Downloaded by [Indian Institute of Technology Kanpur] at 22:37 28 May 2012

Aerosol Science and Technology, 46:973-982, 2012
Copyright © American Association for Aerosol Research
ISSN: 0278-6826 print / 1521-7388 online

DOI: 10.1080/02786826.2012.685113

it

First Surface Measurement of Cloud Condensation Nuclei
over Kanpur, IGP: Role of Long Range Transport
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Measurements have been carried out for cloud condensation
nuclei (Ncen, number concentration at 0.38% average depleted
supersaturation, SS) and submicron aerosol (Ncy), using a CCN
(cloud condensation nuclei) counter (Droplet Measurement Tech-
nology) and Scanning Mobility Particle Sizer (TSI), respectively,
for a large number of days in each season of the year 2008 and
2009 at Kanpur, North India. Aerosol chemical composition was
also measured for 3 days and 3 nights during November-December
2009. Ncen was generally much higher than observed at similar
environments elsewhere except in Chinese cities. Due to higher
loading of CCN the supersaturation depletion correction is ap-
plied. Significant intraseasonal variability was observed in N¢en
and CCN/CN ratio (Nccn /Nen), due to different air masses coming
from north-west, east, and central parts of India. The CCN con-
centrations at 0.38% and CCN/CN ratio for the year 2008 varied
between 10,043—12,107 cm~ and 0.12-0.30 in winter season and
5942-7184 cm~ and 0.07-0.15 in premonsoon season, respectively.
For 2009, it varied between 10,518—13,029 cm~> and 0.28-0.53 in
winter season and 3596-8040 cm~3 and 0.20-0.28 in postmonsoon
season, respectively. Higher CCN/CN ratio was observed during
winter season when the air mass came from north-west, central,
and eastern landmass of India. This was most likely due to rel-
atively high accumulation mode particle concentration and large
number of forest fires observed in those regions. As expected, pol-
luted continental air masses lead to a significant increase in CCN
concentrations over the winter months, most likely due to increased
anthropogenic activities, i.e., increased fuel usage, large biomass
burning coupled with lower mixed boundary layers. A closure
study was performed by application of Kohler theory, utilizing
chemical composition, and size distribution measured by SMPS.
CCN concentrations were predicted for 3 days and 3 nights and
these values were compared with measured CCN values at (.13,
0.33, and 0.64% SS. In the present closure study, CCN values were
slightly overpredicted to the extent of 21% =+ 18%.
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1. INTRODUCTION

The concentration of cloud condensation nuclei (CCN) can
significantly affect cloud microphysical processes, and in turn,
several aspects of weather and climate. The aerosol-cloud
interactions and its impact on climate is the least understood
and therefore is a subject of intense research in recent years.
For more details pertaining to the effects of aerosols on climate
and on cloud processes and precipitation, one can look into the
excellent reviews by (Lohmann and Feichter 2005; Rosenfeld
et al. 2008).

Aerosols, by acting as CCN, can perturb clouds. Their effect
on earth radiative balance is the largest source of uncertainty in
anthropogenic climate change (Houghton et al. 2001). A strong
positive correlation exists between cloud droplet number con-
centration and CCN concentration, implying an increase in CCN
number results in increased droplet concentration that increases
reflectivity leading to climate cooling (Ramanathan et al.
2001).

This has been confirmed by both modeling results and
field observations in marine and continental environments
(Ramanathan et al. 2001). Therefore, simultaneous in-situ
measurements of cloud condensation nuclei and aerosol
properties are crucial for establishing a quantitative relationship
between cloud microphysics and the microphysical (size) and
chemical properties of aerosol (Rissman et al. 2006). Amongst
several outstanding issues, the most important is the creation
of seasonal 3-D maps of the global distribution of CCN, which
is most relevant to warm cloud formation. Considerable efforts
have been made in recent years to construct a global CCN
climatology, e.g., Southern Ocean (Hudson et al. 1998; Yum and
Hudson 2004), northeast Pacific and Atlantic Ocean(Hudson
and Xie 1999), Arctic Ocean (Yum and Hudson 2001), China
Ocean (Lixin and Ying 2007), Korea Ocean (Kuwata et al.
2007), Indian Ocean (Hudson and Yum 2002), and relatively
polluted locations where anthropogenic emissions contribute
significantly to surface CCN (Hudson et al. 1991).
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Lixin and Ying (2007) performed ground based and aircraft
measurements of CCN in Shijiazhuang city at 0.1%, 0.3%,
and 0.5% SS (supersaturation) during June—August 2005.
Ground measurements of CCN data show a large difference in
concentration at the same SS (Snider et al. 2003). The minimum
and maximum concentrations at 0.5% SS were 2431 cm~3 and
21812 cm™3, respectively. Kuwata et al. (2007) measured CCN
concentration and the size distributions of CCN/CN ratios at SS
of 0.097%, 0.27%, 0.58%, and 0.97% at Jeju Island, Korea in
March—April 2005. The CCN concentration at 0.97% SS was
measured to be 5292 4 1551 cm~3. The CCN concentrations
were found to be higher compared to other remote areas of the
world such as Island of Tasmania in Australia and Mace Head
in Ireland due to transported anthropogenic aerosol. Yum and
Hudson (2005) performed CCN measurements with the CCN
spectrometer at the Korea Global Atmosphere Watch (GAW)
Observatory (KGAWO) on the west coast of Korean peninsula.
Data was classified as maritime or continental according to
the air mass back trajectories. The average continental CCN
concentration at 1% SS was 5292 + 1551 cm 3,

Each particle requires a discrete amount of water vapor to
activate into a cloud droplet. Kohler theory describes the critical
SS above which particle of a given size and composition can
freely grow into a cloud droplet by condensation. Recently, sev-
eral researchers have proposed modifications to Kohler theory
to include additional effects that organic compounds, soluble,
or insoluble, have on surface tension of droplet solution. Cloud
droplet formation is based on the thermodynamic equilibrium
conditions and depends on the equilibrium saturation ratio of a
wet particle of diameter and on the contributions of curvature
(Kelvin) and solute (Raoult) terms (Kohler 1936; Seinfeld and
Pandis 1998).

CCN closure is the best test of Kohler theory where mea-
sured CCN values are compared with predictions made using
chemical composition and size distribution measurements. The
closure study is successful when the modeled and measured
CCN are comparable within measurement uncertainty. CCN
closure study has been performed for many years with varying
success rates. A summary is given in the Table S1 in the online
supplementary material.

Current work presented here provides the CCN and CN
data set from a location, which is representative of a highly
polluted continental environment (Gupta 2008). In India,
efforts have been made to study aerosol microphysical and
optical properties in various environments (Singh et al. 2004;
Dey and Tripathi 2007), but no study has been carried out
to date, to understand CCN behavior and closure study. In
this study, the seasonal variation of CCN concentrations
over Kanpur covering all major seasons is presented. In
addition, the role of long-range transport in influencing surface
CCN behavior is explored. Seasonal aerosol distributions for
the dominant transport pathways are also presented for the
measurement period spanning over the two years 2008 and
2009. Finally, CCN closure study has been performed using

3 day-time and 3 night-time aerosol chemical composition
data.

2. SITE LOCATION, MEASUREMENT, AND
INSTRUMENTATION

2.1. Measurement Site

Measurement of polydisperse CCN concentrations and
submicron aerosol size distributions and total particle (i.e.,
condensation nuclei, CN) concentrations were made from 26
January—15 November 2008 and from 27 March—17 December
2009 at Indian Institute of Technology (IIT) Kanpur (longitude
80°13'E and latitude 26°30'N), 142 m ASL, i.e., for year 2008,
25, 34, 15, and 49 days of CCN data and, 24, 23, 8, and 30
days of CN was available for winter, premonsoon, monsoon,
and postmonsoon seasons, respectively. Whereas for 2009, 14,
17, 17, and 63 days of CCN data and, 13, 10, 7, and 34 days of
CN data was available for winter, premonsoon, monsoon, and
postmonsoon seasons, respectively. Both the instruments (CCN
and SMPS) were collocated during the sampling period. The
IIT Kanpur campus is 17 km upwind of the center of Kanpur
City. Kanpur is about 1400 km from both the coasts of Bay of
Bengal and Arabian Sea. Kanpur is a representative site of the
Indo Gangetic Plains (IGP), where anthropogenic and natural
aerosols show distinct seasonal characteristics and mixing (Dey
et al. 2008). In terms of weather and seasonal variability, Kan-
pur experiences four seasons: winter (December—February),
premonsoon (March—May), monsoon (June—August), and post-
monsoon (September—November) (Singh et al. 2004; Tripathi et
al. 2005). For entire observation period of year 2008 and 2009,
wind was light and variable mostly North—Westerly as shown in
Figure S1 in the online supplementary material. In the year 2008,
from December—February, the wind speed remains very low in
the IGP and mostly calm conditions prevail. The regional wind
is mainly northerly to northwesterly. From March onwards,
wind became westerly and speed starts increasing, which raises
dusts from the soil within the basin and from the arid regions
located in the westernmost part of India and Pakistan (the Great
Thar Desert) and the Gulf region in the Middle East. During the
monsoon season, winds start entering the IGP from southwest
and southeast. From October, the wind direction starts changing
and become northerly to northwesterly in the winter season.
For 2009, the wind direction follows the similar pattern with
comparatively more calm conditions as compared to 2008. The
monthly averaged surface temperature and relative humidity
for both the years 2008 and 2009 over the measurement site are
shown in Figure S2 in the online supplementary material.

2.2. Instrumentation and Observations

CCN number concentrations (cm~?) were measured using
a continuous flow stream wise thermal gradient CCN counter
(Droplet Measurement Technologies [DMT]) at three inter-
spersed SS, namely 0.2, 0.5, and 1.0%. Operation of the CCN
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counter is described in detail elsewhere (Roberts and Nenes
2005; Lance et al. 2006). The CCN counter was housed in the
Fog Chamber Lab of IIT Kanpur at a height of 5 m from the
ground level. The sampling probe was nearly 0.5 m in length
and had a goose-neck shaped inlet to prevent entry of rain
droplets and large particles. The instrument was brand new and
calibrated by the manufacturer before commissioning.

Calibration of the CCNC has also been carried out at II'T Kan-
pur laboratory with (NH4),SO,4 and NaCl aerosol to characterize
the instrument SS that was found to be in good agreement with
manufacturer’s calibration curves. The aerosol was generated by
an atomizer (TSI model 3079) using (NH4),SO, (0.3 gl~!) and
NaCl (0.1 gI~") aqueous solutions and passed through a denuder
for drying it. The dry aerosol was passed through the differential
mobility analyzer (DMA) with sheath flow of 3 L min~"' to gen-
erate monodisperse particles. The sheath flow and the sample
flow (0.3 L min~!) were maintained with the help of the HEPA
filter. The monodisperse aerosol flow was split in two parts, one
to the CPC and other to the CCNC, where at a particular tem-
perature gradient (AT), concentration of total particles, (Ncn),
and concentration of CCN (N¢cn) were measured and activation
fraction Ncen/Nen was computed. This process was repeated
over many classified size particles until Noen/ Nen attained
unity. The resulting Ncen/Nen curve (activation) exhibited a
sigmoidal shape (see Figure S3 in the online supplementary
material). The diameter, at which 50% of the monodisperse par-
ticles were activated, i.e., Dsg, was the critical dry particle diam-
eter for CCN activation. It represented the diameter required for
the particles with the given composition to be activated as CCN
for a given supersaturation (Rose et al. 2008). Kohler theory
(Equation (2), Section 3.6) was used to compute critical super-
saturation S, from Dsp, assuming the density and molar mass of
(NH4),S0; as 1760 kg m~3 and 0.1321 kg mol ', respectively.

Error in the CCN measurements may occur due to instrument
malfunctioning, temperature destabilization, fogged condition
in Optical Particle Counter, increase in the first stage monitor
voltage above 0.2-0.3 Volts, variation in sheath to aerosol flow
ratio (ideally it should be 10), etc. (DMT 2004). Measurements
for all such cases were excluded in the subsequent analysis.
Also, during the transient in the supersaturation, a 60 s waiting
time was allowed for the instrument to adjust to the new particle
concentration (Rose et al. 2008). DMT’s test results conducted
on ammonium sulfate show some error in CCN count due to
vapor loss and negligible error due to coincidence error. All
supersaturations had at least 6000 #/cc maximum count rate.
For SS below 0.2%, tests showed a maximum error of 50%
in count rate up to maximum concentration tested, i.e., 30,000
cm~? (DMT Manual 2004). At SS higher than 0.3% there were
minimal losses (10%). During the sampling period for most of
the time CCN concentration was found to be greater than 5000
cm™3, which resulted in depletion of supersaturation (Lathem
and Nenes 2011). Supersaturation depletion correction has
been applied for the entire CCN data presented here following
the method of Lathem and Nenes (2011).

(a) 30000
—e—02% | —W-005% Lm-011%) —®—ALD0S % S5
1 | —e—037% *‘—043 ‘*' —8—ALD3B % 55
B | A 071% ““053%, —h— A1 0.72% SS
250004 ! ' !
17 || winter | Pre-monsoon | Monsoon Post-monsoon
20000 |7l 5 !
3 % | : |
£ | | '
2 ; |
z 15000 -| [l ’ : :
|| i
[&] 1 ,
z s F" !
10000 i
1 I 1rll' '
5000 T|[FF
, 1
04
NSSRYE
(b) —®-005% | _m-011% | .- 0.14% - 210.13% 5
30000 - ® 045% | -e-045% | —9—0.32% &- At 0.33% 59
A-084% | A-085% | —A—061% —&— A1 0.64% 59
P 1 ] 1 o
Pre-monsoon Monsoon Post-monsoon E Minter|
25000 | ) :
20000 :
©« :
g ;
~ 15000 i
= :
Q '
O ,
< 100004 ;
5000
04

FIG. 1. Time series for 2008 for (a) CCN (Nccn) for four seasonally averaged
depleted supersaturations (SS) (b) same as for 2009. Error bar represents the
natural variability. The CCN for winter 2008 is not reported as average depleted
SS was found to be negative.

Total aerosol number (CN) concentrations and submicron
aerosol size distribution were measured by the Scanning Mo-
bility Particle Sizer (TSI Model 3936) with sizes between 0.014
pum and 0.68 um. Error budget of SMPS has been discussed
in detail elsewhere (Baxla et al. 2009; Roy et al. 2009). While
operating the instrument the option of coincidence error correc-
tion has been selected, thus minimizing the problem of under
counting. Multiple charge and diffusional losses corrections
were applied using TSI Aerosol Instrument Manager 9.1.0.0.

Time series at seasonally averaged depleted supersaturation
corresponding to instrument supersaturation (0.2%, 0.5%, and
1.0% SS) are presented here but results at 0.38% average
depleted SS will be discussed in detail. Figures 1a and b show
time series of CCN for the complete measurement period
during 2008 and 2009 and the corresponding CN time series
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is given in the online supplementary material (Figure S4). The
CCN and CN concentration was found to be higher during
winter and lower during monsoon.

2.3. Chemical Composition Measurements

The aerosol chemical composition was determined by anal-
ysis of polytetrafluoroethylene (PTFE) filters (Bougiatioti et al.
2009) using PM; impaction based aerosol sampler developed
in IIT Kanpur (Gupta et al. 2010), where outdoor aerosol was
collected for 10 h during day and similarly 10 h during night,
by using the method of integrated sampling. In total results of
3 day-time and 3 night-time integrated filter-based PM; aerosol
samples have been used for closure study. The gravimetric
analysis was performed on the filter-collected aerosols to
deduce the aerosol concentration. PTFE filters were analyzed
for water soluble ions after extraction with milli-Q water with
the aid of ultrasonicator. The solutions obtained were analyzed
in Ion Chromatograph (Metrohm compact, IC-761) for anions
(NO;~, CI~, SO4*7) and cations (Na*, NH;*) using detail
procedures as described in (Chakraborty and Gupta 2010).

2.4. Air Mass Designation

The model vertical velocity, 7 days back trajectory was com-
puted using the Hybrid Single Particle Lagrangian Integrated
Trajectory (HYSPLIT-4) code. Data were analyzed according
to back trajectories arriving at noon time (12:00 IST), at the
altitude of the observation site. Back trajectory analysis at
altitude of the observation site was used in several recent studies
for the surface analysis of CCN and aerosols (Rojas et al.
2006). The back trajectories suggest that air mass, originating
from both Arabian Sea and Bay of Bengal spent substantial
amount of time over land. During winter and premonsoon
seasons back trajectories originated only from land areas so
they were classified as continental air masses. During monsoon
and postmonsoon, significant fractions of back trajectories
originated from marine regions that spent substantial time over
continental areas, these are referred to as mixed air masses.
Accordingly, these data were classified for each season and are
shown in Figure S5 in the online supplementary material. It was
found that during 2008 in winter and premonsoon, most of the
air mass trajectories arrived from North—West continental part
of India shown as percentage fractions in parenthesis of Figure
S5 and in 2009 same trend was followed for monsoon but in
premonsoon percentage fraction was 100% from North—West
direction. However, for monsoon and postmonsoon season,
entire air mass transport route changed.

3. RESULTS AND DISCUSSION

3.1. Intraseasonal and Seasonal Variability of CCN
Number Concentration

There was considerable inter- and intraseasonal variability
in CCN number concentration due to the varying nature of local
emissions and the influence of air mass transport routes. For all

the seasons, daily averaged CCN and CN concentrations, for
the major transport pathways, were averaged as shown in Table
1. In general, it can be seen that continental CCN are very high
throughout all the seasons compared to other reported data
for similar environment. Comparing winter and premonsoon
seasons, from Table 1, it is evident that CCN concentrations are
significantly higher during winter than premonsoon. Hence, for
same transport route, a strong seasonal variation in the CCN
concentrations was observed. In winter season for both the
years Ncen and Nen were high due to several reasons, namely,
local anthropogenic pollution from fossil fuel burning and
increased biomass burning, which gets trapped near the surface
due to low boundary layer thickness (Tripathi et al. 2005).

Previous studies (Dey et al. 2004) revealed that in the IGP
dust is the major contributor to aerosol loading in the premon-
soon and monsoon seasons which possibly contribute little to
CCN. Whereas, anthropogenic urban aerosols dominate during
the postmonsoon and winter seasons (Mehta et al. 2008), which
depending on their chemical composition and size contribute
more in terms of CCN in winter season. In premonsoon season,
due to high temperature and convection in the atmosphere, the
boundary layer expands resulting in a decrease in Ncn within
the surface layer due to dispersion of aerosols. In monsoon,
rainout and washout are highly effective in removing particulate
matter especially the accumulation mode aerosols, which is the
main reason for the lowest number concentration.

The seasonal CN concentrations were lower in 2009 and
higher in 2008, which can be due to certain factors like in
winter, 2009 extent of north-west and central air mass was
of short range transport while in 2008 it was long range type
transport from both directions. In premonsoon 2009, air mass
contribution was basically, from north—west direction but in
2008 contribution was from northwest, eastern, and central
direction. During 2008 and 2009, in monsoon and postmonsoon
season local anthropogenic pollution can be a significant source
for rise in CN concentration. CCN values were also high
correspondingly for both these seasons.

Also, considerable intraseasonal variability was seen in
CCN and CN number concentration due to the influence of the
aerosol transport routes in each season in Figure S5. Overall,
continental air masses from eastern part of India are more laden
with Ncen during both winter and premonsoon season (Table
1). Neen for eastern route was 12,107 + 3540 cm™3 for winter
and 7184 % 2168 cm™3 for premonsoon season. Table 2 also
shows average variations of Nccn and Nen for monsoon and
postmonsoon seasons for mixed and continental air masses. As
expected, Ncon was low for mixed air masses.

CCN/CN (activation fraction) as a function of SS is shown in
Figure 2. There is considerable interseasonal variation seen in
CCN/CN ratio particularly at high SS. As SS increases CCN/CN
generally increases and approaches unity (Bougiatioti et al.
2009), but values of 0.5 or less has also been reported (Rojas
et al. 2006) during 2008. However, in 2009, CCN/CN ratio in-
creased for all the three seasons except in premonsoon seasons.
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TABLE 1
Seasonal average surface CCN at various depleted % SS and CN concentration (cm™) for different transport routes for year 2008
and 2009
Continental air mass
CCN/CN
Mixed aerosol ratio
air mass (Ncen/Nen)
Winter (2008)
Ncenooe 12,107 £ 3540 10,045 £ 3517 10,043 £+ 3249 0.12-0.3
Ncewn 55,435 417,688 82,693 £50,318 37,955 £2090
Winter (2009)
Ncens0.13 739+ 1317 5389 + 1009 5130 £ 1072 0.13-0.29
Ncewn 42,784 4+ 6423 18,601 £+ 16,056 24,795 +£21,010
Ncenoss 13,029 £2819 12846 + 2706 10,518 £ 1313 0.28-.53
Nen 46,616+ 17,978 24,359 +£24,631 23,124 £ 21,650
Ncenosa 16,621 £921 15,174 £ 3103 12,869 + 1757 0.31-0.54
Nen 53,067 +25,730 27,813 £31991 25,792 £+ 28,008
Premonsoon (2008)
Ncen»0.0s 35354472 3613 +982 2531 +724 0.03-0.07
Nen 47,871 £ 12,854 75,466 £+ 15,031 74,154 + 39,067 0.07-0.15
Nceno3s 7184 +2168 5942 41956 6341 +2895
Neeno72 8235 £987 8575 £ 1940 7167 £775 0.08-0.17
Ncewn 47,799 + 11,128 75566 4+ 14180 80,405 + 44,404
Premonsoon (2009)
Ncens0.06 1834 £907 0.05
Nen 38,542 £29,956
Ncenoas 3995 +946
Nen 36,603 £22,126 0.11
Ncenosa 555441092
Nen 36,332 £25,932 0.15
Monsoon (2008)
Ncenso.11 1921 £235 1962 £ 168 0.05-0.09
Nen 35,499 + 7342 21,273 £ 3841
Neenoas 3358 +700 2987 +£470 0.1-0.14
Newn 32,442 + 3298 21,778 £ 2557
Nceno.s3 4779 £ 1122 4256 £ 178 0.14-0.19
Newn 33,694 £+ 4995 22,342+ 1197
Monsoon (2009)
Ncenson 1709 £479 1182 +288 0.09-0.14
Ncwn 11,439 £ 7454 8698 +5192
Ncenoas 2827 + 1653 2080 + 337 0.23-0.25
Nen 11,439 4+ 7454 8698 +5192
Ncenoss 4094 + 1809 3300 4+ 624 0.30-0.35
Nen 11,461 +7939 10, 937 + 4664
Postmonsoon (2008)
Ncens0.09 2861 41364 4441+ 1110 4196 + 2302 0.05-0.10
Nen 59,095 + 14,223 60,174 £ 18,154 40,699 + 5312
Ncenoss 4625 £+ 1942 6637 £2492 4871 £ 1078 0.08-0.11
Ncewn 57,102 £ 12,682 59,302 £ 19,993 42,373 +9181
Nceno73 6444 £ 1761 9383 +£2144 7260 4+ 1918 0.10-0.17
Ncewn 59,379 £ 15,424 58,736 £ 17,841 41,853 + 1105
Postmonsoon (2009)
Ncenso.14 2009 + 674 3830 £2070 3720+15,592  0.10-0.12
Nen 19,152 £ 9679 30,619 +£24,181 30,187 £26,434
Ncenos 3596 4+ 105 8040 £ 3535 7702+ 3118 0.20-0.28
NewN 18,174 £9037 29,044 + 24,440 32,021 + 32,963
Ncenost 9864 +4577 10,812 +£4513 0.37-0.39

Nen

25,121 £29,178

28,884 15,495
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TABLE 2

Seasonal average CN concentrations in Aitken and accumulation modes

Continental air mass, cm > Aitken (0.0146-0.10 xm), Accumulation (0.10-0.685 pcm)

Eastern air North-West air ~ Northern air Central air Mixed air
Aerosol mode mass mass mass mass mass, cm >
Winter Aitken
2008 25,512 31,626 18,487
2009 14,948 8211 9766
Accumulation
2008 35,331 32,497 20,507
2009 31,088 15,810 17,500
Aitken/Accumulation
2008 0.722 0.973 0.901
2009 0.48 0.51 0.55
Modal diameter
2008 0.126 0.113 0.113
2009 0.162 0.126 0.151
Premonsoon Aitken
2008 31,205 38,292 36,918
2009 22,289
Accumulation
2008 21,840 22,772 23,702
2009 13,708
Aitken/Accumulation
2008 1.428 1.680 1.557
2009 1.6
Modal diameter
2008 0.101 0.094 0.101
2009 0.082
Monsoon Aitken
2008 23,340 15,533
2009 10,534 6600
Accumulation
2008 10,539 7477
2009 4508 2397
Aitken/Accumulation
2008 2.21 2.07
2009 2.33 2.75
Modal diameter
2008 0.079 0.076
2009 0.071 0.055
Postmonsoon Aitken
2008 30,348 28,452 22,630
2009 11,556 13,342 14,556
Accumulation
2008 25,114 33,564 21,525
2009 9700 17,265 16,966
Aitken/Accumulation
2008 1.20 0.847 1.05
2009 1.19 0.77 0.86
Modal diameter
2008 0.105 0.112 0.105
2009 0.105 0.126 0.126
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FIG. 2. Activation fraction, CCN/CN, as a function of SS for winter, premon-
soon, monsoon, and postmonsoon seasons for both the years 2008 and 2009.
Error bar represents the natural variability.

Higher CCN/CN ratio in winter as seen from Table 1 is
attributed to relatively higher accumulation mode particle
concentration than Aitken as discussed in Section 3.2. Large
average CCN/CN ratio (Ncen0.38/Nen) of 0.26 and 0.45 were
observed for both years 2008 and 2009, respectively, when the
aerosol was transported from continental India (central part) in
winter season. During monsoon Nceno.38/Nen was largest for
mixed air mass for 2008 whereas it was largest for continental
air mass for 2009 (Table 1).

In year 2008 during postmonsoon season, the average low
CCN/CN ratio was nearly the same irrespective of the air
mass transport Northern air mass during postmonsoon has
relatively high-accumulation mode particle concentration but
the CCN/CN ratio was only 0.11 during 2008, possibly due to
the lack of any fire counts observed, while the ratio increased
to 0.28 in the year 2009. The CCN/CN ratio reported here are
rather low compared with the previous studies for continental
environments, e.g., over the Puy de Dome, France (Rojas et
al. 2006) where CCN/CN ratio was 0.3-0.4. The CCN/CN
ratio over Durham, New Hampshire, reconstructed using the
values from Table 1 and Equation 1 of (Medina et al. 2007),
was approximately equal to 0.68-0.75 at 1% SS, which is quite
high compared with the present study.

MODIS Hotspots/Active fire counts over India, in winter
season, showed that forest fire was more concentrated in central
part of India, while in premonsoon most of the fire counts
were found in the eastern region of India. Northeast India and
Bengal/Orissa were characterized by large and frequent ATSR
(Along-Track Scanning Radiometer) fire count signals as
shown in past studies (Duncan et al. 2003). Thus, the observed
variability in CCN/CN ratio may be due to several processes,

which include local pollution sources, origin of the air mass,
and hygroscopicity of the aerosols.

3.2. Submicron Aerosol Size Distribution

Average aerosol size distributions (0.014-0.68 pm) mea-
sured using SMPS are presented for each season in Figure S6 as
given in the online supplementary material, (Baxla et al. 2009).
Seasonal changes in the aerosols size distributions for each year
can be easily observed by comparing the relative amplitude of
each mode with the maximum concentration during winter and
minimum during monsoon season. The average aerosol (CN)
concentrations during year 2008 were 56,624 + 2508 cm~3 and
27,838 4 657 cm~? in winter and monsoon, respectively, while
in year 2009 CN concentrations were 31,883 £ 3444 cm™3
and 11,203 + 1137 cm™3. There is a persistent accumulation
mode throughout both the years 2008 and 2009 where concen-
tration increases from postmonsoon with a steady broadening.
The accumulation particles were found with mode between 76
nm and 126 nm for 2008 and 55 nm and 162 nm for 2009,
and their concentration as well as their contribution to the total
particle number was maximum in winter and minimum in mon-
soon. The characteristic parameters of the seasonal aerosol size
distribution for different air masses are given in Table 2. In mon-
soon season, rainout and washout are highly effective in aerosol
removal especially accumulation mode aerosols, from the at-
mosphere. A decrease in concentrations of both accumulation
mode aerosols and CCN was found which is in agreement with
our CCN measurements. These results can be compared to the
aerosol size distribution seasonal analysis performed by (Venzac
et al. 2008) which shows the accumulation particles with a mode
between 135 nm and145 nm over the Puy de Dome, France.

3.3. Diurnal Variability of CCN Number Concentration

Figure 3a and b shows the diurnal variation of CCN at
various depleted supersaturation each season for a period from
26 January to 15 November 2008 and from 26 March to 17
December 2009, respectively. Strong (winter) to mild (mon-
soon) diurnal trends were observed in the CCN concentrations
measured at Kanpur for both the year 2008 and 2009. CCN
concentrations show maximum departure from the daily mean
in the early morning for all the seasons. The diurnal trend
follows similar pattern for all the seasons. The strong diurnal
cycle of CCN concentrations may be attributed to the diurnal
cycle of local pollutants arising from anthropogenic activities
and the planetary boundary layer evolution.

3.4. Aerosol Mass and Composition Measurements

The average concentrations of ionic species during the mea-
surement period for PM; were 8.69 & 6.03 ug m~ and 13.42
4+ 9.56 ug m~ for day time and night time, respectively. Mass
concentration of Nitrate and Ammonium are comparatively
higher than other species. During December, there is increase
in concentration of each species which is probably due to fog
processing (Tare et al. 2006; Tripathi et al. 2006).
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FIG. 3. Diurnal variation of CCN at various seasonally-averaged depleted SS
(a) for year 2008 (b) for year 2009. Error bar represents the natural variability.

3.5. CCN Closure

A closure study was performed for three days and three
nights during November—December, 2009. Each 12-min CCN
data for different supersaturation was examined for (1) minimal
fluctuations in the flow chamber temperature gradient and (2)
stability of the flows. Small fluctuations in temperature have
a minimal impact on the supersaturation and closure (Ervens
et al. 2007). If both criteria were satisfied then the CCN
concentrations were averaged corresponding to each concurrent
scan of SMPS for every supersaturation segment. The chemical
composition for computing CCN properties was obtained
from the analysis of corresponding 10-h PM; filtersamples for
day-time and night-time, respectively. The species that have
been used for the closure analysis are ammonium sulfate and
organics. Ammonuim and Sulfate ions obtained from, the PM;
filters analysis were synthesized to form ammonium sulfate by

regression analysis of experimental NHj ion with respect to the
ambient NH?1 ion in the form of (NH4),SOy4 for the complete
dataset (Mandaria 2010). While predicting CCN concentra-
tions, it is assumed that aerosol is composed of (NH4),SO4
(which acts as solute)and organics (which do not contribute to
the solute, i.e., are hydrophobic) (Medina et al. 2007). The in-
fluence of other inorganic species was assumed to be negligible
(Medina et al. 2007; Frank et al. 2006; Dusek et al. 2003).

The ability of a particle to act as CCN depends on its chemical
composition (volume fraction of solute) and its size. The volume
fraction of the solute (ammonium sulfate) was calculated as,

mg

Ps
&=y a
Ps Pi

where m; and m; are the mass of (NH4)>SO,4 and organics and
ps and p; are the density of (NH4),SO4 (1760 kg m~>) and
insoluble organics assuming (1000 kg m~3), respectively. For
the whole measurement period, ammonium sulfate accounts
for approximately 12.64 + 3.70% of the total PM; mass and
& has the mean value of 0.11 % 0.04. The critical dry particle
diameter is calculated by the application of Kohler theory as
given in the following equation:

1/2
g 256 ( Myo \° [ M, ( Pw ) D;3 / 0]
< | 27 \RTp, 0s ) \Mw/ v,

Where M,, (0.01801 kg mol~!) and My (0.1321 kg mol~') are
the molar mass of water and (NH4),SOy, respectively, R is the
universal gas constant and 7 is the ambient temperature. The ef-
fective van’t hoff factor v, (which includes the effect of osmotic
coefficient) is taken as 2.5 (Medina et al. 2007) and o, the surface
tension of water = 0.07197 J m~2. Substituting &, in Equation
(2) makes it possible to calculate for a given S, (in this case,
the SS set in the CCN counter), the value of critical dry particle
diameter, D,,. All particles larger than D, will activate as CCN.
We integrated the size distribution measured by the SMPS from
D, upto the largest measured size, which gives the predicted
CCN concentration (Juranyi et al. 2010; VanReken et al. 2003).

Figure 4 shows the predicted against measured CCN concen-
trations for 3 days and 3 nights during November—December
2009 assuming that total organic is insoluble. The results show
average overprediction of 21 + 18% whereas under prediction
of 5 + 30% for 0.13% SS and over prediction of 11 &£ 32% and
47 £ 38% at supersaturation of 0.33% and 0.64%, respectively.
The prediction errors would be even larger if a fraction of
organics were considered as soluble.

3.6. Discussion and Sensitivity Analysis of Closure Study

The present closure study shows on average overprediction
that can be attributed to several factors such as due to the
overestimation of the sulfate fraction (Bougiatioti et al. 2009;
Lance et al. 2009), systematic uncertainties in the SMPS
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FIG. 4. CCN predicted versus CCN measured at three SS of 0.13%, 0.33%,
and 0.64% with corresponding CCN predicted to measured ratio.

and CCN counter measurements (Chang et al. 2007). The
overprediction in the present closure study can also be due to
lack of size dependent chemical composition and assumption
of internal mixing. We found a 10% reduction in solute mass
leads to 5% improvement in over prediction at SS of 0.13%
and 0.33% while only 3% improvement at SS of 1%.

4. CONCLUSIONS

This paper analyzes the role of long-range transport and
different nature of emission on the intra- and interseasonal
variation of CCN over a polluted continental site in the
Ganga basin. The main conclusions drawn from the study are
summarized as follows:

1. Considerable intra seasonal variability of CCN and CCN/CN
ratio (Ncen/Nen) was found due to differences in the di-
rections of air masses in all the seasons. For both winter
and premonsoon seasons, highest CCN concentrations were
found for eastern continental transport routes whereas the
highest CCN-CN ratio (0.30) was found in winter when the
air masses came from central and eastern continental parts
of India while in year 2009, the CCN/CN ratio was 0.53 for
the similar air mass trend.

2. Strong seasonal variability of CCN was found with highest
CCN concentrations in winter and lowest in monsoon season
due to cloud and precipitation scavenging.

This dataset will be valuable in developing new (or mod-
ification of existing) aerosol-cloud parameterization schemes
in Regional Climate Models to assess the regional impacts
of changing CCN concentrations on indirect radiative forcing.
CCN concentrations were calculated using chemical composi-
tion and number size distribution coupled with simple Kohler
theory. Predictions were then compared with the measured CCN

concentrations for three different SS 0.13%, 0.33%, and 0.64%,
resulting in an overprediction at all the supersaturations except
for 0.13%, where it was predicted.
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