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Atmospheric aerosols are keyelements in cloudmicrophysics, the hydrological cycle and climate by
serving as cloud condensation nuclei (CCN). The present work analyzes simultaneous measure-
ments of number concentration of CCN (NCCN) and condensation nuclei (NCN) obtained at Nainital,
in the Gangetic-Himalayan (GH) region, during the frameworks of Ganges Valley Aerosol
Experiment (GVAX), June 2011 to March 2012. The NCCN, NCN and activation (AR = NCCN/NCN) at
0.31–0.33% S (supersaturation ratio), exhibit significant daily, monthly and seasonal variations
within a range of 684–2065 cm−3 for NCCN, 1606–4124 cm−3 for NCN, and 0.38–0.60 for AR,
suggesting large inhomogeneity in aerosol properties, types and sources, which control the
degree of aerosol potential activation. Thus, transported aerosols from the Ganges valley and
abroad, the boundary-layer dynamics and atmospheric modification processes play an important
role in aerosol–cloud interactions over the GH region. The NCN and NCCN show monthly-
dependent diurnal variations with afternoon maxima due to transported aerosols from the
Ganges valley up to the Himalayan foothills, while the AR is lower during these hours implying
lower hygroscopicities or smaller sizes of the transported aerosols. The dependence of NCCN on S is
highest during Dec–Mar and lowest during monsoon (Jun–Sep), suggesting different aerosol
chemical composition. Comparison between Nainital and Kanpur shows that NCN and NCCN are
much lower at Nainital, while the similarity in AR suggests aerosols of similar type, source and
chemical composition uplifted from the Ganges valley to the Himalayan foothills.

© 2014 Elsevier B.V. All rights reserved.
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1. Introduction

Cloud condensation nuclei (CCN) are hygroscopic parti-
cles that can activate at various supersaturation (S) levels to
cloud droplets. CCN are thus key elements of cloudmicrophys-
ics, the hydrological cycle and climate from local/regional to
global scales (Lohmann and Feichter, 2005). The ability of
particles to be CCN strongly depends on their size distribution
and chemical composition (Fitzgerald, 1973; Pruppacher and
ital.
ail.com (U.C. Dumka),
u.in (D.G. Kaskaoutis).
Klett, 1997; Dusek et al., 2006; Lance et al., 2009; Srivastava
et al., 2013). Furthermore, cloudmicrophysical properties, such
as cloud-droplet size, cloud albedo and lifetime, cloud-top
height and precipitation rate are influenced by the prevailing
CCN, thereby affecting the climate system (Twomey, 1977;
Pruppacher and Klett, 1997; Ramanathan et al., 2001; Andreae
et al., 2004; Rosenfeld et al., 2008). Aerosol–cloud interactions
(aerosol indirect effect) are still a significant source of
uncertainty in climate modeling and dynamics (IPCC, 2007)
due to complicated cloud microphysics phenomena, their
impact on radiative properties, precipitation and the hydro-
logical cycle (Andreae and Rosenfeld, 2008). As a consequence,
CCN measurements and knowledge of their spatio-temporal
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evolution are challenging tasks to quantify the aerosol indirect
effect on climate.

Over the last few decades, emissions of anthropogenic
aerosols and pollutants have dramatically increased over the
Indo-Gangetic Plains (IGP), India because of the rapid increase
in population, industrialization and urbanization (Lawrence
and Lelieveld, 2010; Lu et al., 2011). Despite the availability of
numerous studies on aerosol optical, physical and chemical
properties over IGP and Gangetic-Himalayan (GH) region
(Jethva et al., 2005; Tripathi et al., 2005; Dumka et al., 2008,
2014a; Dey and Di Girolamo, 2010, 2011; Lawrence, 2011;
Srivastava et al., 2011; Kaskaoutis et al., 2012), extensive
measurements and analysis of CCN are still sparse given
their role in cloud formation. Recent studies (Patidar et al.,
2012; Srivastava et al., 2013; Bhattu and Tripathi, 2014; Ram
et al., 2014) over IGP, using both ground-based and airborne
observations, have reported significant seasonal variations of
NCCN with maximum during winter and minimum during
monsoon. Furthermore, the findings from a recent campaign
“Cloud Aerosol Interaction and Precipitation Enhancement
Experiment (CAIPEEX)” constitute an important contribution
to this research over a climatically sensitive area, where the
onset, intensity and duration of the monsoon affect climate,
ecosystems and the economy (Chakravarty et al., 2011; Dipu
et al., 2013; Padmakumari et al., 2013).

The current work deals with measurements of conden-
sation nuclei (NCN) and Cloud Condensation nuclei concen-
trations (NCCN) obtained through the Atmospheric Radiation
Measurement-Mobile Facility one (AMF-1) deployed at
Aryabhatta Research Institute of observational sciences
(ARIES), Nainital (29.4° N, 79.5° E; 1958 m above mean sea
level), during the intensive field campaign Ganges Valley
Aerosol Experiment (GVAX; Manoharan et al., 2014; Dumka
and Kaskaoutis, 2014; Dumka et al., 2014b). Air mass back-
trajectory analysis via the Hybrid Single Particle Lagrangian
Integrated Trajectory (HYSPLIT; Draxler et al., 2012) model and
variations in boundary-layer height are examined to investigate
Fig. 1. Topography map with measu
the role of transported aerosols andupslope airflows on aerosol–
cloud interactions over Nainital. Moreover, simultaneous mea-
surements of NCCN and NCN obtained in Kanpur, located in the
central IGP, during June–August of 2011 are also analyzed and
compared with those at Nainital to explore the spatio-temporal
and altitude dependent CCN properties over the GH region.

2. Observation site, instruments and data

2.1. Site description and meteorological parameters

In-situ measurements of NCCN and NCN were carried out
during June 2011 to March 2012 at ARIES, Nainital, which is an
elevated (1958m) site located in the central Himalayan region
approximately 300 kmnortheast of NewDelhi (Fig. 1). Nainital,
with negligible industrial activity and a population of about half
a million (census of 2011), is an excellent site for monitoring
background aerosol concentration as well as long-range
transported aerosols (Dumka et al., 2010, 2011).

Weather conditions at this site can be classified into four
seasons: winter (DJF; December–February), pre-monsoon
(MAM; March–May), monsoon (JJA; June–August) and post-
monsoon (SON; September–November) (Dumka et al., 2010).
During the frameworks of the GVAX campaign, the average
wind speed was 2.33 ± 1.75, 2.02 ± 1.39, 2.26 ± 1.49 and
1.83 ± 1.28 m s−1 during winter, pre-monsoon (only March
data), monsoon and post-monsoon, respectively. Northwest-
erly strongerwinds that dominatedmost of the time (late post-
monsoon to March) are responsible for the transport of air
masses from arid/semi-arid regions of northwestern India,
Pakistan and west Asia (Jaidevi et al., 2011). The percentage of
southeasterly monsoon winds increased during the monsoon,
and continued to be high during September, leading to heavy
rains and aerosol washout. During the post-monsoon, stable
atmospheric conditions prevailed over the site, while inwinter,
western disturbances favored some rain and/or snowfall in
January and February. Seasonal temperature (in °C) ranged
ring sites referred in the text.
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from 17 to 26 (with mean 20 ± 2) in JJA; 9 to 26 (17 ± 3) in
post-monsoon; 0 to 24 (10± 4) inwinter and 4 to 27 (15± 5)
in March. The average relative humidity (RH in %) was highest
during the monsoon (N90%) and minimal (~45%) during
March, while rainfall from June to September accounted
for more than 85% of the total rainfall during the study
period.

2.2. Condensation nuclei (CN) and cloud condensation nuclei
(CCN) measurements

NCCN and NCN were measured by the Atmospheric Radiation
Measurement (ARM) Aerosol Observing System (AOS; Jefferson,
2011; Dumka and Kaskaoutis, 2014; Dumka et al., 2014b),
which is the primary platform used for in-situ aerosol
measurements at the surface. The number concentration of
CN was measured by a butanol based Condensation Particle
Counter (CPC; TSI Model 3010), which is a compact and
rugged instrument that measures NCN in diameter range
0.01–3.0 μm. The particles are allowed to grow large enough
to be counted with a simple optical particle counter in the
presence of butanol. The supersaturation ratio of butanol vapor
in the condenser controls theminimumdetectable particle size
Fig. 2. Temporal variation of cloud condensation nuclei (NCCN), condensation nuclei (
0.75–0.78%, respectively) S levels during June 2011 to March 2012.
range of the counter. The instrument has a high signal-to-noise
ratio that attains accurate detection of small particles. The
upper concentration limit of the CPC is 10,000 particles per
cubic centimeter.

NCCN was measured by a Droplet Measurement Technology
(DMT) continuous flow single column CCN Counter [CCNC;
Robert and Nenes, 2005; Lance et al., 2006; Rose et al., 2008). It
measures activated particle concentrations being converted to
cloud droplets by condensation of water at a given S. According
to the Köhler equation, the vapor pressure or S above an
aqueous drop will vary with let drop surface tension and size
and the solute concentration or chemical composition. During
GVAX, the S of the CCN counter was stepped through 7
intervals with 5 min at each setting (Jefferson, 2011). The S on
the CCN datastream is calculated using a heat transfer and fluid
dynamics flowmodel (Lance et al., 2006; Jefferson, 2010, 2011;
and reference cited therein). The fluid dynamic flow model
uses the calibrated temperatures, pressures, and flows within
the instrument to calculate the S. Changes in S are due to
changes within the column thermal properties of the instru-
ment. This CCN counter was calibrated at the beginning and
end of the campaign (Jefferson, 2010, 2011; http://www.arm.
gov/publications/tech_reports/handbooks/aos_handbook.pdf).
NCN) and activation ratio (AR) at four (0.17–0.22%, 0.31–0.33%, 0.46–0.48% and

http://www.arm.gov/publications/tech_reports/handbooks/aos_handbook.pdf
http://www.arm.gov/publications/tech_reports/handbooks/aos_handbook.pdf


Table 1
Monthly statistics of CCN, CN and AR for S = 0.31–0.33% and mixing height derived from HYSPLIT.

Month NCCN (cm−3) NCN (cm−3) AR = NCCN / NCN Mixing height (in meter)

Mean ± SD Min Med Max Mean ± SD Min Med Max Mean ± SD Min Med Max Mean ± SD Min Med Max

Jun 925 ± 601 77 911 2454 2425 ± 1112 785 2420 4955 0.38 ± 0.11 0.11 0.40 0.56 672.62 ± 553.56 93.86 543.01 1546.92
Jul 881 ± 500 257 733 2738 1874 ± 776 1062 1693 4951 0.47 ± 0.11 0.20 0.50 0.65 464.60 ± 364.61 91.52 373.61 1039.49
Aug 684 ± 396 24 760 1400 1606 ± 453 702 1662 2427 0.42 ± 0.18 0.03 0.48 0.67 381.85 ± 366.40 64.29 296.46 866.44
Sep 1233 ± 677 351 1045 2763 2304 ± 904 1323 1978 4577 0.54 ± 0.12 0.23 0.58 0.72 371.16 ± 366.40 25.26 214.90 1008.40
Nov 2026 ± 813 739 1914 3649 3485 ± 1062 1954 3460 6555 0.60 ± 0.12 0.33 0.62 0.77 314.38 ± 387.78 13.83 20.76 1066.31
Dec 1465 ± 510 670 1440 2574 3193 ± 1065 1332 3184 5808 0.52 ± 0.11 0.16 0.54 0.69 271.52 ± 367.71 12.82 16.32 1043.61
Jan 1500 ± 591 144 1463 2739 3155 ± 934 876 3183 5648 0.49 ± 0.10 0.20 0.52 0.65 365.11 ± 469.32 35.39 56.33 1402.45
Feb 1757 ± 397 880 1718 2531 3383 ± 708 1698 3308 4844 0.54 ± 0.06 0.41 0.55 0.64 401.31 ± 497.93 37.81 93.81 1490.72
Mar 2065 ± 476 1253 1985 3247 4124 ± 747 2708 3944 5835 0.54 ± 0.09 0.40 0.52 0.74 548.36 ± 638.77 25.79 211.21 1921.10
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NCCN measurements were considered at 5-min intervals
(1-min measurements averaged into 5 min) for each S level,
while NCN were measured continuously (1-min time interval,
also averaged for 5 min) by the CPC. This procedure leads to
~41 different sets of measurements per day, which then were
averaged on daily, monthly and seasonal bases. The NCN

measurements used in the analysis are compared with those
of NCCN, since they were averaged at the same time intervals
as the NCCN measurements for each S level.

In order to compare NCN and NCCN concentrations between
GH and IGP regions, simultaneous measurements of NCN and
NCCN were performed in Kanpur (independent of the GVAX
campaign). Following methodology given by Lathem and Nenes
(2011), a supersaturation depletion correction was applied to
the Kanpur datasets, while the CCN counter has been calibrated
before and after the deployment. Details of the measurement
protocol at Kanpur, data analysis methods, instrument calibra-
tion, accuracy and errors are presented elsewhere (Patidar et al.,
2012; Srivastava et al., 2013; Bhattu and Tripathi, 2014; Ram
et al., 2014).

3. Results and discussions

3.1. Temporal variation of NCN, NCCN and activation ratio (AR)

Fig. 2 shows the daily-averaged values of NCCN, NCN and AR
at four S (0.17–0.22%, 0.31–0.33%, 0.46–0.48% and 0.75–0.78%)
levels at Nainital during the GVAX field campaign. The vertical
Table 2
Comparison of NCN, NCCN and AR over Nainital during GVAX campaign along with thos

Site name (altitude) Sampling period NCCN (cm−3)

Mean ± SD

Nainital (~1958 m amsl) Jun 2011–Mar 2012
Monsoon (JJA)
Winter (DJF)

1264 ± 895
836 ± 618
1590 ± 892

Puy-de-Dome (1465 m), France Jun–Jul 2011 (summer)
Jan–Feb 2012 (winter)

200–2000
50–3000

Mt Sonnblick (3104 m), Austria September 1995
July 1996

80–570 (mean = 24
at 0.5% S
29–786 (mean = 40
at 0.5% S

Storm Peak Laboratory (3210 m),
Northwestern Colorado

March 2011 1–470

Jungfraujoch (3580 m),
Switzerland

May 2008 0.1–600 (149 ± 171
at 0.12% S
27–1582 (568 ± 40
at 1.18% S
solid line separates the S levels for June to September 2011
(left) from those during November 2011 toMarch 2012 (right).
Unfortunately, the NCN measurements were not available in
October 2011due to instrument technical problems. Significant
temporal variations are seen during the entire period with
daily-averaged NCN ranging from 684 to 5479 cm−3 (mean ±
1σ of 2630 ± 969), 702 to 6555 cm−3 (2873 ± 1162), 687
to 8183 cm−3 (3193 ± 1467) and 282 to 9916 cm−3

(3588 ± 1978) at 0.17–0.22%, 0.31–0.33%, 0.46–0.48% and
0.75–0.78%, respectively. The slight increase in CN at higher S
is an artifact of the time-sampling differences between CN and
CCN at different S and it would bias diurnal trends and spectral
plots. The corresponding NCCN are on the order of 9–2180 cm−3

(mean ± 1σ of 800 ± 437), 24–3649 cm−3 (1421 ± 728),
44–5411 cm−3 (1844±973) and97–6414cm−3 (2138± 1260),
respectively, which are typical for the GH region (Gajananda et al.,
2005; Komppula et al., 2009; Sellegri et al., 2010; Moorthy et al.,
2011; Hyvärinen et al., 2011); σ corresponds to the standard
deviation of the means over the whole measuring period. NCCN

increases significantly with S implying numerous small particles.
The monthly statistics of NCCN, NCN and AR at 0.31–0.33% S are
listed in Table 1. The large differences between maximum and
minimum values (~3 × 103 cm−3 for NCCN and ~5 × 103 for
NCN) are indicative of the large variation of CCN and CN over
the observation site. The highest monthly values of NCCN

(2065± 476 cm−3) and NCN (4124± 747 cm−3) are observed
inMarch,while the correspondingminimum(684±396 cm−3

and 1606±453 cm−3) in August. TheminimumNCNmonthly-
e measured at high altitude sites.

NCN (cm−3) AR References

Mean ± SD Mean ± SD

2619 ± 1738
1955 ± 1271
3211 ± 1801

0.49 ± 0.19 at 0.31–0.33% S
0.42 ± 0.20 at 0.31–0.33% S
0.52 ± 0.17 at 0.31–0.33% S

Present study

100–10,000 0.2–0.7 at 0.24% S Asmi et al. (2012)

3)

2)

Hitzenberger et al.
(1999)

400–2000 Friedman et al. (2013)

)

1)

40–1720 (550) Jurănyi et al. (2010)
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mean value is slightly higher than that reported at Hanle, a
high-altitude (5000 m amsl) station in the northwestern arid
trans-Himalayan region. The NCN at Hanle during August to
November 2009 varied between 80 and 8000 cm−3, with
median and mean values of ~950 cm−3 and 1150± 500 cm−3

(Moorthy et al., 2011). This suggests that the Nainital site is
under the influence of increased loading of mostly transported
aerosol plumes from the IGP, which cannot cross the moun-
tainous range and affect Hanle located in the lee (northern)
slopes of the Himalayas.

The NCN values are somewhat comparable to those reported
for another high altitude (2180 m amsl) site at Mukteshwar
Fig. 3. Monthly-mean diurnal variation of NCCN, NCN and AR at 0.31–0.33% S
during June, November, December and March. The vertical bars correspond to
one standard deviation.
(3108 ± 1570; 4010 ± 1965; 3195 ± 2683 and 2124 ±
1234 cm−3, respectively for the years 2006, 2007, 2008 and
2009, Komppula et al., 2009) and about an order of magnitude
lower than those (25860 ± 11707 cm−3) observed over the
polluted Gual Pahari site (243 m amsl in the IGP) during the
year 2009 (Hyvärinen et al., 2011). Based on three years of
continuous measurements in Mukteshwar (close to Nainital),
Komppula et al. (2009) reported that the monthly averages of
the total aerosol number concentration varied from~5700 cm−3

to ~1200 cm−3 from pre-monsoon to monsoon. Measurements
at the high altitude (5079 m amsl) Nepal Climate Observatory-
Pyramid, (Sellegri et al., 2010) have shown annual average
aerosol number concentration on the order of 860 ± 55 cm−3,
exhibiting a strong seasonal variation with pre-monsoon and
post-monsoon high (~1500 cm−3 and 1300 cm−3) and
monsoon low (~450 cm−3). Since, the Pyramid is a remote site
in the Everest area, the observed aerosol is mostly transported
from the Indian polluted regions, while the annual pattern of
NCN is a combination of the IGP aerosol variability and boundary-
layer dynamics (Sellegri et al., 2010). On the other hand,
airborne studies have shown significant vertical heterogeneity
in NCN over the GH region, influenced by local emissions (mostly
within the boundary layer), long-range transport (mostly at
higher altitudes) and changes in mixing height (Dipu et al.,
2013; Padmakumari et al., 2013; Srivastava et al., 2013).
Airborne profiles during the CAIPEEX campaign in May 2009
have shown surface concentrations of 1100–1500 cm−3 and
800–1600 cm−3 at higher elevations (between 2 and 4 km)
over Pune, while the respective concentrations over Pathankot
(a site in the GH region) were in the range of 1300–2800 cm−3

at the surface and 2500–6800 cm−3 at higher altitudes
(between 2 and 4 km) (Padmakumari et al., 2013). The higher
NCN over the GH region is attributed to the influence of dust
plumes from the Thar Desert and southwest Asia that also
affect Nainital during the pre-monsoon season. The aerosol
profiles revealed a nearly homogeneous vertical layer up
to 3–4 km with concentrations of ~800–1700 cm−3 and a
decrease afterwards over Bareilly site in the IGP, just south of
Nainital (Padmakumari et al., 2013). Using long-term (January
1996 to December 2003) analysis, Gajananda et al. (2005) have
studied the aerosol number concentration at three altitude
levels (1150, 2050 and 2530mamsl) in the northwestern Indian
Himalayas reporting mean concentrations ranging from 4352 to
1392 cm−3 from the lowest to highest level, respectively. The
above comparisons, as well as the comparison between Nainital
and Kanpur (see Section 3.7), reveal that the observing site is
located at an intermediate zone between the polluted IGP and
the mostly clean Himalayan range.

The NCCN is much lower during the monsoon months
because of high precipitation and washout of the suspended
particles. Similar annual variation (winter high and monsoon
low) was found in Kanpur (Patidar et al., 2012), but withmuch
higher NCCN values compared to Nainital. Based on aircraft
measurements over Kanpur, Srivastava et al. (2013) reported
high values of NCCN at S= 0.84%, such as 5293±978 cm−3 and
4431 ± 1552 cm−3 on 2nd July 2009 (at 10:35–12:25 and
14:15–15:15 h local time, respectively). High mean values
[3523 (0.81), 4572 (0.64) and 2361 (0.36)] of NCCN at S = 0.3%
were also reported for March, May–June and August, respec-
tively over Kanpur (Bhattu and Tripathi, 2014); the values in
parenthesis are the AR for the respective periods.
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Similar to NCCN and NCN, the AR exhibits significant
temporal variation in its dailymean values (Fig. 2), ranging from
0.01 to 0.67 (mean of 0.32 ± 0.13), 0.03 to 0.77 (0.51 ± 0.13),
0.06 to 0.78 (0.58 ± 0.12) and 0.03 to 0.80 (0.60 ± 0.14) at
0.17–0.22%, 0.31–0.33%, 0.46–0.48% and 0.75–0.78% S levels,
respectively. An AR value close to 1 indicates the presence of
aged background aerosol (Andreae and Rosenfeld, 2008), while
over the observational site the monthly-mean values are much
lower than 1 at 0.31–0.33% S level (Table 1). The highest AR
values during November are associated with biomass burning
in northwestern India and aged transported aerosol plumes
mixed with other organic or inorganic particles that are
more hygroscopic (Lee et al., 2010). On the other hand, the
observational site is above the planetary boundary layer in
winter and, therefore, the aged free tropospheric aerosols may
also play a role in the high AR values in that season (Venzac
et al., 2009).

The mean values of NCN and NCCN observed at Nainital are
higher than those reported during the Indian Ocean Experi-
ment (Hudson and Yum, 2002) and lower than those found
Fig. 4. Wind-rose diagram during monsoon (June–August), post-monsoon/autumn (S
(March only) based on measurements taken from June 2011 to March 2012. The gray
over the Korean Peninsula (Yum et al., 2005, 2007). During the
Indian Ocean Experiment, Hudson and Yum (2002) found
average values of 1808± 41 cm−3, 1190± 128 cm−3 and 0.66
for NCN, NCCN and AR, respectively, at 1.0% S. Very high values of
NCN (6444 ± 2732 cm−3, 4644 ± 2454 cm−3 and 9804 ±
4142 cm−3) and NCCN (3445 ± 1158 cm−3, 2475 ± 955 cm−3

and 3178 ± 1269 cm−3) at 0.49% S during August, September
and October, respectively are reported at Shouxian, a polluted
site in China (Liu et al., 2011). Aircraft measurements over
Nainital on 29th June 2009, revealed average values of 1363 ±
327 cm−3 and 18,292 ± 3770 cm−3 (0.84% S) for CCN and CN,
respectively at the altitude range 518–5486m (Srivastava et al.,
2013). Recently, Konwar et al. (2012) reported NCCN of 1153–
2470 cm−3 (for the north-eastern part of India on 30th August
and 4th–6th September 2009) and 3361–10,635 cm−3 (for
extremely polluted conditions in the IGP on 14th–25th August
2009) at 0.4% S during the CAIPEEX campaign. Shrestha et al.
(2013) have studied the CCN properties over the central Nepal
region (Besisahar) and reported mean NCCN of 435 ± 98 cm−3

and 750 ± 50 cm−3, during clean and hazy/polluted skies,
eptember–November), winter (December–February) and pre-monsoon/spring
circles show the % frequencies of counts per wind direction.
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respectively at S ranging from 0.35% to 0.45%; NCCN at
another site (Dhulikhel) in Nepal was found to be 700 cm−3

at S = 0.3%. Table 2 summarizes the values of NCCN, NCN and
AR obtained atNainital (GVAX campaign)with thosemeasured
over high altitude sites over the globe. Asmi et al. (2012) have
reported similar value of NCCN at Puy-de-Dome during summer
(200–2000 cm−3) and winter (50–3000 cm−3) with NCN up to
10,000 cm−3. The AR (at 0.24% S) ranges between 0.2 and 0.7 at
Puy de Dome, which is comparable to that at Nainital. The NCN

and NCCN at Mt. Sonnblick (Hitzenberger et al., 1999), Storm
Peak Laboratory (Friedman et al., 2013) and Jungfraujoch
(Jurănyi et al, 2010) are lower than those obtained at Nainital,
since thesemountainous sites are far frompolluted sources like
IGP.

3.2. Diurnal variation

The mean diurnal variations of NCCN, NCN and AR at 0.31–
0.33% S for characteristic months of each season are shown in
Fig. 3a–c, respectively. A pronounced diurnal variation of NCCN

and NCN is observed in November, December and March with
Fig. 5.Wind dependency of NCN
prominent afternoon peaks, whereas the diurnal pattern is
smooth and nearly vanished in June. During November to
March, NCCN and NCN gradually increase from 08:00 until
15:00–18:00 h to peak values, and then decrease to nighttime
minima. Increased NCN and NCCN and larger variability around
noon to early afternoon could be due to nucleation events and
new particle formation (Moorthy et al., 2011).

Diurnal patterns for AR are opposite those of NCCN and NCN,
with lower values during noon and late afternoon hours and
larger values in the morning. The AR diurnal patterns are
similar for the months of November and March, while the
AR values are much lower in June. Diurnal variations are
influenced by the planetary boundary layer dynamics and the
mountain–valley winds. The role of mountain–valley breeze
(upslope valley winds and downslope mountain winds during
daytime and nighttime, respectively) and topography in diurnal
variations of near-surface aerosol concentrations and trace
gases at high-altitude sites has been well documented (Nishita
et al., 2007; Panday and Prinn, 2009; Panday et al., 2009;
Shrestha et al., 2010; Dumka et al., 2010; Sellegri et al., 2010;
Moorthy et al., 2011; Sarangi et al., 2014). The upslope winds
(cm−3) at 0.31–0.33% S.
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bring relatively polluted air masses from the IGP to the
mountain slopes and play an important role in diurnal
variations of aerosol over the GH region (Kleissl et al., 2007;
Raatikainen et al., 2014). Diurnal patterns of NCCN and NCN are
similar to the diurnal variations of the near surface aerosol and
black carbonmass concentrations at Nainital (Pant et al., 2006;
Dumka et al., 2010) due to uplift of pollutants from the IGP
(Raatikainen et al., 2014). In contrast, the diurnal variation of
NCCN in Kanpur (Patidar et al., 2012) presents a prominent peak
in the morning (~08:00 h) and a secondary one in the evening
(20:00 h), closely following the diurnal variation of local
aerosol emissions and mixing height dynamics (Tripathi et al.,
2005). It is, therefore, concluded that both NCCN and NCN are
strongly driven by daily aerosol and pollutant variations, of
which surface heating, boundary-layer dynamics and long-
range transport play a prominent role (Dumka et al., 2013).

3.3. Variations with meteorological parameters

It is well known that NCCN(S) (CCN spectra) depends on
aerosol physico-chemical properties, meteorological conditions,
Fig. 6. Same as in Fig.
and transport processes (Elminir, 2005; Cheng et al., 2008).
Therefore, meteorological parameters, such as ambient temper-
ature, surface wind speed and direction, measured by ARM
Mobile Facility surfacemeteorology station at 1min intervals, are
correlated with NCCN, NCN and AR during the campaign. The
analysis did not reveal a significant correlation of NCCN, NCN and
AR with ambient temperature over the site, even during periods
without seasonal variations in temperature, i.e. noon-to-early
afternoon hours during the hot season and/or evening/night
hours during the cold period. Therefore, the analysis is limited to
possible association with wind speed and direction.

The seasonal wind rose diagram is shown in Fig. 4 along
with the seasonal distribution of NCN (Fig. 5), NCCN (Fig. 6) and
AR (Fig. 7) at 0.31–0.33% S. The bivariate plots (Openair
software; Carslaw and Ropkins, 2012) could help to better
visualize and denote wind direction and air-mass origin (see
Section 3.4), while the color in the plots represents the
magnitude of wind speed, NCN, NCCN and AR. All year round,
the winds were mostly from the northwest and southeast
directions, with speed less than 5 m s−1, indicating that the
source of near-surface aerosols is related to local emissions and
5, but for NCCN.



Fig. 7. Same as in Fig. 5, but for AR.
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long-range transport, with the second mechanism dominating
after the examination of the diurnal patterns (Fig. 3). The
southeasterlies clearly dominate during the monsoon and
northwesterlies dominate during winter, while the two transi-
tion seasons have both wind directions (Fig. 4). The seasonally-
changed wind directions significantly affect aerosol properties,
NCCN and NCN due to long-range transported aerosols. The
sensitivity of NCN and NCCN to wind direction is more
pronounced in March, while it is lower during monsoon,
suggesting that the rainy washout in this season reduces the
influence of long-range aerosol transport over the GH region.
NCN (Fig. 5) seems to be larger from southern and southwest-
ern directions during winter revealing the influence of IGP,
while NCCN (Fig. 6) follows a similar pattern in all seasons. In
contrast, AR (Fig. 7) seems to be somewhat lower for southern
directions during all seasons. This is more pronounced in
winter, while in monsoon air masses from south could be
associated with high AR values. Seasonal variations of NCCN,
NCN and AR at 0.31–0.33% S in the four wind quadrants are
summarized in Fig. 8, respectively. NCCN and NCN increase from
monsoon towards pre-monsoon (March) in all four quadrants
whereas AR increases from monsoon to post-monsoon and
then remains almost constant forwinter andMarch. The higher
values of NCCN and NCN in 180°–270° and 270°–360° quadrants
are due to the transport of aerosols from the IGP andwest Asian
regions, while the AR values are not strongly influenced by the
wind direction. However, the sectors that are associated with
high NCCN and NCN seem to have lower AR values, suggesting
more hydrophobic aerosols.
3.4. Source analysis and long-range transport

In order to study aerosol source identification and the
effects of long-range transport over the observation site, the
5-day isentropic air mass back trajectories at 500 m above
ground levelwere analyzed for 6 (00; 06; 12 and 18) h singular.
The HYSPLIT model (Draxler et al., 2012; http://ready.arl.noaa.
gov/HYSPLIT.php) was used together with the Global Data
Assimilation System (GDAS1)meteorological database as input
to calculate the air mass back trajectories in each season
(Fig. 9). The trajectories are color-coded according to the
altitude attained by the air masses along the pathway before
arriving at the observation site.

http://ready.arl.noaa.gov/HYSPLIT.php
http://ready.arl.noaa.gov/HYSPLIT.php


Fig. 8. Seasonal-mean variation of NCCN, NCN and AR (% in 4 quadrants: 0°–90°, 90°–180°, 180°–270° and 270°–360°, respectively) at 0.31–0.33% S. The vertical bars
correspond to one standard deviation.
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During the winter season, the wind pattern over the
observation site is mostly northwesterly (Fig. 4a), while
during the pre- and post-monsoon seasons the air masses
circulate around the observation site with a clear western
preference during pre-monsoon. The high values of NCN and
NCCN during winter are due to the arrival of air masses from
the Indian subcontinent and Southwest Asia. It is interesting
to note that the western air masses travel at higher altitudes
(above 3 km), lowering in height, usually below 1 km, while
approaching the observation site. The lower values of NCN

and NCCN during the Indian summer monsoon are mostly
due to rainfall washout and not so much due to clean marine
air masses from the Bay of Bengal (Hyvärinen et al., 2011).
The highest NCCN and NCN during the pre-monsoon season
(Fig. 8) are mostly associated with air-masses coming from the
arid west Asian countries (e.g. Pakistan, Afghanistan, Iran) and
passing through the Thar Desert, while during post-monsoon
the contribution of biomass-burning aerosols from IGP increases
(Kaskaoutis et al., in press). The analysis shows that the air
masses are mostly within the atmospheric boundary layer
(b500–1000 m) near the observation site and progressively
increase in altitude at greater distances, either towards the
west (winter/pre-monsoon) or towards the east-southeast
(monsoon). This suggests that boundary layer dynamics over
the polluted IGP play a prominent role in long-range transport
and air mass uplift (Dumka et al., 2014b).

The mixing-height was also obtained from the hourly
intervals of the HYSPLIT outputs and estimated using the
Turbulent Kinetic Energy (TKE) profile method (Draxler et al.,
2012), in which the mixing height is assigned to the height at
which TKE either decreases by a factor of two or to a value less
than 0.21 (m2/s2). The monthly statistics of the mixing height
at Nainital are given in Table 1 and the seasonal-mean diurnal
variations are shown in Fig. 10. The mixing height is lowest



Fig. 9. Five-day HYSPLIT air mass back trajectories end at 500 m AGL at Nainital for the four seasons. The color scale represents the traveling altitude by the air mass
before reaching at the observation site. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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during December (271.5 ± 367.7 m ranging between 12.8 and
1043.6 m) and highest during June (672.6 ± 553.6 m ranging
between 93.9 and 1546.9 m) following the thermal heating of
the surface. Furthermore, its diurnal variation is very strong,
especially in March, with high values (~2000 m) during noon
and just a few meters during nighttime (Fig. 10). The diurnal
pattern weakens in the other seasons; however, it is charac-
teristic of the boundary-layer dynamics trapping the aerosols
near the ground during the cold period of the year and
during nighttime, and favoring their dilution (uplift to
higher altitudes) during noontime to afternoon. Opposite to
that expected from the boundary-layer dynamics, the diurnal
variation of NCCN and NCN revealed higher values during noon-
to-early afternoon hours (Fig. 3) suggesting dominance of
long-range transport of aerosols from Ganges Basin and west
Asia favored in their uplift by the larger mixing height. In this
respect, Prabha et al. (2012) revealed the removal of pollution
from the IGP to higher atmospheric levels in association with
dynamically forced updrafts. Their results showed that the
valley pollution could be uplifted to heights above the haze
layer, favored by the buoyancy that is generated due to thermal
heating of the surface during noon-to-early afternoon hours. It
should be noted that the monthly-mean diurnal variations
(Fig. 3), coincide well with the respective seasonal variations,
thus allowing an association between variations in NCN, NCCN

and boundary-layer height.
3.5. Relation of NCCN with S

In this section, we examine the monthly-mean NCCN as a
function of S and determine the parameters for the “CCN
spectrum” by following Jefferson (2010):

NCCN Sð Þ ¼ cSk ð1Þ

where S is the super-saturation in percent and c and k are
constant terms that relate to the particle number concentration
and chemical composition. Fig. 11 shows the monthly and
seasonal (winter and monsoon) means of NCCN as a function of
S, while the c and k parameters were estimated for different
ranges of S (Table 3) using the least-square fit method in log–
log scale (Khvorostyanov and Curry, 2006; Jefferson, 2010 and
reference therein). The results show that the increasing trends
of NCCN with S are less steep during June to September
(monsoon) compared to November–March (considered as
winter), thus associated with lower k values. During monsoon,
the variation of NCCN is constant above S = 0.45%, suggesting
no CCN with critical S (Sc) N 0.45%, whereas NCCN increases
from 1500 to 2500 during winter, suggesting more particles
with Sc N 0.4%. The difference in increasing rates between the
two seasons reveals differences in particle composition and



Fig. 10. Seasonal-mean diurnal variation of themixing height (MH) overNainital in box andwhisker charts view. Box represents the 50% (from25 to 75%) of the values.
Horizontal lines inside box represent mean (thin line) and median (thick line), respectively.

169U.C. Dumka et al. / Atmospheric Research 155 (2015) 158–175
size. The c and k values (0.10/0.17–0.75/0.78 S) range from
1092 ± 47 cm−3 (August) to 5065 ± 755 cm−3 (March) and
0.31 ± 0.13 (June) to 1.24 ± 0.12 (March), respectively
Fig. 11. (a) Monthly-averaged NCCN as a function of S and, (b) NCCN variation as
a function of S for winter (December–February) and monsoon (June–August).
(Table 3) and are, in general, within the range of values
reported for continental aerosols (Seinfeld and Pandis, 1998),
except for December to March, where the c values are higher
suggesting more turbid atmospheres approaching urban
conditions. The c value reflects the CCN concentration, while k
shows the increase in CCN with S, which shows a decreasing
tendency for increasing S (lower k values for larger S) (Hudson
and Noble, 2014). This is mostly observed during the winter
period, while during monsoon k does not present a clear
tendency with S. The k values obtained at Nainital are higher
than the value (k = 0.15) reported by Engelhart et al. (2008)
for aged monoterpene secondary organic aerosols and Bhattu
and Tripathi (2014) at Kanpur (0.16 ± 0.08) for dominance of
organic species.

3.6. Correlation between NCCN and NCN

In this section, we further investigate the relationship
between NCN and NCCN and AR. Fig. 12 represents the scatter
plots of NCCN and AR as a function of NCN (integrated at every
500 cm−3 bin) during the whole measurement period at three
S, i.e. 0.31–0.33%, 0.46–0.48% and 0.75–0.78%. The vertical bars
represent the standard deviations about the means, while the
dotted lines are the fitted power-law functions [Y= A(x− xc)P

for NCCN vs NCN and Y = a + bxc for AR vs NCN] for each S. The
large standard deviations indicate that there is large variability
in NCCN for each NCN interval, suggesting that it is difficult to
estimate NCCN over the GH region without having information
about the chemical composition of aerosols (Yum et al., 2007).
Fig. 12a shows that for all S NCCN increases with increasing
NCN, initially with a very high rate, which decreases above
5–6 × 103 cm−3 NCN. The AR shows decreasing trend with
NCN, which becomes greater as NCN increases indicating that



Table 3
Monthly mean values of c and k parameters at Nainital obtained from the power law fit (Eq. 1) for different S ranges.

Month c k k (0.17–0.31) k (0.31–0.46) k (0.46–0.60) k (0.60–0.75)

S range (0.17, 0.31, 0.46, 0.60 & 0.75)

Jun 1708 ± 256 0.57 ± 0.11 0.619 0.652 0.663 0.569
Jul 1386 ± 97 0.45 ± 0.08 0.615 0.652 0.651 0.561
Aug 1092 ± 47 0.45 ± 0.04 0.623 0.649 0.650 0.556
Sep 1607 ± 61 0.39 ± 0.03 0.632 0.655 0.648 0.554

S range (0.10, 0.22, 0.33, 0.48, 0.63 & 0.78) k (0.22–0.33) k (0.33–0.48) k (0.48–0.63) k (0.63–0.78)

Nov 3005 ± 233 0.73 ± 0.06 0.704 0.645 0.617 0.531
Dec 3123 ± 514 1.13 ± 0.13 0.666 0.633 0.623 0.533
Jan 3678 ± 328 0.87 ± 0.11 0.680 0.643 0.624 0.533
Feb 3523 ± 545 1.06 ± 0.15 0.667 0.645 0.624 0.533
Mar 5065 ± 755 1.24 ± 0.12 0.669 0.637 0.615 0.531
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more turbid atmospheres are less CCN active. Similar results
are also reported over Gosan, Korea for polluted air masses
during the Atmospheric Brown Clouds-East Asian Regional
Experiment (Yum et al., 2007).

Fig. 13 presents the NCCN variation as a function of NCN,
using raw data on seasonal basis at two S levels 0.31–0.33
(black color) and 0.75–0.78 (red color). Although the correla-
tions appear to be similar in all seasons (i.e., increasing trend
of NCCN with NCN), differences are observed in the respective
regression slopes. Thus, during winter, pre-monsoon and
monsoon, the regression slope between NCCN and NCN is about
0.37, while in post-monsoon it is higher (0.50) at 0.33% S,
Fig. 12. (a) NCCN and (b) AR at different S (0.31–0.33%, 0.46–0.48% and
0.75–0.78%, respectively) levels as a function of NCN, which is integrated over
500/cm3 bins. The vertical bars represent the standard deviation. The power
law fits are shown as dotted lines.
suggestingmore CCN. At 0.75–0.78% S level, the slopes for post-
monsoon, winter and pre-monsoon are similar (~0.63), while
during monsoon the slope is much lower (0.45), resulting in
small differences in AR between the two S levels. This indicates
that NCCN is either a weak (monsoon) or strong function of S.
The results also reveal that the differences in NCCN between
the two S levels are much larger at high CN concentrations,
suggesting that the larger aerosol loading needs higher S levels
in order to be CCN. In contrast, for aerosol concentrations
below ~3 × 103 cm−3, NCN is similar to NCCN (especially in
monsoon), revealing that the vastmajority of particles are CCN.

In synopsis, the results revealed that the ratio of NCCN toNCN

or AR is seasonally dependent overNainital indicating influence
of distinct aerosol sources, transport pathways, rainfall and
mixing processes. Furthermore, the contrasting features of the
NCN vs NCCN as a function of S for monsoon and winter are
examined in Fig. 14(a–e). The correlation coefficients and the
slopes of the linear regressions increase with the S levels for
both seasons, but the activation of CN to CCN ismore efficient in
winter (larger slopes) than in monsoon (Fig. 14a–e). Further-
more, the slopes of activation increase in a faster rate with S
level in winter (from 0.18 at 0.17% S to 0.63 for 0.77% S)
compared tomonsoon (from 0.21 at 0.17% S to 0.42 at 0.77% S),
suggesting larger increase in AR as a function of S in winter
(Fig. 14). Measurements at Puy-de-Dome (Asmi et al., 2012)
revealed higher slope of CCN vs CNduringwinter (slope=0.47
with R2= 0.80) thanmonsoon (slope= 0.13 with R2= 0.15),
results that are similar to those found at Nainital.

3.7. Comparison between Nainital and IGP-Kanpur site

During the period June–August 2011, simultaneous mea-
surements of NCCN and NCN were performed in Kanpur
(independent from GVAX campaign). Fig. 15a and b shows
the daily variation of NCCN and NCN, respectively at Kanpur and
Nainital (box and whisker chart view), while the daily-mean
AR values are shown in Fig. 15c. For all the graphs the S level at
Kanpur is 0.2% and at Nainital 0.17%. Considerable day-to-day
variation is observed in the NCCN and NCN at both sites, which is
much stronger in Kanpur due to higher rates of anthropogenic
emissions that enhance the concentrations 3 to 4 times those
observed at Nainital. ThemeanNCCN at Kanpurwas found to be
2408 ± 1030 cm−3 compared to 589 ± 288 cm−3 at Nainital,
while the NCN is 9862 ± 4694 cm−3 and 2132 ± 701 cm−3 at
Kanpur and Nainital, respectively. On the other hand, on the



Fig. 13. Correlation between NCN and NCCN at two S levels 0.31–0.33 (black color) and 0.75–0.78 (red color) in each season at Nainital. The whole set of measurements
was used in the correlations, while the slope and R2 values of the linear regressions are given for each case. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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specific days (i.e. 24 June and 3 July, 2011) the CCN values at
Kanpur and Nainital are comparable, but in the vast majority
of the cases they exhibit significant differences in both NCCN

and NCN. Besides large differences in the NCCN and NCN, the
mean AR is comparable at both sites (0.30 ± 0.08 at Kanpur
and 0.28 ± 0.15 at Nainital), in spite of the deviations that are
observed on certain days due to different aerosol composition,
the influence of various sources and additional anthropogenic
emissions at Kanpur (Ram et al., 2008, 2010; Kumar et al.,
2014). The consistency in the AR values suggests similarities in
the origin, characteristics and chemical composition of aero-
sols, supporting transport from the Ganges valley to the
Himalayan foothills. The differences between the two locations
for higher S levels (0.31–0.4 and 0.75–0.8) were found to be
similar to those at 0.2% S and the results are summarized in
Table 4. Based on two years of continuous measurements of
CCN and CN at Kanpur, Patidar et al. (2012) reported significant
inter and intra-seasonal variations, which could be due to
varying local emissions, influence of long-range transport and
different chemical composition. In synopsis, the NCCN and NCN

over Kanpur are very high (about 3–4 times more) compared
to those at Nainital, attributed to the turbid environment over
the Ganges basin during the whole year (Kaskaoutis et al.,
2013).

4. Conclusions

The time-series analysis of NCN, NCCN and ARwas presented
in the framework of an intensive field campaign GVAX in the
Gangetic-Himalayan regionduring June2011 toMarch2012. The
measurements correspond to the Nainital site, located in Indian
Himalayas (1958m amsl) above the polluted Ganges basin. The
main findings of the study are summarized as follows:

1. The CCN, CN and AR showed a pronounced monthly
variation with high values during November to March and
low during June to September.

2. Strong-to-neutral diurnal variation of NCCN and NCN was
observed during the winter-to-summer season, with after-
noon maximums, while the diurnal variation of AR was in
opposite phase (morning maximum and noon minimum).
The lower AR during noontime suggests more non-CCN
particles transported from IGP. The diurnal cycles were
attributed to the evolution of the atmospheric boundary
layer and the uplift of pollutants from the IGP during the
afternoon.

3. Seasonally-changing meteorological conditions favoring
transport of aerosols from different sources, along with
boundary-layer dynamics and RHvariations, seem toplay an
important role in CCN concentrations. The air-mass back
trajectories revealed dominance of aerosol transport from
northwestern India and the west Asian regions, especially
during winter and pre-monsoon. In contrast, during sum-
mer monsoon the air masses were mostly of marine origin
and, combined with the rainy washout over northern India,
they were associated with lower aerosol concentrations.

4. The average values of k obtained from the power law fit
between NCCN and S were found to range between 0.31 ±



Fig. 14. Scatter plot between NCN and NCCN at five S levels during winter (December–January; red color) and monsoon (June–August; black color). The dash and solid
lines shows the linear least square fits between NCN and NCCN. The slope and R2 values of the linear regressions are also given in each panel. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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0.13 (June) and 1.24 ± 0.12 (March), while k exhibited a
decreasing trend with S during winter and was nearly
constant in monsoon. Furthermore, the particles were found
to have larger values of k duringwinter, whereas inmonsoon
NCCN increases with S till ~0.45% S and remains rather
constant above it. NCCN increased significantly with increas-
ing NCN, but AR decreasedwith NCN at all S levels suggesting
that the more turbid atmospheres do not favor CCN.

5. The NCCN and NCN values at Nainital were much lower
(3–4 times) than those measured at Kanpur during the
monsoon period. In contrast, the mean AR was found to be
similar at the two sites suggesting aerosols of similar origin
and characteristics, although on some days it exhibited
significant differences.
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