of CCN active particles.
Under ideal conditions, the heterogeneity parameter (sa/Da) for
single component system should be nearly zero. However, for the
calibration aerosols (ammonium sulphate), it is found to be w3%
which could be due to particles morphological properties and DMA
transfer function effects, and changes in the supersaturation con-
ditions of the system (Gunthe et al., 2009; Rose et al., 2010).

To parameterize the effect of chemical composition on CCN ac-
tivity of aerosols, the hygroscopicity parameter, k, was calculated
using Equation (2) below. It is worth mentioning that k accounts for
not only the effect of solute on water activity, but also changes in
surface tension. It is based on Köhler theory relating critical dry
particle diameter to critical water vapour supersaturation (Petters
and Kreidenweis, 2007; Rose et al., 2010).

s ¼ D3
wet � D3

a

D3
wet � D3

að1� kÞ exp
�

4ssolMw

RTrwDwet

�
(2)

Here, Dwet is the droplet diameter corresponding to particular
saturation ratio, S¼(1 þ SS/100%). k is calculated for T ¼ 298.15 K,
ssol ¼ 0.072 J m�2, R ¼ 8.315 J K�1 mol�1, rw ¼ 997.1 kg m�3 and
Mw ¼ 0.018015 kg mol�1. k obtained using Da and SS tells us about
the average hygroscopicity of CCN active particles in that particular
size range around Da (Gunthe et al., 2009). The procedure given by
Rose et al. (2010) was used to calculate k for all pairs of supersat-
uration and activation diameter. Da was obtained from the Cumu-
lative Gaussian Distribution function (CDF) fit of measured CCN/CN
spectrum by using Equation (1). Both the parameters Dwet and k

were varied until the difference between calculated saturation ratio
(S in Equation (2)) and the measured saturation ratio
(Smeasured ¼ 1 þ SSmeasured/100%) approached a minimum value. In
addition, CCN size distribution (dCCN/dlogD) is calculated by
multiplying the seasonally averaged CCN/CN spectra with the
seasonally averaged CN size distribution (dCN/dlogD) obtained
from the SMPS. Seasonally averaged total CCN concentration is
calculated by integrating the calculated CCN size distribution.

3. Results and discussion

3.1. Inter-seasonal variability

The average CCN efficiency spectra for three different seasons:
spring, summer and monsoon are shown in Fig. 1. The activation
diameter increased with decreasing SS, and was found to be largest
in spring followed by monsoon and summer at all SS except at
SS ¼ 1%. It is also observed that nearly 93e100% of the particles
with diameter greater than the activation diameter were CCN-
active (Table 2). At lower SS ¼ 0.2%, the fraction of externally
mixed CCN-inactive particles, averaged over the range ofDa toDmax,
was found to be maximum in summer (w0.07). At intermediate
(SS ¼ 0.3e0.5%) and higher (SS ¼ 0.8e1.0%) supersaturation, MAF
increased to maximum of 1 showing lesser participation of CCN-
inactive species at these SS levels. The average heterogeneity
parameter (sa/Da) showed less seasonal variation (sa/Da ¼ 0.18e
0.2) for accumulationmode particles except in spring, compared for
Aitken mode (D < 100 nm) particles (sa/Da ¼ 0.11e0.35). Also, the
seasonally averaged k derived from the Da, obtained through CDF fit
of the measured CCN efficiency spectra, ranges between 0.03 and
0.42 during the measurement period. This seasonal variation in k



Table 2
Average (arithmetic mean � 1 standard deviation) CDF fit parameters (Da, MAF, sa,
sa/Da, k) for the three seasons studied in this work: spring, summer and march. n is
number of data points.

Spring: FebruaryeMarch (n ¼ 7)

SS (%) Da MAF sa sa/Da k

Accumulation mode
0.2 148.54 � 9.86 0.95 � 0.06 29.42 � 5.76 0.20 � 0.03 0.10 � 0.02
0.3 107.82 � 10.09 1.01 � 0.02 10.15 � 4.24 0.09 � 0.04 0.12 � 0.03
Aitken mode
0.5 83.27 � 8.41 1.02 � 0.01 8.79 � 3.71 0.11 � 0.05 0.10 � 0.03
0.8 59.34 � 7.31 1.02 � 0.02 16.87 � 6.38 0.29 � 0.13 0.10 � 0.04
1 50.19 � 7.54 1.04 � 0.02 16.39 � 7.09 0.32 � 0.12 0.11 � 0.04
Summer: MayeJune (n ¼ 26)
Accumulation mode
0.2 111.11 � 19.68 0.93 � 0.07 21.29 � 13.56 0.18 � 0.10 0.29 � 0.13
Aitken mode
0.3 87.92 � 16.91 0.94 � 0.05 17.93 � 8,54 0.20 � 0.10 0.26 � 0.13
0.5 64.37 � 11.56 0.92 � 0.08 12.47 � 5.78 0.18 � 0.07 0.24 � 0.13
0.8 50.31 � 8.48 0.93 � 0.06 10.11 � 5.58 0.19 � 0.09 0.20 � 0.11
1 45.31 � 9.34 0.92 � 0.05 14.87 � 7.17 0.35 � 0.26 0.19 � 0.15
Monsoon: August (n ¼ 11)
Accumulation mode
0.2 123.28 � 15.99 0.95 � 0.09 23.42 � 8.75 0.18 � 0.06 0.20 � 0.09
Aitken mode
0.3 99.4419 � 11.94 0.98 � 0.05 24.96 � 11.22 0.25 � 0.12 0.16 � 0.06
0.5 76.38 � 5.89 0.97 � 0.05 15.45 � 3.84 0.20 � 0.05 0.12 � 0.09
0.8 58.60 � 6.31 0.98 � 0.03 9.95 � 4.60 0.16 � 0.07 0.11 � 0.04
1 52.95 � 6.24 0.99 � 0.03 13.68 � 4.18 0.26 � 0.07 0.10 � 0.04

Fig. 1. Averaged size-resolved CCN efficiency spectra at 5 different water vapour su-
persaturations (SS ¼ 0.2%, 0.3%, 0.5%, 0.8%, 1.0%) for the three seasons studied in this
work: (a) Spring, (b) Summer and (c) Monsoon. Each data point is the mean value
obtained from the CDF fit to the measured CCN efficiency spectra corresponding to the
particular mobility diameter, the solid lines are Cumulative Gaussian Distribution fit
and error bar is the difference of upper and lower quartiles.
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could be due to changes in chemical composition attributed to
contrasting regional emission source strength, boundary layer dy-
namics and SOA formation (Ram et al., 2010, 2012). In summer, both
the accumulation mode particles and Aitken mode particles were
found to havemaximum k (0.29 and 0.22, respectively), followed by
monsoon (0.20 and 0.12, respectively) and spring (0.11 and 0.10,
respectively). Size and seasonal averaged k was found to be 0.11,
0.24 and 0.14 for spring, summer and monsoon, respectively. Ac-
cording to past studies, higher WSOC/OC and OC/EC from biomass
burning found in summer compared to lower OC/EC from fossil fuel
explains the high k values in summer (Ram et al., 2010, 2012). Same
study also demonstrated the vehicular emission and mineral dust
to be potential sources of aerosols during spring while mineral dust
aerosols dominate in the summer. k value increased with decrease
in supersaturation during summer and monsoon indicating size
dependent chemical composition of the aerosols (Levin et al., 2012;
Rose et al., 2010; Gunthe et al., 2009). However, Kim et al. (2011)
and Bougiatioti et al. (2011) found exactly opposite to these find-
ings at two remote islands and during FAME07, and attributed it to
the photochemical activity and further condensation of low vola-
tility products.
3.2. k variability

Seasonally averaged k values with �1s, calculated from indi-
vidual critical supersaturation and activation diameter are given in
Table 2. There is a large seasonal variation in the k value at all SS
during summer and monsoon compared to spring, with maximum
in summer showing more complex chemical composition. The
variability in hygroscopicity of Aitken mode particles was found to
be maximum in summer (k ¼ 0.07e0.44) due to the dominance of
both highly hygroscopic and non-hygroscopic components (Fig. 2)
followed by monsoon (k ¼ 0.07e0.23) and spring (k ¼ 0.07e0.16).
Also, the accumulation mode particles showed higher variability
(k ¼ 0.13e0.45) because air mass travelled from two different
source origins viz., forest fire (in parts of Punjab and Haryana), and
western part like desert (Middle East) and East Africa (Figs. S2 and
S3). Previous studies have also reported the dominance of long
range transportedmineral dust aerosols during summer (Ram et al.,
2010). Long range transport of insoluble species, like water insol-
uble organics, dust and black carbon (BC), cause ageing by changing
their solubility and mixing state, thus affecting CCN activity (Fors
et al., 2011). For SS ¼ 0.2e0.3%, higher variation in k was
observed in monsoon (0.11e0.32) as compared to spring (0.08e



Fig. 2. Seasonal variation of k values calculated at each measured supersaturation and
activation diameter for (a) Spring, (b) Summer, and (c) Monsoon. The central rectangle
shows mean, cross mark in X and Y-axis shows 25the75th percentile and a dot at the
end in both axis shows 10th and 90th percentile.
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0.16) (Fig. 2). These results are in contrast to those obtained by
Bougiatioti et al. (2011) and can be attributed to higher RH condi-
tions, and larger variation in the wind speed that brought air mass
from both land, and Arabian Sea and Bay of Bengal (Table 1). In
monsoon, apart from following the same pattern of the Indian
monsoon which brings the sea salt aerosols, air mass was also
affected by the aerosols originated from land. Air mass during the
spring season mainly originated in the Middle East, crossed
Pakistan before entering Indian region, which shows that seasonal
pattern is related to the source origin (Fig. S3; Ram et al., 2012). The
presence of mixture of both highly hygroscopic species (like
inorganic sulphate, sea salt) and less hygroscopic aerosol particles
(like soil generated) travelling at different heights, can be a prob-
able cause of k variability.

The change in the hygroscopicity parameter within a day during
different seasons is observed with k value lower in the first half of
the day (0900e1400 h) for SS¼ 0.2e0.5% due to less photochemical
activity compared to second half of the day (Bougiatioti et al., 2011).
However, for SS ¼ 0.8e1%, the species are found to be more hy-
groscopic in first half of the day because the second set of the
experiment on the same day for same supersaturation was done in
the declining phase (1800e2100 h) of the diurnal cycle of hygro-
scopicity. This variation in hygroscopicity decreased with increase
in supersaturation (Fig. 2). It is important to note that summer
season mostly had aged aerosols from burning events with signif-
icantly enhanced k value due to high photochemical activity. The
enhanced photochemical activity due to intense solar radiation
during summer led to more oxidized species in the presence of
strongly oxidizing agents such as H2O2 and O3 which leads to in-
crease in hygroscopic nature of aerosols (Fig. S4). Various field
studies have used mixing rule to estimate the effect of organics on
CCN activity (Gunthe et al., 2009; King et al., 2010). As we do not
have chemical composition data during this study, we have used
“hygroscopicity parameter (k)” as an indicator of bulk chemical
composition and explained it using previous chemical composition
studies in Kanpur, IGB. Average k value (0.24) indicates the presence
of more water-soluble organic and inorganic species in summer
compared to spring (0.11) and monsoon (0.14).

3.3. CCN and CN size distribution

In addition to aerosol hygroscopicity, seasonal changes were
also observed in CCN and CN concentrations. CCN and CN size
distribution for different seasons are presented in Fig. 3. The
average CN size distributions for spring and summer were mono-
modal with maximum concentration at 200 nm and 168 nm,
while in monsoon bimodal distribution was observed with first
mode at 30 nm and second at 95 nm. As compared to monsoon and
spring, summer has broader CN size distributionwith large fraction
of particles in size range greater than 168 nm because of the large
growth rates due to enhanced photochemical activity. The number
concentration of Aitken mode particles is lowest in spring while
summer and monsoon are dominated by both Aitken and accu-
mulation mode particles. In monsoon, only 26e36% of the total CN
are activated at SS ¼ 0.2% and 0.3% because modal diameter of the
size distribution is less than or nearly equal to the activation
diameter of CCN/CN efficiency spectra. In summer and spring both,
modal diameter was always greater than activation diameter
causing a major fraction (56e81%) to be activated at same
supersaturation.

Average CCN concentration obtained from CCN size distribution
increased with increase in SS in all seasons (Table 3). CCN/CN
fractions at all supersaturations (SS ¼ 0.2e1%) in spring were
largest compared to summer and monsoon CCN activation is a
function of their hygroscopicity and dry particle size. Inspite of
lower k value in spring, maximum activated fraction is obtained
because of the presence of smaller Aitken mode compared to
summer and broader accumulation mode particles compared to
monsoon (Fig. 3). This shows the significance of aerosol size dis-
tribution in estimating CCN concentration (Dusek et al., 2006; Levin
et al., 2012). The sensitivity of CCN prediction to k was also esti-
mated by performing Kӧhler model calculations keeping size dis-
tribution constant. First case involved varying the k (k from the
fittedmeasured CCN/CN efficiency spectra) while in the other kwas
kept constant (0.3). The absolute average relative deviation
(j(CCNpredictedeCCNmeasured)j/CCNmeasured) was calculated for both



Fig. 3. Number size distribution of CN and CCN at SS ¼ 0.2e1.0% averaged over (a)
Spring, (b) Summer and (c) Monsoon. The size range of the CCN size distribution is
limited by the size range of SMPS.
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the cases in all seasons using the seasonally averaged size distri-
butions. It increased with the decrease in SS in spring and monsoon
(Table S1) explaining the importance of chemical composition at
lower SS. Highest deviation is observed in monsoon due to the
Table 3
Averaged total CN and CCN concentration and activated fraction (CCN/CN, in parenthesis)
summer and monsoon in complete SMPS size range, by fitting the CN size distribution b

Season Total CN (#/cc) CCN (SS ¼ 0.2%) CCN (SS

Spring (March) 4335 2686 (0.62) 3523 (0
Summer (MayeJune) 7107 3975 (0.56) 4572 (0
Monsoon (August) 6442 1659 (0.26) 2361 (0
presence of higher concentration of Aitken mode particles for
which chemical composition plays a major role in activation pro-
cess. It has been observed that the total average relative deviation
(considering all SS) is higher when k is kept constant (w2e6 times).
It has been observed that the relative deviation between CCNpre-

dicted and CCNmeasured is highest in monsoon followed by spring and
summer, showing the significance of change in chemical compo-
sition. Thus, the variation in hygroscopicity of aerosols in different
seasons cannot be overlooked in CCN prediction.

3.4. Comparison with other studies

It is important to note that very few studies show the seasonal
variation of aerosol hygroscopicity, together with the CCN con-
centration, total aerosol concentration (CN) and aerosol size dis-
tribution (Kammermann et al., 2010; Levin et al., 2012). A long term
study at remote location, Jungfraujoch, Switzerland showed that
average chemical composition is sufficient to accurately predict
CCN concentration (Jurányi et al., 2010, 2011). Another 11 months
CCN study exhibited no seasonal variation in hygroscopicity from
filter measurements and activation fraction, despite of the changes
in seasonal chemical composition (Burkart et al., 2011, 2012).
Similar study on seasonal variation of size resolved aerosol hygro-
scopicity has been carried out at a forest site located in Colorado
(Levin et al., 2012). They found that accumulation mode aerosols
were less hygroscopic in the summer compared to spring and fall
seasons. In this study, inspite of lower k value, higher activated
fraction was found in spring which was due to the increase in
geometric mean diameter (Dg). Moreover, k values decreased with
increase in supersaturation indicating change in chemical compo-
sition with particle size. Average k value of 0.16 suggested the
dominance of organics. Another similar kind of measurement at a
pristine forest site pointed out that accumulation mode particles
with k ¼ 0.2 were slightly more hygroscopic than Aitken mode
(k ¼ 0.1). This is due to more ageing, cloud processing or larger
inorganic fraction resulting in average k ¼ 0.3 that is representative
of continental aerosols (Gunthe et al., 2009). k values comparable to
our study (k ¼ 0.07e0.42 at SS ¼ 0.5e1%, and k ¼ 0.08e0.45 at
SS ¼ 0.2e0.3%) were also obtained at a regional site in the south of
megacity of Beijing, China during the CAREBeijing-2006 campaign
that showed k value of w0.25 and w0.45 for Aitken and accumu-
lation mode particles (Gunthe et al., 2011). Another study in south-
eastern China during PRIDE-PRD2006 campaign reported k value of
0.1e0.5 (Rose et al., 2010). It was observed that k decreased from 0.3
(campaign average) to 0.2 during local biomass burning event. The
activated fraction obtained was w6ew85% for SS ¼ 0.068e1.27%
comparable to pristine continental air.

Various other studies confirmed the presence of oxidized or-
ganics indicating increase in k with O:C ratio (Cerully et al., 2011;
Chang et al., 2010; Gunthe et al., 2011; Massoli et al., 2010 and
references therein). Several other factors, such as photochemical
oxidation of gas and particle phase chemical species, and conden-
sation of low-volatility products, also add to aerosol hygroscopicity
(Tritscher et al., 2011). Similar to other studies, the variation of k
with lower value in first half of the day is observed in this study,
showing the dependence of aerosol hygroscopicity on their oxida-
tion state (Cerully et al., 2011). Bougiatioti et al. (2011) found that
at SS¼ 0.2%, 0.3%, 0.5%, 0.8% and 1% for different seasons studied in this work: spring,
y linear interpolation.

¼ 0.3%) CCN (SS ¼ 0.5%) CCN (SS ¼ 0.8%) CCN (SS ¼ 1%)

.81) 3899 (0.90) 4119 (0.95) 4187 (0.96)

.64) 5074 (0.71) 5432 (0.76) 5559 (0.78)

.36) 3014 (0.47) 3773 (0.58) 4095 (0.63)
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smaller size particles (D ¼ 40 nm) being less aged and more het-
erogeneous, exhibited more variation in hygroscopicity than bigger
size particles (D ¼ 100 nm). This indicates the presence of air
masses from fresh anthropogenic emission. Variation in the mixing
state of aerosols with more or less hygroscopic species also affects
the activated fraction (Padró et al., 2012). Long range transport of
aerosols make them internally mixed, hence making them more
aged which also leads to higher activation fraction.

The assumption of uniform aerosol size distribution leads to
much larger error (w60e70%) in predicting CCN concentration as
compared to k (Gunthe et al., 2009; Rose et al., 2010). It suggests
that aerosol size distribution and number concentration are the
major controlling factors, followed by chemical composition and
hygroscopicity (Dusek et al., 2006). A recent study by Liu andWang
(2010) has also shown sensitivity analysis of aerosol indirect forcing
to hygroscopicity parameter of organic aerosols that showed vari-
ation of 0.4Wm�2 (�1.1 to�1.5Wm�2) with respect to control case
of �1.3 Wm�2. Thus an improved understanding of effect of or-
ganics on CCN activity in terms of hygroscopicity is required to
decrease the current uncertainty in model calculations.

4. Conclusions

We have reported the first ever size-resolved CCN properties in
different seasons at SS ¼ 0.2e1.0% conducted at Kanpur, India. Over
all, average k value (size-and-timeeaveraged over all seasons) was
found to be 0.16 � 0.08 suggesting dominance of organic species.
Seasonally averaged k was 0.11 � 0.03, 0.24 � 0.13, 0.14 � 0.06 in
spring, summer and monsoon, respectively, showing air mass from
different source origin (and/or mixed). A large seasonal variation in
hygroscopicity is observed in particles with Dp > 80 nm (0.11 in
spring, 0.28 in summer and 0.18 in monsoon) compared to
Dp < 80 nm (0.10 in spring, 0.21 in summer and 0.11 in monsoon).
The average k value at lower supersaturation (SS ¼ 0.2%) dropped
from 0.29 in summer to 0.20 in monsoon and 0.10 in spring. These
higher values in summer are consistent with back trajectory anal-
ysis depicting the effect of long range transport of aerosols, some-
times accompanied by biomass burning. At lower activation
diameter, significant variation in k was not seen during spring and
monsoon suggesting relatively lesser variation in chemical
composition in Aitken mode particles. The diurnal variation in k

showed higher value in second half of the day in all seasons due to
enhanced photochemical activity. In spring, particle size played
significant role in CCN activation compared to chemical
composition.

The sensitivity analysis of predicted CCN concentration to k

showed maximum deviation in monsoon with constant k. So, our
results suggest that seasonal variation in the critical diameter and k

should be taken into account for CCN prediction. These important
inferences drawn from this study will assist in reducing the un-
certainty in modelling CCN activation properties. However, a
detailed chemical composition analysis is still required to better
understand the effect of chemical composition on CCN activation
properties.
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