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In-situ Measurements of Aerosols
from the High-Altitude Location
in the Central Himalayas
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Abstract Aerosols, both natural and anthropogenic, affect the Earth’s climate
directly due to the absorption and scattering of solar radiation and indirectly by
modifying the cloud microphysics. Due to the short lifetime of these aerosols, their
distribution is non-uniform and large uncertainties exist in their estimates at global
and regional scale. The characteristics of atmospheric aerosols vary largely from
one region to another due to spatial and temporal variations in the emission sources,
transport, atmospheric transformation and removal of aerosol particles. The aerosol
measurements over the Himalayan region are of crucial importance in order to pro-
vide a far-field picture quite away from potential sources. The ground-based mea-
surements of aerosols are utilized along with satellite data to explain various aerosol
characteristics over the Himalayan region. The roles of different processes such
as boundary layer dynamics, meteorology, regional and long-range transport are
assessed. In addition, the aerosol variation over the foothills of the Himalayas in
the Indo-Gangetic Plain region has also been studied and the role of the boundary
layer dynamics and updraft/downdraft of aerosols is elaborated. The high-altitude
location of Himalayas is characterized by the low aerosol loading specially in winter,
while significant aerosol abundance is observed in the spring. However, the signifi-
cant aerosol abundance is observed over the foothills location throughout the year.
The strong confinement of aerosols in the foothill region is evident, which leads to
the significant enhancement in the surface concentration of aerosols. Interestingly, in
the spring season, significant aerosol abundance is seen over the Himalayan region
as well. The investigation of the mixing layer depth and the vertical distribution of
aerosols over this region in spring reveals the transport and buildup of aerosols from
the foothills region to the Himalayan region. The role of absorbing aerosols in the
radiation budget over the central Himalaya region is also discussed.
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3.1 Introduction

Theglobal climate systemdepends upon the balance between the incoming solar radi-
ation and outgoing long-wave (infrared) terrestrial radiation (Charlson et al. 1991;
Hansen et al. 1998; Seinfeld et al. 2004) and an interaction between its subcompo-
nents. The changes in the aerosol content and greenhouses gases present in atmo-
sphere alters the radiative balance of the climate system (Haywood and Ramaswamy
1998; Myhre et al. 1998). The quantification of radiative forcing by aerosols is more
complicated and uncertain than greenhouse gases due to high variability in aerosol
mass and particle number concentrations in space and time owing to their short
lifetime (about a week) as compared to the greenhouse gases (which have longer
lifetime). Aerosols are known to affect the radiation budget through direct effect
(through scattering and absorption of the incoming radiation) and indirect effect
(modification of the microphysical properties of clouds). Aerosols thus have sub-
stantial influence on the Earth climate at the regional and global scales by affecting
the radiation budget, cloud microphysics, hydrological cycle, and monsoon patterns
(Lelieveld et al. 2001; Jacobson 2001). Interestingly, the aerosols of anthropogenic
origins are found to be associated with the climate change via their interaction with
radiation and clouds (Boucher et al. 2013).

The lack of observations of aerosols characteristics and spatio-temporal distribu-
tion coupled with the multi-faceted impacts on climate makes aerosols one of the
least understood components of theEarth’s climate (IPCC2007;Boucher et al. 2013).
There exist large uncertainties in their global and regional estimates (Ramanathan
et al. 2001a) due to non-uniform distribution over the globe. Although the model pre-
dictions have significantly improved in recent times, still the most of the available
models possess high degree of uncertainty associated with their use and capturing
the actual magnitude of aerosol. The ground based actual measurements of aerosols
and their properties thus are of crucial importance for realistic impact assessments
and model evaluations.

Some of the recent studies have indicated the significant aerosol abundance over
the South Asian region (Ramanathan et al. 2001b; Lelieveld et al. 2001) and the pos-
sible impacts of aerosols. This region is alsomarkedwith the high levels of absorbing
aerosols (Koch and Hansen 2005; Lawrence and Lelieveld 2010). In recent times,
the increase in anthropogenic activity has been witnessed in terms of accelerated
population density, industrialization and urbanization leading to aerosol abundance
in the atmosphere. The enhancement in the aerosol emission is reported over the
Asian region (Zhang and Reid 2010; Lu et al. 2012; Boucher et al. 2013) including
the Indian region (Porch et al. 2007; Streets et al. 2009; Moorthy et al. 2013a). The
Indo-Gangetic Plain (IGP) region is marked with the high abundance of aerosol and
gaseous pollutants throughout the year, which not only affects significant pollution
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load over this region (Dey et al. 2004; Singh et al. 2004; Gautam et al. 2010, 2011;
Giles et al. 2011; Joshi et al. 2016), but also the nearby elevated slopes of Himalayas
(Pant et al. 2006; Dumka et al. 2010; Gobbi et al. 2010; Bonasoni et al. 2010; Mari-
noni et al. 2010; Kumar et al. 2011; Srivastava et al. 2012). Aerosols from IGP can
be transported to high altitude regions by enhanced convection and uplifting, and can
have myriads of effects, once reached the Himalayas. The close association between
the pollution load of IGP is found to be associated to the Himalayan climate, which
thereafter affects the regional climate significantly by affecting the dynamics, hydro-
logical cycle and radiation budget of the region (Menon et al. 2002; Lau and Kim
2006; Lau et al. 2010).

3.1.1 Atmospheric Aerosols

Atmospheric aerosols are defined as particles in solid, liquid or in mixed phase
dispersed in the atmosphere (Seinfeld and Pandis 1998). The term aerosol was coined
in the year 1918 by the physical chemist E.G.Donnan. Itwas considered as analogous
to the term hydrosol, which is a stable liquid suspension of solid particles (Hinds
1999). A. Schmauss got the term integrated into the meteorological literature in the
early 1920s. Atmospheric aerosols are two/three-phase systems (solid-gas, liquid-
gas and a combination of both), the common examples of which are dust, fume,
smoke, fog, haze, smoke, smog and clouds (Seinfeld and Pandis 1998). The size of
aerosols varies from ~10−3 to 100 μm (Junge 1963; Prospero et al. 1983).

3.1.2 Aerosol Sources and Production

Atmospheric aerosols can be of natural as well as of anthropogenic origin (Sein-
feld and Pandis 1998) (Fig. 3.1). The natural sources include windborne dust, sea
spray, volcanic activities and biomass burning, while anthropogenic activities mainly
include fuel combustion, industrial emissions, transportation and biomass burning
due to crop harvest. There are also common sources i.e., biomass burning, soil dust
emissions etc., which can be originated from both the natural and anthropogenic
sources. The natural aerosols are reported to be present in the higher amount ~4–5
times larger than anthropogenic ones on the global scale, but regional variations in
anthropogenic aerosols are reported to change this ratio significantly in the indus-
trialized Northern Hemisphere (Seinfeld and Pandis 1998). Aerosols, when directly
emitted from their sources are called primary aerosols (e.g., black carbon, soil dust,
sea salt). Aerosols can also be formed in atmosphere by the oxidation of the precur-
sor gases (i.e., nitrogen oxides, sulphur dioxide, and volatile organic compounds),
the resultant oxidation product then nucleate to form new particles or condense on
pre-existing ones forming secondary aerosols (Seinfeld and Pandis 1998).
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Fig. 3.1 Schematic representation of aerosol emission sources, deposition, transport and transfor-
mation processes, and aerosol effects (direct and indirect)

Aerosols aremainly produced by bulk to particle conversion process also called as
“mechanical disintegration”, which is themost common andmajor process of aerosol
production (Prospero et al. 1983). The gas-to-particle production of aerosols however
is a secondary process of aerosol production. The aerosols formation occurs as a result
of chemical reactions between various gaseous species in the atmosphere, followed
by nucleation and condensation. The gases or vapors with low vapor pressure in the
atmosphere condense on to existing particles and increase the mass of aerosols or
condense to form new particles in the air. The particles produced from gas-to-particle
process are hygroscopic in nature and are efficient cloud condensation nuclei (CCN).
Atmospheric aerosols are broadly classified in two main categories, fine and coarse
mode aerosols (Fig. 3.2). The fine fraction of aerosols is comprised of the Aitken
mode and the accumulation mode of particles. The particles in the accumulation
mode are of crucial importance as they are most stable, characterized by larger
lifetime and have the significantly high impact on climate. The most common types
of the aerosols found in the atmosphere are mentioned below.

3.1.2.1 Dust Aerosols

Dust aerosols are one of the major type of natural aerosols (Alfaro et al. 1997)
originated predominantly from desert regions in the Northern Hemisphere. The dust
source regions mainly include deserts, semi-arid desert fringes, dry lakebeds, and
the arid regions with low vegetation. The origin of dust can be both the natural as
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Fig. 3.2 Idealized representation of the size distribution (surface area) of the atmospheric aerosol
(Whitby 1978). The common formation mechanism, sources and removal processes of aerosol are
shown
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well as anthropogenic in origin. The larger size dust particles are found near the
source regions while the small size dust can easily transport to much larger distances
(Prospero et al. 2002).

3.1.2.2 Sea Salt

Sea salt aerosols are of natural origin contributing to about ~30% of global aerosol
burden (Fitzgerald 1991). These aerosols are generated by a wide range of physical
processes, the most effective of which is bursting of air bubbles entrained in the
ocean surface during white cap formation (Blanchard 1985; Monahan 1986), which
strongly depends upon the wind speed. These aerosols are hygroscopic in nature and
are very efficient cloud condensation nuclei (CCN).

3.1.2.3 Black Carbon

Black carbon also called as ‘BC’ is the most absorbing primary aerosol with strong
and wide absorption in the visible and Infrared (IR) range. It is emitted from the
incomplete combustion processes such as fossil fuel and biomass burning, thus much
of the atmospheric BC is of anthropogenic origin. BC is known to retain its basic
form at very high temperatures, with a vaporization temperature near 4000 K (Bond
et al. 2013). It serves as an excellent tracer (due to its inert nature and longer lifetime)
to study the anthropogenic influence at remote sites. BC can undergo the regional
and intercontinental transport even to the remote and clean locations in Arctic (Stohl
2006).

3.1.2.4 Organic Carbon

Organic carbon (OC) is produced from both primary emissions as well as secondary
transformations. TheOC aerosols scatter the solar radiation and are known as scatter-
ing aerosols. OC aerosols are comprised ofmyriads of organic compounds with vary-
ing volatility and polarity, which makes the study of the effect of individual organic
compounds quite challenging. Due to the presence of polar functional groups, for
example carboxylic and dicarboxylic acids, OC aerosols also participate in cloud
droplet nucleation (Saxena and Hildemann 1996).

3.1.2.5 Sulphate and Nitrate Aerosols

Sulphate aerosols are produced via chemical reactions in the atmosphere from
gaseous precursors (i.e., SO2 from anthropogenic sources and volcanoes, and
dimethyl sulphide (DMS) from biogenic sources, especially marine planktons) and
are efficient CCN. The volcanic eruption also adds large amount of SO2 into the
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stratosphere, where it is converted to sulphate aerosols. The industrial activities also
contribute to sulphate aerosols (Charlson et al. 1992). Nitrate aerosols are also pro-
duced by chemical reactions in the atmosphere from gaseous precursors, produced
either naturally or anthropogenically and are also efficient CCN.

3.1.3 Aerosol Transport, Transformation and Removal

Atmospheric aerosols, once airborne can undergo the change in their size and com-
position by coagulation with other species, condensation of vapor, by evaporation,
chemical reactions, and by activation in presence of water supersaturation to form
clouds and fog. Atmospheric aerosols can also exist in different mixing state (exter-
nally or internally) depending upon how the constituent chemicals are distributed
among the particles. The particles from diverse sources remain separated in an exter-
nal mixture, while diverse chemical components get mixed to form a single particle
in an internally mixed aerosols. The nature of mixing affects optical and physi-
cal properties of aerosols, and plays a crucial role in the aerosol radiative forcing.
The changes in the aerosols number density, size distribution and hence in their
optical and radiative properties can also occur during the transformation process.
The main aerosol transformation processes are known to be condensational growth,
coagulation, and the processing of aerosols by non-precipitating cloud cycling. The
transformation processes are not the removal process as aerosol mass is not removed
from the atmosphere during this process.

Aerosols are known to be removed from the atmosphere by two main processes:
dry and wet removal processes. The dry removal processes, also called as dry
deposition or sedimentation, involves sedimentation of particles due to gravity and
impaction onto surfaces, while the wet processes involve the rain out and wash out
processes (Pruppacher andKlett 1978). The sedimentation process is significant only
for aerosols with diameters greater than a few micrometers. Wet removal however
is the main removal process for smaller particles. The wash out scavenging is the
below cloud scavenging and involves removal of aerosols from the atmosphere by
the falling rain drops. The rainout process mainly describes the removal of a cloud
condensation nuclei and takes place within the cloud. Aerosols also undergo trans-
port at regional, intercontinental and global scales from their source region to distant
locations by means of prevailing winds. The synoptic scale air masses influence the
aerosol concentration significantly (Smirnov et al. 1995). Aerosols when get trans-
ported to the free troposphere, can stay there for a longer time and can undergo long
range transport from there.
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3.1.4 Brief Background and the Study Region

The systematic measurements of aerosols have been initiated over the Indian region
since the 1980s at several distinct geographical regions under I-MAP (Indian Mid-
dle Atmosphere Programme) and ISRO-GBP (Indian Space Research Organiza-
tion, Geosphere Biosphere Programme) (Moorthy et al. 1999). Several campaigns
were also conducted i.e., The Indian Ocean Experiment (INDOEX) (Satheesh and
Ramanathan 2000; Ramanathan et al. 2001b), Integrated Campaign for Aerosols,
gases and Radiation Budget (ICARB) (Moorthy et al. 2008), and other land cam-
paigns (LC-I, LC-II) in order to better understand the role of aerosols over vari-
ous regions (mainland and oceans). The initiation of establishing several permanent
aerosol monitoring stations from the ground based diverse locations started under
Aerosol Radiative Forcing over India (ARFI) project of ISRO-GBP. Initially few
monitoring stations were established, followed by more over the time in order to
study aerosol impacts, to generate regional aerosol database, and radiative forcing
maps for climate impact assessment over the Indian region. Realizing the importance
of the aerosol measurements from the Himalayan region, aerosols observations were
initiated at the high-altitude site, Aryabhatta Research Institute of Observational
Sciences (ARIES) (earlier known as state observatory) (29.4° N, 79.5° E, 1958 m
msl), Nainital in year 2002 under the ISRO-GBP program. The actual ground-based
observations of aerosols are quite limited and nearly non-existing over the Himalayas
considering the diversity of the region and topographic changes. In the later years,
aerosols observations were also setup at Kullu (31.9° N, 77.1° E, 1154 mmsl) (since
year 2007), and more recently at Hanle (32.7° N, 78.9° E, 4520 m msl) (since year
2009).

Aerosol observation and reported studies from Nainital site had shown that the
site is characterized by very low aerosol optical depth (AOD) comparable to the
Antarctic environment in winter, while in summer typical to the continental location
(Sagar et al. 2004). The observations of black carbon mass concentration however
(started later in November 2004 at the site) indicated that the BC contributes about
~5.0% to the composite aerosol mass at the site in thewinter season (Pant et al. 2006).
The site also experiences the dust storm, which typically originates from the Thar
Desert. The enhancement in the aerosol columnar loading due to the dust storm was
reported to be two to four times higher particularly at longer wavelengths (Hegde
et al. 2007). Aerosol optical and physical properties and surface concentration of BC
was studied and reported from the site (Dumka et al. 2008, 2010). The possibility of
influence of the aerosols from the nearby valley region to the observation site was
also indicated, however the actual simultaneous observations at the foothills locations
were not present for the comparison. Aerosol observation of BC mass concentration
was then initiated at the low altitude foothills site, Pantnagar (29.0° N, 79.5° E, 231m
msl) (since year 2009) in the Indo-Gangetic Plain region in order to study the aerosol
sources, the role of boundary layer dynamics and updraft/downdraft of aerosols from
IGP region to the nearby Himalayan region.
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In the present study, an attempt has been made to study the aerosol climatology
from the high-altitude site in the central Himalayan region. The long-term datasets
of aerosols have been utilized for the trend estimations in aerosols over this region.
Further, aerosol characterization from foothills location in the Indo-Gangetic Plain
region has also been made and reported and the associated processes have been
discussed.Thepossible sources of aerosols, their seasonality andprocesses governing
the observed concentration or loading have been discussed. The columnar, surface
and vertical variation of aerosols have been studied and discussed here along with
the aerosol measurement from the space borne sensors. These ground-based datasets
have also been utilized for the comparison with the model simulations over this
region.

3.2 Measurement Sites, Observations and Database

The ground-based observations of aerosols have been used from a high alti-
tude, regional representative site, Nainital (29.4° N, 79.5° E, 1958 m msl)
(Fig. 3.3) in the central Himalayas. It is an ideal site for studying the far-
field impact of anthropogenic aerosols, by virtue of being situated far away
from the major aerosol sources. In addition, aerosol observations from the low alti-
tude, foothill site, Pantnagar (29.0° N, 79.5° E, 231 m msl) in the Indo-Gangetic
Plain (IGP) region has also been used (Fig. 3.3), which represents as an ideal site for
studying the aerosol characteristic near the source region. Although, these two sites
are located at an aerial distance of ~30 km, they are characterized by different topog-
raphy, vegetation type and meteorological parameters. The site, Nainital is located at
the mountain top, the north and north-east of which is the high-altitude Himalayan

Fig. 3.3 Spatial variation of aerosol optical depth (AOD 550 nm) obtained from MODIS (Terra)
satellite. The location of the high-altitude observation site, Nainital (NTL: 29.4° N, 79.5° E, 1958 m
msl) in the central Himalayas and the foothill site, Pantnagar (PNT: 29.0° N, 79.5° E, 231 m msl)
in the Indo Gangetic Plain region is shown. The country capital Delhi (DLH) is also shown
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mountain range, while towards the south and southwest lies the low altitude plain
merging with the IGP region. The mean temperature experienced at the Nainital site
reaches maximum ~22.3 °C (Tmax ~ 30 °C) in June, while minimum monthly mean
in January is ~5.2 °C (Tmin ≤ 0), while at Pantnagar site, the maximum monthly
mean temperature observed in June reaches ~30 °C (Tmax ~ 42 °C), with minimum
in January is ~10 °C (Tmin ≥ 3 °C) (Joshi et al. 2016). The additional details regard-
ing the present high-altitude site have been reported in the earlier studies (Pant et al.
2006; Dumka et al. 2010; Naja et al. 2016).

The measurements of black carbon (BC) mass concentration has been made using
the optical measurements from seven-channel (0.37–0.95μm)Aethalometer (Magee
Scientific, USA). The light attenuation through a quartz filter paper has been mea-
sured in order to compute the absorption coefficients bymeasuring the light transmis-
sion through the particle laden and particle free reference spot of filter. The absorption
coefficients were then converted into the BCmass concentration by utilizing the cali-
bration factors of correspondingwavelengths asmentioned bymanufacturer (Hansen
et al. 1984). This instrument utilizes the 0.88 μm wavelength for determination of
BC mass concentration. BC is reported to be the principal absorber of light at this
wavelength (Bodhaine 1995) with negligible contribution from other components.
BC measurements at 0.88 μm from Aethalometer has been extensively used in liter-
ature (Hansen et al. 1984; Moorthy et al. 2004; Pant et al. 2006; Satheesh et al. 2008
and many others). Although the optical attenuation technique used in this instru-
ment is widely used, it is found to suffer from various systematic errors as being the
filter-based absorption technique and needs to be corrected. The instrument suffers
from the uncertainty arising due to the multiple scattering in the quartz fibre matrix
of the tape (also called C-factor) and another for ‘shadowing effects’, arising due
to deposition of scattering material along with BC in filter tape, which needs to be
corrected (Weingartner et al. 2003). Additional details regarding instrumentation,
methodology and associated uncertainty are quite well documented (Hansen et al.
1984). The details of the instrument setup can be found in Pant et al. (2006) and
Dumka et al. (2010).

The columnar abundance of aerosols has been studied using the hand held, Sun-
photometerMICROTOPS-II (SolarLightCompany,USA), a very popular andwidely
used instrument formeasuring the aerosol optical depth. The instrument contains five
different interference filters at 380, 440, 500, 675 and 870 nm wavelengths, and pro-
vides aerosol optical depth (AOD) corresponding to these channels using Bouguer-
Lambert-Beer law. The instrument is equipped with accurately aligned optical colli-
mators, with a full field view of 2.5°. Instrument is integratedwith the internal baffles,
which eliminate internal reflections. The filter used in the 380 nm channel has the
wavelength precision of ±0.4 nm, and a full width at half maximum (FWHM) band
pass of 4 nm, while other channels are characterized by peak wavelength precision
of ±1.5 nm, and FWHM band pass of 10 nm. The instrument is operated only when
the region of sky (~10°) around the Sun is free from clouds in order to avoid cloud
contamination in the data (Pant et al. 2006). The details of the instrument have been
well documented (Morys et al. 2001; Ichoku et al. 2002). The instrument setup at the
site has been same as described in Pant et al. (2006) and Kumar et al. (2011). AOD
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observations at the foothills region have been studied using data from AERONET
(Aerosol Robotic NETwork) (Holben et al. 1998, 2001). The direct Sun and diffuse
sky radiances at eight spectral channels (340, 380, 440, 500, 675, 870, 940, and
1020 nm) are measured from the CIMEL sun/sky radiometer of AERONET (Holben
et al. 2001; Eck et al. 1999). The direct Sun measurements were made once every
15 min at 340, 380, 440, 500, 675, 870, 940, and 1020 nm. The uncertainty in AOD
retrieval under cloud free conditions is less than less than ±0.02 for shorter wave-
lengths and ±0.01 for λ > 440 nm. The quality assured datasets which are pre and
post field calibrated, cloud cleared and manually inspected were used.

The vertical variation of aerosols has been studied using the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) (Winker et al. 2009)
datasets. CALIPSO was launched in April 2006 in the A-train constellation of satel-
lites (Stephens et al. 2002) as part of the NASA Earth System Science Pathfinder
(ESSP) program in collaboration with the French space agency CNES. Themain aim
of CALIPSO was to understand and fill the existing gaps in the global distribution
and properties of aerosols and clouds. The satellites of the A-train are in a 705 km
sun synchronous polar orbit, with a16-day repeat cycle characterized by an equato-
rial passing time of about 13:30 local solar time. CALIOP is the first polarization
lidar to provide global atmospheric measurements of aerosol and clouds around a
solid-state Nd:YAG laser, which produces simultaneous, coaligned, pulses at 1064
and 532 nm. The elastic backscatter observations are utilized at 532 and 1064 nm
channels (Winker et al. 2009). The CALIPSO profiles of aerosol extinction coeffi-
cient (version-3, 5-km horizontal resolution datasets) have been studied. The Hybrid
Extinction Retrieval Algorithm (HERA; Young and Vaughan 2009) has been used
to derive the extinction coefficients. The six aerosol types are represented by aerosol
models with a prescribed bi-modal size distribution (fine and coarse mode) and a
characteristic complex refractive index for each mode and wavelength (Omar et al.
2009). The discrimination between ice clouds and water clouds and the identification
of non-spherical aerosol particles is done by depolarizationmeasurements. Addition-
ally, the other information like the aerosol size and type of aerosols as smoke, dust,
polluted dust etc. has also been obtained from the ratios of the signals obtained at
the two wavelengths.

The model simulations have also been used in order to evaluate the model perfor-
mance over the region. The Weather Research and Forecasting Model (version 3.6)
(Skamarock et al. 2008) coupled with chemistry (Grell et al. 2005) has been used to
simulate BC mass concentration. In order to avoid influence due to topography, the
observations from the low altitude site, Pantnagar has been compared. The model
domain has been centered at Pantnagar (79.5° E, 29.0° N) and has (100, 100, 37) grid
points in (longitude, latitude, vertical) directions. Aerosol processes have been taken
from GOCART bulk aerosol scheme (Chin et al. 2002). Anthropogenic emissions
of BC, OC and SO2, PM2.5 and PM10 have been taken from Emission Database for
Global Atmospheric Research (EDGAR) available at a spatial resolution of 0.1° ×
0.1° (Janssens-Maenhout et al. 2012). The complete model setup and other details
have been reported in Kumar et al. (2012) and Joshi et al. (2016).
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3.3 Aerosols Climatology and Trends from a High-Altitude
Site

The high-altitude regions of Himalayas are far away from any major anthropogenic
activities and are best suited to study the regional enhancement in aerosols and its
impacts. The long-term ground-based datasets of aerosol black carbon (2005–2016)
and aerosol optical depth (2005–2014) from the regional representative site, Nainital
in the central Himalayas, has been utilized to infer aerosol climatology and trends
in aerosols over this region. The ground-based estimation of aerosol trends over the
Himalayan region are of crucial importance considering the complex topography of
the region, limited availability of observations and close proximity of the Himalayan
region from the highly polluted Indo Gangetic Plain (IGP) region.

The climatology in BC was examined. The minimum BC concentration was
observed during the July–August due to scavenging during monsoon, while high
BC was observed from March till May season each year. The monthly mean BC
concentration during the observation period showed as high as ~2.49 μg m−3 in
April month, while monthly BC as low as ~0.29 μg m−3 was observed in Septem-
ber month. The influence of the background level enhancement in the BC has been
explored by examining the daytime and the nighttime levels in BC. As the site is
located at the mountain top surrounded by the valley region, so the diurnal variations
in BC are indicative of the evolution of the aerosols from nearby valley regions and
other low altitude regions to the site. The amplitude in BC has been found to be
maximum in winter season, while nearly flat pattern in BC was observed in spring.
The close examination of data reveals that during winter (December to February)
the background (night time) levels of BC were quite low, while BC during daytime
showed a significant enhancement due to transport of BC from nearby valley regions
to this site. The major contribution of BC in winter has been observed to be coming
from the valley regions during the daytime, while during nighttime, BC aerosols
along with other aerosols subside in the valley region. Quite interestingly, significant
enhancement in background (night time) BC is seen in the spring (March to May)
each year due to the biomass burning around the nearby regions. The long-term data
of BC were then utilized for examining the trend over this region. The linear trends
were estimated in the monthly mean BC, which shows a positive slope of ~1.511
(ng m−3 per year) with standard error (σω) of ~0.975. The positive slope in BC indi-
cates that the black carbon aerosols have been increasing at the site although at a slow
rate. The reported BC trends are very less and nearly non-existing over the Indian
region, specially over the Himalayan region. The observed trends might be useful to
study the actual impact of aerosols over this region in future. The observed increasing
trends in BC were consistent with some of the reported model based studies, which
had reported increased warming, accompanied by earlier snow melt and retreat of
high mountain glaciers over the Himalayas (Jain 2008; Kulkarn et al. 2007) and
Tibetan Plateau (TP) regions (Ramanathan et al. 2007; Flanner et al. 2009; Menon
et al. 2010). Based on the back trajectory analysis, Lu et al. (2012) also reported
that the amount of BC received by the Himalayas and Tibetan Plateau (HTP) region
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has increased by 41% from 1996 to 2010, the main contributing source regions were
reported to be SouthAsia and East Asia accounting for 67 and 17%of BC transported
to the HTP on an annual basis.

In addition, the climatology in the columnar abundance of aerosols was examined,
which revealed that the climatological daily mean AOD (500 nm) varied from 0.019
(January) to 0.820 (April) while monthly mean climatological mean AODwas found
to vary from ~0.189 to ~0.515, with an annual mean ~0.189 (500 nm). The aerosol
loading was found to be minimum in winter and maximum in spring season at
Nainital. It is interesting that minimumAOD does not occur in the monsoon because
of the hygroscopic growth of aerosols, but happens in winter. The enhancement in the
aerosol due to the northern Indian biomass burning was reported at the site in spring
season. The enhancement in the BC and AOD (0.5 mm) due to biomass burning was
found to be ~1.8μgm−3 (~145%) and 0.3 (~150%) respectively at the site, leading to
the additional atmospheric warming of 19Wm−2, with the enhancement in the lower
atmospheric heating rate by 0.8 K day−1 (Kumar et al. 2011). The northern Indian
region experiences the influence of the dust transported from the northwestern arid
regions to the IGP (Prospero et al. 2002; Agnihotri et al. 2011) in each spring (Sikka
1997; Dey et al. 2004). The influence of the transported dust from Thar Desert has
been reported at the Nainital site (Hegde et al. 2007). Dust, when mixed with BC, is
reported to cause enhanced absorption even greater than what is observed solely due
to BC in IGP (Gautam et al. 2011).

AOD at the site also showed increasing trend. The monthly mean AOD data
(500 nm) when examined for trend showed a positive slope of ~0.000774 year−1

with a standard error (σω) of ~0.000415. The multi-wavelength data of AOD was
used to examine the aerosol size by investigating the ‘angstrom exponent’ (AE) by
the method mentioned by Angstrom (1964). The slope of the monthly mean AE
(440–870 nm) was found positive ~0.00374 year−1 with a standard error (σω) of
~0.00144. The increasing trends, observed over the site, indicate that the aerosol
loading might have increased over the site in the recent times. The observed increase
in the aerosol loading is in accordance to what is reported at the other locations,
where AOD is reported to increase. Over the Indian region, Moorthy et al. (2013a)
had utilized the AOD data of various ground-based networks of observatories (under
ARFI project of Indian Space Research Organization) to deduce the regional nature
of aerosol loading over this region. It was reported that AOD over the Indian region
increased at a rate of 2.3% (of its value in 1985) per year, while more rapidly with
enhancement of ~4% in the recent decade (Moorthy et al. 2013a). The major fraction
of this enhancement was also found to be of anthropogenic origin.

The observed trends at the present site (~0.0007 year−1) have been compared with
the AOD trends reported by Babu et al. (2013). The observed trends at the present
site were less (as the site is situated far away from any major anthropogenic source
region) than what reported at Port Blair (an island location in the Bay of Bengal)
~0.0097 year−1, andMinicoy (location in IndianOcean) ~0.0208 year−1, Trivandrum
(a coastal location in south India) ~0.011 year−1, Visakhapatnam (industrialized
coastal location in east coast of India) ~0.0266 year−1, Hyderabad (Industrialized,
urban location close to central India) ~0.0127 year−1, and Dibrugarh (North-Eastern
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India) ~0.0135 year−1. Interestingly, AOD trend over the two nearby IGP locations
Patiala (semi urban, western part of Northern India) and Kanpur (Industrialized,
urban location in IGP) were also found to be increasing at a rate of ~0.0127 year−1

and ~0.0089 year−1 respectively. The increased aerosol abundance at these two IGP
locations indicated that there is a possibility of the regional level enhancement of
aerosols over the IGP region, which might lead to the background levels enhance-
ment of aerosols at nearby Himalayan regions in future. The combined effect of
the observed enhanced aerosol loading and BC over this region indicates the pos-
sibility of enhanced atmospheric warming over this region in future as well. The
atmospheric warming strongly depends upon the contribution of absorbing aerosols.
The increasing trend in aerosol loading with increasing trend in BC contributes to
the net warming, while decreasing trend in BC suggests decreased warming or less
warming potential of aerosols.

3.4 Aerosol Variation at the Adjacent Foothills Location

In order to see the aerosol variation near the source region in the foothill locations
in IGP region and its influence to the nearby Himalayas, the aerosol measurements
were initiated at the foothills location, Pantnagar (29.0° N, 79.5° E, 231 m amsl)
shown in Fig. 3.3. BC serves as an excellent tracer of anthropogenic influence and
has been studied extensively over this foothill region. BC datasets (2009–2012) when
examined showed that theBC concentrations in the foothills regions of theHimalayas
were quite high as shown in Fig. 3.4, typical to that of the semi urban/urban site. BC
levelswere observed to showdifferent diurnal variation (with twopeaks;morning and
evening peak with the daytime minimum BC) and seasonal variations with winter
maximum at the site. This is in contrast to what was observed at the nearby site
Nainital, where the diurnal variations result in a single afternoon peak in BC with
maximum BC observed in the spring season. BC at the foothill site, was found to
start increasing about an hour before sunrise, attaining the morning peak (linked
with fumigation effect arising due to entrainment of BC aerosols from the nocturnal
residual layer) within an hour or two and decreased afterwards during daytime. This
resulted in lowest levels in the afternoon (due to turbulent mixing that dilutes the
surface BC), followed by an increase after sunset attaining secondary peak in the
evening, which then slowly decreases in the nighttime. The reduced mixing after
sunset and rapid cooling of land leads to the formation of nocturnal layer resulting in
the trapping of pollutants near surface during nighttime. The diurnal variations were
clear and sharp in all the seasons at the foothill region showing maximum diurnal
amplitudes in the winter season followed by autumn and minimum amplitude in
summer-monsoon.

The impact of the local anthropogenic activities was also studied in terms of the
weekly cycles in BC, which revealed a clear enhancement of ~88% in BC levels
(in January) during weekdays, when compared with weekends levels. Higher BC in
weekdays has been associated with traffic patterns and industrial activity (in nearby
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Fig. 3.4 Seasonal variations in BCmass concentrations (2009–2012), and seasonal mean noontime
(1200–1400 h) mixing layer depth

region, within ~20 km) during weekdays, as compared to weekends with reduced
industrial activity. The weekly variations in aerosols, however can be altered or
completely masked by other factors like wind speed, wind direction, rainfall and
long-range transport.

Investigation of the seasonal variation in BC when examined showed a maxi-
mum monthly mean BC in December (9.3 ± 5.1 μg m−3) and minimum in August
(1.9 ± 1.8 μg m−3) (Fig. 3.4). BC was found to be maximum in winter (7.9 ±
5.2 μg m−3), the biomass/biofuel burning for cooking and heating purpose in win-
ter was the possible major source of BC during this season. The minimum BC was
reported in summer-monsoon (2.8± 2.8μgm−3) (Fig. 3.4). The seasonal variation in
BC shows reduction in the spring season at the foothill site. The reduction in the sur-
face concentration of BC in spring season at the foothill region, despite the enhanced
aerosol abundance in the spring season, was due to the extensive mixing of aerosols,
as indicated by the mixing layer depth variation shown in Fig. 3.4. The aerosols near
surface might have advected to the higher altitudes in spring. The observed BC con-
centration over the foothill site was then compared to what was observed at Nainital.
BC was observed to be low at the Himalayan site (annual mean ~1.0 μg m−3), while
significant high BC (~5.50 μg m−3) was observed over the foothills site with differ-
ent diurnal and seasonal variations. Seasonal mean BC was found to be maximum at
the Himalayan site in spring, while at IGP, maximumBCwas observed in winter. BC
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was observed to be significantly high at foothills site in winter (~569%), followed
by autumn (~543%), summer-monsoon (~304%) and spring (~240%) as compared
to what observed at the Himalayan site. A clear evidence of the direct influence of
aerosols from IGP to Himalayan region was observed in spring when the day to day
variation in BC was in good association at these two sites. The possibility of direct
transport was observed to be minimum in winter. The observed differences in BC, in
particular in spring, provided the strong motivation to study the columnar abundance
of the aerosols from the site and the spatial variation of aerosols over this region.

The columnar abundance of aerosols at the foothill site Pantnagar showed sig-
nificant high AOD values with maximum columnar abundance of aerosol observed
in the spring season (>0.6), which suggested that the surface level aerosols might
have advected to the higher altitude regions in the spring leading to the low surface
concentration of BC (along with other aerosols) while high total columnar abun-
dance of aerosols. Monthly average AOD was maximum (>0.6) during late spring.
The aerosol abundance was significant at the Pantnagar site throughout the year
(annual mean AOD ~ 0.56 ± 0.32). The significant aerosol abundance was observed
in the foothills regions in the winter season (AOD > 0.4), suggesting a typical semi-
urban/urban nature of the site. The observed different seasonal cycle of AOD, as
compared to BC, at Pantnagar indicates the smaller contribution of BC in the total
columnar abundance of aerosols by mass. The investigation of angstrom exponent
revealed the presence of the coarse mode of aerosols during March–June at the site,
as the site receives the significant amount of dust aerosols during this period. The
columnar abundance of aerosol over the Himalayan site reveals very lowAOD in fine
mode (typical to clean free tropospheric site) in winter with significant aerosol load
observed in spring dominated by coarse mode of aerosols. The spatial variation of
AOD fromMODIS and absorbing aerosols (retrieved aerosol index) from the Ozone
Monitoring Instrument (OMI) also showed maximum loading in the spring season.

3.5 Role of Mixing Layer Depth and BC-CO Relation

The influence and variations in planetary boundary layer height on the surface evo-
lution of BC was explored by investigating the association between BC and mixing
layer depth (MLD). The MLD plays an important role in determining the concentra-
tion of pollutants near surface and their distribution above the surface. It represents
the volume available for dispersion of pollutants due to convection or mechanical
turbulence. Due to lack of the ground-based observations of the planetary boundary
layer height at the site, the MLD height was calculated using HYSPLIT model. The
influence of the MLD in BC was examined at the low altitude foothills site, which
also helped in understanding the uplifting of aerosols to the nearby higher altitude
regions. The noon-time (1200–1400 h, IST) MLD estimation was carried out around
Pantnagar (1°× 1°), which showedMLD to bemaximum inApril–June (higher solar
radiation and surface temperature), which then decreased to about 1000 m during
August–January with a minimum value of ~832 ± 193 m in December as shown in
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Fig. 3.4. The reduction in the solar radiation, cloudy conditional and rainfall causes
reduction in MLD during monsoon. Interestingly, the higher BC level in winter (7.9
± 5.2 μg m−3) and autumn (6.5 ± 4.9 μg m−3) was found to coincide with lower
values of MLD during these seasons (about 1050 m) indicating that the mixing of
BC emitted from sources is limited to quite a less volume as compared to spring and
summer seasons (Fig. 3.5).

In order to better understand the evolution of BC with MLD, the daytime
(1100–1700 h) variation in BC andMLDwas studied and is shown in Fig. 3.5. Inter-
estingly, an inverse association, with highest anti-correlation (R2 = 0.89) is observed
in winter followed by autumn (R2 = 0.76) and spring (R2 = 0.61) was found while
minimumassociationwas found inmonsoon (July–August) (R2 = 0.33). It was found
that the variations inMLD had a strong role in governing wintertime BC, whileMLD
played a weak role during the monsoon period when the observation site is under the
influence of the rainfall, and receives intense air-masses from oceanic regions.

The variation in BC and Carbonmonoxide (CO) was then explored, both of which
were found to be governed by similar evolution with MLD. The common sources of
combustion were identified by utilizing the BC-CO relation for the first time over
the Indian region. Both BC and CO have been linked closely with each other via
combustion process, as the type and amount of combustion changes their emission
ratio in the combustion process (Seinfeld and Pandis 1998). The CO observations
were made using non-dispersive infrared (4.6 μm) absorption technique. The use-
ful information regarding the influence of fresh and aged air masses at the site was
accessed by utilizing the BC-CO association. A strong correlation indicates common
combustion source with influence of fresh emission, while poor correlation indicates
emission from diverse sources and aged emissions. BC and CO reveals a good cor-
relation in winter (R2 = 0.75) and late autumn seasons (R2 = 0.72) indicating the
presence of similar types of combustion sources (Fig. 3.5c). The positive correlation
(R2 = 0.62) was observed in spring, however a poor correlation (R2 = 0.05) was
observed in summer-monsoon. The marine air masses arrive from diverse directions
in summer-monsoon, which cause scavenging of aerosols and gases over the region,
but these air masses sometimes carry aerosols (from diverse regions) alongwith them
to the site, which leads to the observed poor correlation between BC and CO dur-
ing this season. In addition, due to different lifetime of BC and CO (CO possesses
much longer lifetime than BC), and due to different processes of scavenging BC
than CO showed poor correlation. The dominant BC emissions were then indicated
from the average slope of BC-CO (BC versus CO) over this region. The observed
slope was found to be ~10.4 μg ppmv−1, which was even higher than what was
observed over Mexico and Germany (Baumgardner et al. 2002). The influence from
cooking/domestic use of fuel was indicated as the main contributor.
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Fig. 3.5 a, b Correlation of hourly daytime (1100–1700 h) BC (μg m−3) and carbon monoxide
(CO) with mixed layer depth (m AGL) for different seasons at Pantnagar. c The hourly average
correlation between surface CO and BC is shown by open grey symbols. The daily average (color
open symbols) and binned averages (color filled symbols) correlation between CO and BC is also
shown
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3.6 Association of BC with Large-Scale Wind Patterns:
Source Distributions

The influence of large-scale winds in the observed BC mass concentration was stud-
ied at the foothill site. The seven-days back-air trajectories were calculated utilizing
the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT; Draxler and
Rolph 2003) model and using the NCEP/NCAR global reanalysis data at 1000 m
AGL at Pantnagar. The trajectories were calculated and clustered according to the
ward’s Hierarchical method by combining the nearest trajectories according to angu-
lar distance in order to determine the direction of arrival of air masses to the site. The
calculated trajectories were then clustered as shown in Fig. 3.6. The trajectories in
different seasons were then clustered in five different groups west (W), north-west
(NW), north-east (NE), south-west (SW) and south-east (SE), based on the direction
from which they were originating (Fig. 3.6). It was found that the site was influenced
by the air masses originating from W and NW with a larger contribution from the
NW group (~63%) in winter and from W group (55%) in spring. The marine air

Fig. 3.6 Seasonal source apportionment using BC concentratedweighted trajectories during differ-
ent seasons, winter (December–February), spring (March–May), summer-monsoon (June–August)
and autumn (September–November) of 2009–2012. The color bar represents the BC mass concen-
tration in μg m−3
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masses contribute ~63% (both SW and SE) from the oceanic regions of the Bay of
Bengal (SE) and the Arabian Sea (SW), while ~37% of air masses of continental
origin from NW directions. The change in the air mass pattern was again observed
in autumn. The dominance of air masses originating from continental origin from
W/NW was observed, while air masses arriving from marine origin from SE were
reduced due to the withdrawal of the southwest monsoon from the Indian region.

The possible source regions contributing to the observed BC at the foothill site
was investigated by themeans of ConcentrationWeighted Trajectory (CWT) analysis
(Stohl 1996). In this method, a grid was superimposed over the domain of all the tra-
jectories computed and the weighted value of observed concentration was assigned
to the trajectories that crossed the corresponding grid cell. The study revealed maxi-
mum BC contribution from NW andW ~ 7–8 μg m−3 in both winter and autumn. In
winter, air masses arriving from the NW direction (~62% of air masses) contribute
significant BC of ~8.54 μg m−3. The change in the air masses was observed in the
spring season when air masses shift from NW (45%) to W (55%). The air-masses
from the W sector contributes BC of ~4.89 μg m−3. In summer-monsoon, influ-
ence of SE (38%) and SW (24%) air masses were seen, with BC levels dropping to
2.21–2.59 μg m−3. Soon after the withdrawal of the southwest monsoon, the domi-
nant contribution from NW direction was again seen in autumn, with a consequent
rise in BC levels (7.89 μg m−3). The air masses that passed through the IGP region
with higher amount of BC, before arriving at the foothill site have been reported to
contribute to the observed BC at the site. The observed levels at the foothill site were
found to be influenced and augmented by the synoptic air masses arriving via IGP,
especially due north-west (NW) of the site.

3.7 Simulations of BC Using WRF-Chem

The observations of BC at the foothills site were used to assess the ability of WRF-
Chemmodel in simulating seasonal and diurnal variability in BC. Themodel domain
was kept centered at Pantnagar (79.5° E, 29.0° N) with (100, 100, 37) grid points
in (x longitude, y latitude, z vertical) directions with horizontal grid spacing of
10 km and the model top located at 50 hPa. The model simulations were made for
January, May and July (due to computational limitation) representing winter, spring
and summer/monsoon seasons. The comparison of temporal variation in BC showed
high temporal variation in the observed BC, while the model was able to capture
some of temporal variation, but the magnitude was highly underestimated by the
model (Fig. 3.7).

It was quite interesting that the model simulated BC at 29 N (representing the
site by model simulations) was quite low with low episodic enhancements, while
BC simulations at 28 N (representing the IGP regions far away from foothill region)
was higher in magnitude. These simulations indicated the presence of large spatial
variability in BC emissions around the foothill site especially in winter. Further, the
day to day variability in BC was highly underestimated by the model. The model
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Fig. 3.7 The comparison of temporal variation in observed BC mass concentration with model
simulated BC at Pantnagar for year 2010

performance in simulating the diurnal variability in BC was also investigated as the
studies on diurnal pattern simulations of BC over the Indian region were sparse.

Themodel showed amixed capability in simulating BC diurnal variation as shown
in Fig. 3.8. The model was found to capture some features, while missed out on a
few others. The high observed BC during nighttime and low BC during daytime as
a result of diurnal changes in the planetary boundary layer height was captured by
the model. The morning and evening peaks in observed BC were not captured by the
model possibly due to the inadequacy of the ABL schemes in the model (as has been
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Fig. 3.8 Diurnal variations in observed BC and WRF-Chem model simulated BC during January,
May and July (left panel) for year 2010. The difference in the diurnal variation in BC for observed
and simulated BC from their respective mean BC (right panel)

pointed out by some earlier reports; (Nair et al. 2012; Moorthy et al. 2013b) using
RegCM and GOCART models). Average observed and modeled BC at Pantnagar
during January, May and July were 6.6 ± 2.2 and 2.4 ± 1.2 μg m−3, 5.5 ± 1.8 and
1.6 ± 0.7 μg m−3, and 2.2 ± 1.0 and 1.2 ± 0.5 μg m−3, respectively. The BC levels
simulated at 28 N were found to be 6.1 ± 3.1 μg m−3, 2.5 ± 1.6 μg m−3 and 1.8
± 1.0 μg m−3 for January, May and July, respectively. These average levels at 28 N
were found to be in a good agreement with observations.

The model was able to capture the observed decrease in BC from January to July
indicating the capability of the model to qualitatively capture the seasonal variations
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in BC. The model however failed to capture BC levels, thus the decrease in the mag-
nitude of seasonal and diurnal variation in BC was underestimated. Additionally, the
role of meteorology in controlling seasonal and diurnal variation in BC at Pantnagar
was also highlighted as BC emissions provided as input to the model do not have a
seasonal cycle. The WRF-Chem model was found to capture some of the observed
features but in order to capture the observed magnitude in good agreement, improve-
ment in the diurnal and seasonal variability in the BC emission sources in and around
the foothills region was strongly suggested. In addition, need of co-located obser-
vations of planetary boundary layer height were suggested for better evaluation of
model performance over the region.

3.8 Vertical Distribution of Aerosols Over the Region

In order to understand the aerosols variation at the foothill location and its vertical
distribution above the site, aerosol vertical profiles from CALIPSO were examined.
The aerosol profiles in different seasons were examined, which showed the confine-
ment of aerosol over the low altitude regions in winter and autumn, while significant
presence of aerosols to greater vertical extension (~about 4–5 km altitude) in spring
and early summer (Fig. 3.9). The seasonal variation in aerosols was then explored in
detail for which the aerosol extinction profiles were investigated at the foothill site.
The cloud free and quality controlled CALIPSO extinction profiles (532 nm) were
examined at 2 × 2 degree around Pantnagar.

The daytime and nighttime profiles of aerosols extinction coefficient were exam-
ined for days when the surface BC showed enhancement. The higher extinction coef-
ficient near ground was observed in the nighttime profiles, which sharply decreased
above ~1 kmas compared to the daytime profile (Fig. 3.10). The surfaceBC, although
constituting a minor fraction of columnar AOD, was reported to significantly affect
the aerosol properties, especially in winter when most of the aerosols (including BC)
are strongly confined near surface usually below ~1 km. The daytime levels in BC,
mixing layer depth and daytime profile of extinction coefficient at the Pantnagar site
when showed the possibility of uplifting and mixing of aerosols (including BC) to
higher heights.

The seasonal variation in aerosols extinction coefficient at 532 nm as shown in
Fig. 3.10 revealed high aerosol extinction coefficient (more than 2 km−1) near surface
in winter, which decreased sharply to less than 0.25 km−1 at about 1.5 km indicating
the strong confinement of aerosols below2 km.The vertical profile of aerosols extinc-
tion coefficient showed similar variation as that in winter but the aerosol extinction
coefficient value near surface are found to be low as compared to the winter when
quite high extinction coefficient was observed near surface. The vertical gradient
in the aerosol extinction coefficient was also smaller in spring indicating mixing of
aerosols between surface and ~3 km. Aerosol profiles in spring season also revealed
reduction in the aerosol extinction coefficient near surface, while enhancement at the
higher altitude regions.
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Fig. 3.9 CALIPSO, 532 nm total attenuated backscattered profiles (km−1 sr−1) from southern India
to the Himalayan Tibetan Plateau region (HTP). The orbital track of each profile is also shown. The
profiles were investigated for 12 May 2009, representing spring, 4 June 2009 representing early
summer, and 22 Dec 2009 and 5 Feb 2009 representing winter season

3.9 Conclusions

The variability of aerosols over the high-altitude region in the central Himalayas
and its adjacent foothills location was studied. The sources and the processes gov-
erning the distribution of aerosols at these sites was explored. The decadal scale
ground-based aerosol observationswere used to present the climatology and trends of
aerosols at the high altitude, regional representative site in the central Himalayas. The
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Fig. 3.10 a Seasonal profiles of aerosol extinction coefficients at 532 nm from CALIPSO during
2010–2011 for different seasons. b Variation in the aerosol extinction coefficient corresponding to
high BC days

enhancement in the black carbon aerosols and columnar abundance in the aerosols
was observed at the site. The observed positive trend in black carbon (BC) was found
to be ~1.511 ngm−3 per year with a standard error (σω) of ~0.975, indicating increase
in the absorbing aerosols over this region. The columnar abundance of aerosols (AOD
at 500 nm) also showed an increasing trend of ~0.000774 per year with a standard
error (σω) of ~0.000415. The increasing trends in aerosol abundance and BC indicate
the more warming potential of aerosol over this region. The regional characterization
of aerosols wasmade from the adjacent foothill site in the Indo-Gangetic Plain region
in order to understand the sources of aerosols, and aerosol characterization near the
source region. The influence of aerosol sources from the IGP region to the nearby
Himalayan regionwere studied. The foothill regionwas found to bemarkedwith high
levels of BC mass concentration as well as the columnar loading of aerosols. Large
variationswere observed inBC at diurnal and seasonal scales, closely associatedwith
the local/regional anthropogenic influences, mesoscale and synoptic meteorological
processes.

The influence of the local emissions and the atmospheric boundary layer dynamics
was examined in the diurnal variations in BC. The mixing layer depth was observed
to play a dominant role in governing the surface distribution of BC in winter. BC
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exhibited nearly an inverse relation with MLD in all seasons, which was found to
be strongest in winter and weakest in monsoon. The influence of fresh emissions
with common combustion sources were observed in winter and autumn, while the
influence of aged air mass and emissions from different combustion sources were
witnessed in summer-monsoon.

Unlike BC, the co-located study of aerosol optical depths (AOD) and aerosol
absorption reveals maximum in spring over IGP, possibly due to the presence of
absorbing aerosols (including BC, dust) above the above the ABL (in the free tro-
posphere). The aerosol optical depth (AOD 500 nm) variation shows annual peak
in May–June. The dominance of coarse mode of aerosols was found in spring and
early summer, while dominance of fine mode of aerosols was found in late autumn
and early winter.

The influence of the large-scale winds was also studied at the foothill site, which
revealed that the air masses arriving through the IGP region contribute to the BC
observed at the site. The vertical profile of aerosol from CALIPSO satellite showed
sharp confinement of aerosols near surface in winter followed by autumn in the IGP
region, while aerosols were observed to reach the high-altitude Himalayan regions
in spring season. The aerosol extinction coefficient values were found to be quite
high near surface in winter over the IGP region. In spring, the reduction in aerosol
extinction coefficient was observed near surface (over IGP region) while it showed
enhancement in the higher altitudes (altitudes >2 km).

The performance of the WRF-Chem model was also evaluated in simulating the
observed ground based black carbon aerosols over the foothill regions in IGP. The
improvement in the emission inventory with finer temporal and spatial resolution in
the IGP region, along with the boundary layer measurements was strongly suggested
in order to capture and match the actual levels of aerosols observed over this region
by the present-day models, which can then be used for accurate impact assessment
of aerosols over this region.
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