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1. Introduction

 Atmospheric aerosol is a major player leading positive and negative radiative balance of the Earth’s 
climate and triggering cloud formation, and also influencing the visibility and having adverse health 
effects on humans. Studying its properties and processes is thus an important field of scientific 
research. In very remote areas such as Antarctica, the aerosol concentrations are observed as low as 
some tens of particles per cubic centimeter (e.g., Koponen et al., 2003). In remote areas in 
mountainous environments such as Mukteshwar (2180 m) in India (Paper 1) and Jungfraujoch (3579 m) 
in Switzerland (Bukowiecki  et al., 2016), the particle number concentrations reach to several 
thousands. But, in polluted megacities such as Delhi in the Indo Gangetic Plain (IGP), particle number 
concentrations further elevate to several hundreds of thousands per cubic centimeter (e.g., 
Mönkkönen et al., 2005; Paper 2). 
 The mixture of high concentrations of aerosol particles, their precursors and reactive trace gases 
form persistent haze layers, commonly referred as Atmospheric Brown Clouds (ABC) spanning vast 
areas of the globe (Kaufman et al., 2002; Ramanathan & Crutzen, 2003). 
The ABC generally denotes natural aerosols such as mineral dust and sea salt, and  anthropogenic black 
carbon, resuspended dust and fly ash particles in addition to  aerosols generated due to chemical 
reactions involving pollutant gases, such as nitrogen oxides, sulfur dioxide, ammonia, ozone and 
hundreds of organic gases and acids (Ramanathan & Crutzen, 2003). The major sources of these 
anthropogenic constituents are combustion of biofuels used in cooking and heating practices, open 
biomass burning activities, and fossil fuels used broadly throughout different economic sectors 
(Andreae & Crutzen, 1997; Gustafsson et al., 2009). The ABC mixture not only scatter but absorb solar 
radiation, and change the radiation fluxes at the surface and the top of the atmosphere (Ramanathan 
et al., 2001).  
 The large emissions of aerosols and their precursors along with unique meteorology of the tropics 
and the subtropics (including southern Asia) are important reasons of haze problem in this part of the 
globe. In India over the Gangetic-Himalayan region, these spatio-temporally diversified emissions are 
coupled with varying atmospheric dynamics, such as contrasting monsoons and varying Atmospheric 
Boundary Layer (ABL). All of this, together with the complex topography makes this region’s aerosol 
very difficult to fingerprint and model, and to implement effective mitigation strategies (Moorthy et 
al., 2016). 
 In recent times the most polluted cities in the world are located in Northern India (WHO, 2016) and 
are often characterized by ABC formation (Lelieveld et al., 2001; Ramanathan et al., 2007) extending 
from late fall and winter until spring. The ABC exerts an increase in atmospheric stability and the 
reduction in rainfall over the South Asia region (Ganguly et al., 2012; Ramanathan et al., 2007; 
Rosenfeld, 2000), and ultimately both these effects can enhance the lifetime of aerosols. Furthermore, 
the ABC mixture consisting of black carbon and other light absorbing impurities are also connected in 
large-scale environmental effects, such as melting of the Himalayan glaciers (e.g., Menon et al., 2010). 
There is thus a critical need to better quantify the role and nature of aerosols in the region since their 
ability to modify climate depends on atmospheric abundance over time as well as their chemical, 
physical, and optical properties; uncertainties on all of which are large in the region. 
 The polluted air comprising ABC mixture can be transported via convective mixing from the plains 
and valleys to high altitude mountain sites (Baltensperger et al., 1997). But, there has been a lack of 
long-term measurements of aerosol properties in the southern Asia, especially from background areas 
in India. These are set of questions motivated to collect the longest time-series data for investigating 
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atmospheric aerosol heterogeneity in the Gangetic‒Himalayan region, and further to determine the 
effect of boundary layer dynamics and the transport of aerosol pollution from the IGP to the foothills 
of the Himalayas. 
 This thesis deals therefore with the heterogeneity of aerosol behaviour due to local and regional 
emissions, and influence of boundary layer dynamics which directly govern the strength of different 
aerosol properties and processes. Here, the focus is set on two different environments, one in the 
plains and the other in Himalayas. 
 The aims of this work by relying on field experiments over these two different environments have 
been; 
1. to establish a measurement station in the foothills of central Himalayas for characterization

background aerosols and their trends (Papers 1 & 4),
2. to determine the seasonal and diurnal cycles of aerosol particles in two different environments

in Northern India (Papers 1 & 2),
3. to segregate the local and regional emission sources of aerosol particles and finding driving

factors of variabilities in aerosol properties (Papers 2, 4 & 5),
4. to formulate a linkage in the transport of atmospheric aerosol from the plains towards Himalayas

(Papers 3 & 4).

2. Background

 Aerosol originate from different sources, are exposed to different kinds of processes in the 
atmosphere, and are removed from it by various sinks. An overview of major sources, properties, 
processes, sinks, and the impacts of aerosols is given in section 2.1. This is followed by section 2.2 with 
a brief discussion on the effect of boundary layer dynamics in modulating aerosols concentrations over 
the plains and the mountainous terrain.  

2.1 Atmospheric aerosols 

 An aerosol is technically defined as a suspension of liquid or solid particles in a gas, and individual 
aerosol particles in atmospheric science are usually characterized mostly by size and composition 
(Seinfeld and Pandis, 2006). 
 The major emission sources of anthropogenic primary particles (directly emitted) are agricultural 
operations, combustion of wood and fossil fuels, construction and demolition activities, road dust 
resuspension and industrial processes. Conversely, the main natural sources of primary particles to 
global emissions are mineral dust (originating from arid and semi-arid regions) and sea salt (emitted 
from the oceans by evaporated sea spray) (Seinfeld and Pandis, 2006). Noticeably in anthropogenic 
primary particles category, the combustion processes are the only contributor to light absorbing 
constituents e.g., black carbon (BC) together with organic component “brown carbon” (Gustafsson 
and Ramanathan, 2016). 
 The emission sources of anthropogenic secondary aerosol particles (formed in the atmosphere) 
include emissions from motor vehicles, smoke through domestic heating using coal or wood, open 
waste burning and stubble burning, or forest fires, and gaseous vegetative emissions. Typically natural 
sources of secondary aerosols are the biosphere that emit volatile organic compounds (VOC) which 
oxidizes and are able to form new particles. 
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 The size of aerosol particles ranges from less than nanometer to hundreds of micrometer. In 
general, the aerosol size distribution is characterized by different size modes, which are specific 
concerning their different transformation and removal processes and sources. The particle size ranges 
of aerosol are typically: <25 nm particles (nucleation-mode) represent the most recently formed 
aerosol particles; 25‒100 nm particles (Aitken-mode) represent fresher aerosol particles no more than 
a few days old; and 100 nm to 2.5 µm particles (accumulation-mode) are representative of aged aerosol 
particles (Seinfeld & Pandis, 2006). However, in studying the aerosol particle health effects, mass 
concentration of particulate matter (Pope et al., 2002) is still in common use (WHO, 2016), and the first 
and fundamental separation is made between the fine mode (Dp < 2.5 µm) and the coarse mode 
particulate matter (Dp > 2.5 µm).  
 The size of a particle is determined by condensation, evaporation and in-cloud reactions. 
Condensation and its reverse process, evaporation, change the size, mass and chemical composition 
of airborne particles. The primary emissions and new particle formation (gas-to-particle conversion 
and photochemical reactions) play an important role in escalation of particle number concentration, 
while a decrease in particle number concentration is governed by coagulation and wet- and dry 
deposition. Coagulation is a process where the collision and adhesion of aerosol particles resulting into 
a decrease in particle number concentration and an increase in particle size. Thus, these processes in 
total have a significant role in atmospheric aerosol dynamics. The aerosol particles those are smaller 
than 100 nm have shorter lifetimes in lower troposphere, although higher in the upper atmosphere, 
i.e., in stratosphere and mesosphere, where the aerosol particles may stay up to a year or even longer
(Seinfeld & Pandis, 2006). Due to shorter lifetime of aerosol particles in contrast to anthropogenic
carbon dioxide emissions that persists for hundreds of years (Archer et al., 2009), the aerosols are
defined as important short-lived climate forcing agents. This means that spatial and temporal
variability of aerosol particles is much higher than many other climate impacting agents (e.g., Kaufman
et al., 2002), and the changes in emissions can be rapidly seen through variations in aerosol
concentration levels (Paper 4). In addition to this, several aerosol emission sources could have a
significant seasonality at regional scale, for instance biomass burning and mineral dust in IGP and
southwest Asia regions (Papers 2 & 4). Not only seasonality in aerosol sources, but seasonal pattern in
synoptic scale atmospheric circulation, e.g. summer monsoon that does also affect aerosol removal
(Paper 4). This underlines the need for long-term observations covering seasonal cycle in order to do
a comprehensive analysis of aerosol particle properties and their interactions in the atmosphere.

Aerosols exist in the atmosphere in a variety of composite structures: externally mixed, internally 
mixed, coated particles or most likely a combination of all of these. The aerosol composition is 
dependent on its age in the atmosphere and it varies as more and more condensable matter, especially 
sulphates and organics, condense on the particles due to mixing/coating (Gustafsson and 
Ramanathan, 2016). The external mixing is generally more reasonable for freshly emitted aerosol, 
while the internal mixing is associated with aged aerosol that had the time to form the coating around 
the core. Internally mixed primary aerosols can be produced at the source if more than one component 
is involved in the creation of the aerosol. Even if the particles are individually pure when first produced, 
there are numerous processes in the atmosphere that will convert an external mixture to an internal 
mixture. The freshly-emitted particles form external mixtures with pre-existing particles, where the 
aerosol particles of the same size have different compositions (Paper 5). The condensation and 
evaporation processes reduce these composition differences until the mixing state starts to be more 
uniform, with different compounds internally mixed in the particles.  
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 In terms of impacts, atmospheric aerosol particles perturb the radiative energy budget of the 
Earth’s climate system (IPCC, 2007) fundamentally in a two-fold way‒ 
 First, directly through interaction with radiation (aerosol-radiation interactions‒ REari) formerly 
known as direct radiative effect, where the change in radiative flux is caused by the combined 
scattering and absorption of radiation by anthropogenic and natural aerosols. The magnitude of this 
effect depends mainly on the aerosol composition (refractive index), its size distribution and 
concentration, and on the surface albedo (or reflectance) below the aerosol. The REari is close to being 
an observable quantity, yet our knowledge of aerosol and environmental characteristics needed to 
quantify the aerosol-radiation interactions at the global scale remains incomplete (IPCC, 2013). In 
general, the REari at the surface is negative and can be much stronger than the REari at the top of 
atmosphere over regions where aerosols are absorbing (IPCC, 2013). In India, over central and eastern 
parts and IGP, the atmospheric warming due to aerosols are higher in comparison to seen over 
peninsular, western parts and over island locations. The BC  aerosols  contributes  more  than half  of  
the  total  warming  during  winter  except  over Himalayas and west India (Nair et al, 2016). 
 Second, indirectly by aerosol-cloud interactions (and also by aerosol–cryosphere; not explained 
here) where aerosol particles act as condensation nuclei for cloud droplets. In absence of such cloud 
condensation nuclei (CCN) no clouds could be formed in atmospheric conditions.  And the diameter of 
the aerosol particle is the most important aerosol property deciding whether a particle can act as a 
CCN or not (e.g., Andreae and Rosenfeld, 2008). In aerosol-cloud interaction, when atmospheric 
aerosol influence the albedo is called cloud albedo effect (Lohmann and Feichter, 2005) and also 
known as the first indirect effect (Ramaswamy et al., 2001) or the Twomey effect (Twomey, 1977. 
While atmospheric aerosol when affects lifetime of clouds is called cloud lifetime effect (Lohmann and 
Feichter, 2005) and also known as the second indirect effect or Albrecht effect (Ramaswamy et al., 
2001). So, the aerosol indirect effect is based on microphysical properties of clouds such as the number 
of CCN in a cloud and a higher number of CCN can lead to smaller cloud droplets. The smaller cloud 
droplets have a higher optical depth and hence a higher reflectivity and lifetime of clouds (Andreae 
and Rosenfeld, 2008). Eventually, a higher cloud cover and brighter clouds will reflect a larger fraction 
of incoming solar radiation back to space, i.e, in a net cooling effect in terms of the Earth’s radiative 
budget (IPCC, 2007; Seinfeld 2011). Notably, in 2013, IPCC reported that in their earlier assessments 
the radiative implications of aerosol–cloud interactions are considered as two complementary 
processes—albedo and lifetime effects—that together amplify forcing. However, recent work at the 
process scale has identified compensating adjustments that make the system less susceptible to 
perturbation than might have been expected based on the earlier albedo and lifetime effects. 
Therefore, elevation in aerosol emissions can result in either an increase or a decrease in aerosol–cloud 
related forcing depending on the particular environmental conditions (IPCC, 2013). In total, the indirect 
effects are still not fully understood. 
 In 2013 assessment report, IPCC concluded that the radiative forcing from emissions of well-mixed 
greenhouse gases (CO2, CH4, N2O, and Halocarbons) for 2011 relative to 1750 is 2.83 (2.54–3.12) W 
m−2. On the other hand, the radiative forcing of the total aerosol effect in the atmosphere, which 
includes cloud adjustments (excluding BC on snow and ice) due to aerosols, is estimated with a 5–95% 
uncertainty between –0.1 and –1.9 W m–2 with a most likely value of –0.9 W m–2 [medium confidence]. 
The likely range of this forcing is between –0.4 and –1.5 W m–2, and results from a negative forcing 
from most aerosols and a positive contribution from black carbon absorption of solar radiation. There 
is high confidence that aerosols and their interactions with clouds have offset a substantial portion of 
global mean forcing from well-mixed greenhouse gases. The overall impact of present-day 
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atmospheric aerosols is estimated to be cooling, globally counter balancing a significant fraction of the 
warming associated with greenhouse gases (IPCC, 2013). In total, aerosol still continue to contribute 
the largest uncertainty to the total radiative forcing estimate. The uncertainties in the direct and 
indirect aerosol climate effects are estimated to be close to the net heating effect of carbon dioxide 
and methane in the year 2100 climate projection (IPCC, 2007; 2013). 
 Besides impact on climate, the aerosols have adverse effects on human health, since particles can 
enter the human respiratory and cardiovascular system, and may cause inflammation and even 
damage of cells and organs (e. g., Franklin et al., 2008; Pope et al., 2002). Total global deaths 
attributable to ambient PM2·5 increased from 3·5 million in 1990 to 4·2 million in 2015, 59% of are in 
east and south Asia (Butt et al., 2017; Cohen et al., 2017; Guo et al., 2018).  In year 2016, WHO has 
reported that 10 out of the world’s 20 most polluted cities are located in South Asia. The lifespans of 
about 660 million people is estimated to shorten by about 3 years in this region due to poor air quality 
(Greenstone et al., 2015). However, the effects of particle composition and size distribution on human 
health have yet to be fully elucidated (e.g., Davidson et al., 2005). Visibility degradation is another 
example of the impact of air pollution on the environment (e.g., Charlson, 1969; Malm et al., 1994; 
Roessler and Faxvog, 1981).  

2.2 Boundary layer dynamics 

 The atmospheric boundary layer (ABL) is the atmospheric layer that interacts directly with the 
Earth’s surface on a time scale of a few hours or less, and during convective conditions, ABL is referred 
as convective boundary layer (CBL). The development of ABL plays a key role in the distribution of 
atmospheric constituents (Stull, 1988). 
 In flat terrain, the CBL grows by upward sensible heat flux at the surface and downward sensible 
heat flux (entrainment) at the top of the CBL. The convergence of the sensible heat flux causes the 
CBL to warm and grow in depth (e.g., De Wekker and Kossmann, 2015). On the other hand, over 
mountainous terrain, the atmospheric structure becomes much more complicated and even a 
universal definition of CBL height over mountains remains an ambiguous issue (e.g., De Wekker and 
Kossmann, 2015; Serafin et al., 2018). Transport and mixing processes, such as those related to 
mountain waves (Smith et al., 2007) and thermally driven wind systems (Zardi & Whiteman, 2013) 
among others, affect CBL variability significantly (Fig. 1). 
 The atmospheric thermal and dynamic factors, e.g., air temperature and wind speed basically drives 
the ABL, and also controls feedback between atmospheric aerosol loading and ABL height. The more 
ambient aerosols accumulate, the less solar radiation reaches to surface resulting a disadvantageous 
effect on surface air temperature as well as a positive impact on ambient relative humidity, which 
restricts the development of ABL. The low ABL height in turn forces the accumulation of aerosol 
particles in the high relative humidity and shallow atmosphere. This is a case recognized in the IGP 
region mainly during post-monsoon and winter seasons (Papers 2 & 3). However, this scientific issue 
involves many complicated atmospheric processes remaining poorly understood. In order to that the 
temporal variability and the vertical distribution of aerosol concentrations at different altitudes are 
important to study. This can give an understanding of changes in the aerosol properties at plains within 
the ABL and transport of aerosol to the mountains as a function of ABL growth (Papers 3 & 4). 
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Figure 1. Schematic illustration of mountain induced exchange processes between the convective boundary layer and the 
overlying atmosphere. AV= Advective venting; MV= Mountain venting; MCV= Mountain-cloud venting. Vector indicates 
airflow, whereas c(z) and θ(z) indicate vertical profiles of pollutant concentration and potential temperature, respectively. 
The dotted and dashed line indicate the top of the aerosol layer (AL) and the CBL, respectively (modified from De Wekker 
and Kossmann, 2015). 

3. Methods and material
3.1 Observation sites 

 As part of this thesis work, the measurements were carried out at two locations (Fig. 2). The first 
observation site was a background location in Mukteshwar (29°26´N, 79°37´E), about 250 km east of 
New Delhi in India. The site has a 180º view of the Himalayan ranges west, north and east of the site; 
the nearest high peaks are approximately 90 km NE of the site. The area surrounding the site consists 
of low mountains (peaks 1,500‒2,500 m asl) between the IGP (100‒200 m asl) and the Himalayas 
(peaks 6,000‒8,000). The Indian Himalayan region is part of the Third Pole which encompasses the 
Himalaya-Hindu Kush mountain range and the Tibetan Plateau because its ice fields contain the 
largest reserve of fresh water outside the Polar Regions. The combination of snowmelt, ice melt, and 
rain from the Indian Himalayas forms the source of the Indus, Ganges, and Brahmaputra, and six other 
large rivers in Asia. More than 750 million people live within the Indus, Ganges, and Brahmaputra 
basins, including an estimated 200 million living in the headwater regions (Shresta et al., 2015). 
 The measurement site in Mukteshwar was located at 2180 m asl in a rural region in the foothills of 
southern Himalayas. The nearest population centers to observatory are the town of Almora (1650 m 
asl, 16 km N, population ~34 000) and the city of Haldwani (424 m asl, 32 km SW, population ~150 000). 
The major metropolitan city Delhi, located in the IGP region (215 m asl, 250 km SW), has a population 
of ~16.8 million (Census of India, 2011). Since the location is a remote place with minimal local 
emissions, we believe that the site represented, to the extent possible, a regional background in India 
(Paper 4).  
 The second measurement site was located in outskirts of Delhi at Gual Pahari (28°26’N, 77°09’E, 
243 m asl) about 25 km south of New Delhi (Kulmala et al., 2009; Hyvärinen et al., 2010; Paper 2). The 
surroundings represent a semi-urban environment and is located in the densely populated IGP region. 
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The site is mostly influenced by large-scale anthropogenic emission sources (biomass burning, fossil-
fuel combustion and industrial activities) within the IGP and mineral dust transported from western 
India. The IGP region is one of the most populated with over 900 million inhabitants. It is both highly 
fertile agricultural belt and a rapidly developing region of the Indian subcontinent, and increasingly 
recognized to be among the global hotspots of aerosols and trace gases (Moorthy et al., 2016).  
 The simultaneous measurements focusing on these two different environments: polluted IGP and 
relatively clean Himalayan foothills provide experimental information about the processes affecting 
the transport of atmospheric aerosol from the plains towards Himalayan foothills (Papers 3 & 4). The 
elevation profile (Fig. 2) shows Mukteshwar is closer to the plains than the high mountains of the 
Himalayas, and the distance between the two stations is about 270 km. It is however studied that 
aerosols from the plains can have an effect on concentration levels at high altitude sites in the 
Himalayas (Bonasoni et al., 2010; Papers 3, 4 & 5). Moreover, due to wintertime shallow boundary 
layer and confined dispersion of aerosol particles due to Himalayan mountain range parallel to the IGP, 
aerosols are restricted to lower atmosphere. This atmospheric dynamics and a complex geographic 
location of IGP therefore could be one of the reasons of high concentration of anthropogenic aerosols. 

 In addition to this, a low-elevation and gently sloping middle and lower reaches of the Indus and 
Ganges river basins in the IGP make this region susceptible to commonly windblown dust originated 
from the arid and desert regions of southwest Asia and Thar Desert (e.g., El-Askary et al., 2006). It 
blankets IGP and Himalayan foothills during March to June period (e.g., Kumar et al., 2015; Paper 4). 
Also, the anthropogenic emission in terms of agriculture residue burning are noticed to be a major 
attributor to atmospheric aerosols over the region. This activity of residue burning lasts for about a 
month each in pre- and post-monsoon seasons to prepare the soil for sowing next crop when 
agriculture residue is generated due to combine harvesters. It has previously been highlighted that this 

Figure 2. Location of measurement stations in mountains at Mukteshwar (black solid marker) and in plains at Gual 
Pahari (black solid marker). The elevation of Mukteshwar is 2180 m asl and Gual Pahari is 243 m asl, and distance 
between Mukteshwar and Gual Pahari is 270 Km. Delhi is shown with blue open marker (modified from Paper 3). 
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smoke of agriculture residue burning during post-monsoon generally blankets nearly the whole IGP 
region from west to east (e.g., Badarinath et al., 2009; Singh and Kaskaoutis, 2014) during adverse 
seasonal meteorological conditions (calm to weak winds and relatively low boundary layer height and 
insufficient dilution, all following intense monsoons in the months prior). Figure 3 shows the bulk of 
the plume clearly sourced from fires in specific areas in Northern India. The pollution over the IGP 
region, however, is a combination of biomass burning, open-waste burning, vehicular pollution, and 
emissions from coal‐based power plants (e.g., Prasad et al., 2012; Paper 2). Moreover, in the course of 
certain circumstances, these plumes can even get transported over the Himalayan foothills (Bonasoni 
et al., 2010; Paper 4).  

Figure 3. Satellite image from Aqua — MODIS (Moderate Resolution Imaging Spectroradiometer) showing the transport 
of plumes from agriculture residue burning in northern India toward the east of the Indo‐Gangetic plain (IGP) on 31st Oct 
2017. The red solid circles show predominant areas of agriculture residue burning. The measurement locations Mukteshwar 
and Gual Pahari are shown with star marker. On the very next day, the same plume formed intense smog and fog over the 
IGP shown with blue circle (modified from Singh and Kaskaoutis, 2014). The two arrows show that regional weather 
patterns typically funnel this smoke to the IGP from west to east and in certain circumstances these plumes can even get 
transported over the Himalayan foothills. Source: https://earthobservatory.nasa.gov/images/stubble-burning-in-northern-
india (accessed on 09.10.2018)

 In light of different major sources of aerosols in the IGP region, the knowledge on spatial and 
temporal distribution of surface emissions, and evaluating their evolution over time is essential for a 
comprehensive assessment of air quality and climate change issues at regional scale. The emissions of 
SO2 (e.g., IIASA, 2015), NOx (e.g., Li et al., 2017) and PM2.5 (Butt et al., 2017) have increasing trends, 
and sulphate mainly from energy production and industries has also showed a steep increasing trend 
after 2007 (IIASA, 2015). Conversely, emissions of BC and OM (organic matter) from domestic sector 
in India has showed a slight decreasing or stable trend. Figure 4 drawn based on emission estimations 
by IIASA, (2015) shows lower levels of BC emissions at Mukteshwar in comparison to IGP region 
(represented by Gual Pahari). The emission levels are almost stable at Mukteshwar over the study 
period, while at Gual Pahari an increase is seen in year 2014 with respect to the base year 2005 (Paper 
4). 
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Figure 4. Black carbon emissions (Kt/year) for two different locations, one near to the emission sources in IGP (represented 
by Gual Pahari‐GP) and second in the foothills of Himalayas (represented by Mukteshwar‐MUK) (adapted from Paper 4 
Supporting Information). 

3.2 Field experiments 

 In order to initiate a long‐term aerosol measurement program many issues need careful 
considerations with respect to administrative support and of course in terms of technical services. The 
administrative and infrastructural services could be in form of available resources (power supply, 
network connection, local supporting staff etc.), security and stationing of instruments, etc. The 
technical services are in form of defining the goal of the measurements, listing of instrumentation to 
be installed, preparing standard operating procedure (SOP), training of local staff, and daily 
maintenance of the station/instruments and keep a record of activities in the form of station logbook, 
etc. This approach gets complicated when the start of measurements is in foothills of Himalayas, a 
remote station such as Mukteshwar. However, this was achieved successfully with a collaboration of 
the Finnish Meteorological Institute (FMI) and The Energy and Resources Institute (TERI), a local 
partner. The level and number of problems decreased drastically when the measurements were 
operational at Gual Pahari near to Delhi in collaboration with the same local partner institute, and of 
course improved also at Mukteshwar with due course of time resulting a data coverage between 70% 
and 80% over the years. 
 The instruments for long‐term measurements at Mukteshwar and Gual Pahari were selected in a 
way to automatically restart after a power failure, and the data logging programing was done 
accordingly. This practice minimizes the work of on‐site maintenance personnel, though was required 
to visit the station daily and practically for cleaning of aerosol inlets and impactor plates, checking 
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measurements flow, aerosol device zero levels and replacing filter tape when necessary. The visits of 
researchers from FMI were every 1 to 3 month time to make full calibration of the instruments, for 
example, nephelometer full calibration (span calibration gas CO2), however, automatic zero 
calibration (with HEPA filter) was made every three hours. The PM monitors calibration using a set of 
reference mass filters, verifying continuous power supply and inventorying the stock of spare parts 
necessary to an uninterrupted measurement were the part of responsibilities of local staff. The FMI 
researchers were available online and also on phone to provide instructions to correct the fault, noticed 
if any, on daily basis. 

3.2.1 Measurements 

 In Mukteshwar, the measurement station was made of stone and had four rooms, of which the 
instrument room was air conditioned to about 20 °C. The station building was on the top of a hill above 
the surrounding nearby areas (Papers 1 & 4). The next requirement was using an inlet for aerosol 
measurement that meets certain design guidelines so that undisturbed aerosol is delivered to 
measurement instrumentation (WMO/GAW, 2003). In substance, the ambient air sampling scheme 
and sample air conditioning (drying) were adhered with the recommendations of WMO (WMO/GAW, 
2003). The instruments were shipped to Mukteshwar in June 2005 and after a gestation period of 3 
months, the systematic and long‐term measurements of aerosol properties were started in Sept 2005 
and are operational till the writing of this thesis with some intermittent breaks due to requirement of 
instruments for campaign based studies in India particularly at Gual Pahari (Hyvärinen et al., 2009; 
Komppula et al., 2009; Papers 1, 4 & 5). The station was established by FMI and is now fully handed 
over to the local partner TERI, but a technical support from FMI is still provided.  
 In Gual Pahari, the station was built in a standard 20 feet sea container with air conditioning, 
thermal insulation between outer and inner walls, an internal electricity board and UPS’s for power 
stabilization. In addition, the container was shaded with a light tent to prevent excessive heating by 
direct sunlight. The container was prepared at FMI with the required instruments and shipped to India 
in late 2007 under the EUCAARI project (Kulmala et al., 2009). The measurements were carried out 
from December 2007 to January 2010 (Hyvärinen et al., 2010; Papers 2 & 3). The measurements were 
also carried out both in Gual Pahari and Mukteshwar sites for studying the mixing state of absorbing 
aerosol (black carbon) (Paper 5). Substantively, the technical arrangements at Gual Pahari were similar 
to Mukteshwar. 

3.2.2 Instruments 

 Both the stations, Mukteshwar and Gual Pahari, had similar instrumentation including Particulate 
Mass (PM) monitors (Thermo Scientific, beta attenuation) for measuring PM2.5 and PM10 mass 
concentrations, nephelometer (Ecotech) for aerosol scattering, Differential Mobility Particle Sizer 
(DMPS) systems for sub‐micron particle number size distributions (10–800 nm), Aerosol Particle Sizer 
(APS, TSI 3321) for particle number size distribution (0.5–10 μm) and Vaisala WXT/Milos weather 
stations for meteorological parameters. The absorption coefficient and aerosol equivalent black 
carbon (eBC, refers to the optical absorption methods) were measured from the PM2.5 inlet with a 
Magee Scientific 7‐wavelength aethalometer at 370, 470, 520, 590, 660, 880, and 950 nm (in 
Mukteshwar. The eBC absorbs light at all seven wavelengths, but is the sole absorbent at 880 nm, thus, 
aethalometer gives directly the black carbon concentrations from the 880 nm measurement. However, 
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the aethalometer has been observed with a number of artefacts, such as the multiple scattering on the 
filter paper and filter paper loading. These artefacts had been corrected for Mukteshwar 
measurements following adequate methods as explained in Hyvärinen et al., 2009 and Paper 4. In Gual 
Pahari, eBC was measured from the PM10 inlet by a Multi-Angle Absorption Photometer (MAAP, 
Thermo Scientific; 637 nm wavelength). The measured eBC concentration was corrected for a 
measurement artefact of the MAAP (Hyvärinen et al., 2013), and later used in Papers 2 & 3. In addition, 
the refractory black carbon (rBC) concentrations and mixing state parameters were also measured 
during the year 2013 and also in 2014 at both Mukteshwar and Gual Pahari minimum for 2 months 
period successively at each site during pre-monsoon period. It was done by using state-of-the-art 
instrumentation setup and first time in India, a Single Particle Soot Photometer (SP2; Revision C* with 
8 channels) manufactured by Droplet Measurement Technologies (Boulder, CO, USA) which was 
connected to a DMA (Paper 5). A summary of the instruments is listed in Table 1. 
 At Mukteshwar, the inlet system mounted 1.5–2m above the roof and 4–5m above ground level 
included separate inlets for the PM monitors and a joint PM10 inlet with a PM2.5 cyclone (Rupprecht 
& Patashnick) for the aethalometer, nephelometer and DMPS. In addition to the aerosol 
measurements; ambient temperature, relative humidity, solar irradiation, both wind direction and 
speed were also measured with MILOS500+ sensors weather station. The temporal measurement 
resolution was 5 min for the aerosol properties and 1 min for meteorological parameters (Papers 1 & 
4). 
 At Gual Pahari, a range of instruments were utilized within the period of the EUCAARI project, but 
part of that data is used for this thesis work (Papers 2, 3 & 4). The foremost is a Dichotomous Partisol-
Plus Sequential Air Sampler which was mounted near the container and sample was taken at 2 m above 
the ground level (Paper 2). The sampling of 24 hours simultaneous ambient fine (PM2.5) and coarse 
(PM2.5–10) aerosol every 6 days from April 2008 to March 2009 was carried out subjected to chemical 
speciation including ions, organic and elemental carbons (Paper 2). The fine and coarse particles were 
collected on 47 mm quartz filter at a flow rate of 16.7 l/min, and the negative artefacts (losses of volatile 
species such as ammonium and nitrate) and positive artefacts (absorption on the collection substrate 
of semi-volatile species such as low molecular weight organics) were corrected (Gilardoni et al., 2011; 
Vecchi et al., 2009; Paper 2). The ambient temperature, relative humidity, rain intensity, wind 
direction and wind speed were also measured with WXT weather station. The sensor was mounted 3m 
above the container roof. The other measurements conducted during the period of the EUCAARI 
project are for example with DMPS, nephelometer (Hyvärinen et al., 2010), and Cimel sunphotometer 
and the PollyXT LIDAR (Komppula et al., 2012), and had been presented in our previous publications.  

Table 1. Summary of instrument used both in Mukteshwar and Gual Pahari, the parameters measured and their physical, 
chemical and optical properties measurements/derived. 

Instrument Parameter Property Derived variable 
Particulate Mass (PM) 
monitors (Thermo 
Scientific, beta 
attenuation) 

PM2.5 Mass concentration (Fine 
particulate matter in health 
studies) 

Mass concentration of 
particle size fraction with 
an aerodynamic diameter 
smaller than 2.5 µm 

Particulate Mass (PM) 
monitors (Thermo 
Scientific, beta 
attenuation) 

PM10 Mass concentration 
(Respirable suspended 
particulate matter in 
context of health studies) 

Mass concentration of 
particle size fraction with 
an aerodynamic diameter 
smaller than 10 µm 
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Dichotomous Partisol-Plus 
Sequential Air Sampler 

Fine (PM2.5) and coarse 
(PM2.5–10) 

Filter based mass 
deposition and gravimetric 
mass 

Chemical speciation 
including ions, organic 
carbon and elemental 
carbon 

Differential Mobility 
Particle Sizer (DMPS) 

Particle number size 
distributions (10–800 nm) 

Size distribution Particle number size 
distribution typically in size 
ranges: the nucleation, 
Aitken and accumulation 
mode. Total number 
concentration and 
geometric mean diameter. 
The particle mass 
distribution, assuming 
spherical particles and a 
gravimetric density of 1.77 
g cm-3 

Aerosol Particle Sizer (APS, 
TSI 3321) 

Particle number size range 
0.5–10 μm 

Size distribution Volume size distribution 

Vaisala WXT/Milos weather 
stations 

Meteorological parameters Ambient temperature, 
relative humidity, solar 
irradiation, both wind 
direction and speed 

Specific humidity, wind 
variability (turbulence) 

Integrating Nephelometer 
(Ecotech M 9003) (σsp) at 
λ=525 nm 

Scattering coefficient Aerosol scattering Total scattering and 
submicron scattering 
fraction with PM2.5 inlet 
system 

Seven-wavelength (370 nm 
to 950 nm) Aethalometer 
(Magee Scientific AE-31)  

Absorption coefficient 
(σap) and equivalent black 
carbon (eBC) at λ=880 nm 
(refers to the optical 
absorption methods) 

Aerosol absorption and 
black carbon concentration 

The single scattering 
albedo (SSA) using 
measured σsp (λ= 525 nm) 
and σap (λ=520 nm), and 
absorption Ångström 
exponent (αabs) that 
describes the spectral 
dependence of light 
absorption by the aerosol 

Multi-Angle Absorption 
Photometer (MAAP, 
Thermo Scientific; 637 nm 
wavelength) 

Absorption coefficient Aerosol black carbon 
concentration 

Single Particle Soot 
Photometer (SP2; Revision 
C* with 8 channels) 
manufactured by Droplet 
Measurement 
Technologies (Boulder, CO, 
USA) 

refractory black carbon 
(rBC) concentrations  

Mixing state parameters 
including rBC number 
fractions and rBC mass in 
each particle 

rBC mixing state and 
comparing the differential 
mobility analyzer 
(DMA) selected particle 
size with 
that measured by the SP2 
gives additional 
information about 
particle morphology 
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 For quality assurance and quality control of the data generated at both the sites, the raw data was 
first examined visually and clear outliers were removed. During data processing, the meteorological 
parameters and aerosol properties were averaged to 1-hour resolution, taking into account only those 
hours when more than 50% of time was covered by valid measurements. The hourly data was then 
used in all further calculations (Papers 1, 2 & 3) unless a high time resolution data for any specific 
analysis was required, e.g., meteorological data (Paper 4); and refractory black carbon (rBC) 
concentrations and mixing state parameters (Paper 5). 

3.3 Meteorological characteristics 

 As typical for the Indian sub-continent, the weather exhibits a clear seasonal pattern. The seasonal 
classification adopted for Mukteshwar and Gual Pahari is winter (December to February), pre-
monsoon (March to May), monsoon (July to August), post-monsoon/autumn (October to November). 
The months of June and September are a mix of dry and rainy periods with transitional synoptic 
weather conditions and synoptic scale circulation, hence classified as transition months in our analysis. 
Broadly, the differentiation of pre- and post-monsoon in India are based on arrival and withdrawal 
phase of the classified precipitation level, and that might differ across the years. The southwest flow 
of humid air over India is a main feature of the monsoon period. But, sometimes it is weakened by 
induction of stronger and/or more frequent dry northwesterly winds of continental origin over western 
India (Kaskaoutis et al., 2012), resulting in anomalies in precipitation level. 
 In monsoon, typical southwest and southeast monsoon winds are observed both at Gual Pahari and 
Mukteshwar. During other seasons a distinct pattern in both wind speed and direction manifests a 
topography difference between Mukteshwar and Gual Pahari. Notably, at Mukteshwar 
mountain/valley wind patterns prevail the diurnal cycle across the seasons including monsoon, and the 
wind directions are consistent with the alignment of the mountain ridges (Paper 4). Hourly average 
wind speed generally below 2 m/s at Mukteshwar indicates weak horizontal transport (Papers 3 & 4). 
Since both wind direction and speed depend on local topography (Papers 2 & 3), therefore the specific 
humidity as a passive tracer is utilized (Paper 4) for studying boundary layer dynamics (e.g., Kowol-
Santen et al., 2001; Weigel et al., 2007), and trajectory analysis is used to examine the possible origin 
of air masses (Papers 3 & 4). 

In figure 5, temperature, relative humidity and wind speed for example of winter season are shown 
for both the locations. Temperature has similar diurnal cycles, but the absolute values are lower in 
Mukteshwar due to the higher altitude. In Gual Pahari, cold temperature is recorded during winter 
season and a high diurnal variation in temperature during pre-monsoon has been observed. This 
difference in temperature leads to a highly dynamic boundary layer characteristics in the IGP region, 
which drives a confined mixing of pollutants during winter season whilst in pre-monsoon season an 
efficient vertical mixing (Hyvärinen et al., 2010; Papers 2 & 3). The temperature minima and RH 
maxima are seen at the same time for Gual Pahari across the seasons. The RH is less variable at 
Mukteshwar than of Gual Pahari. 
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The 5-day back trajectories were calculated using the HYSPLIT 4.9 (Draxler and Hess, 1998; Stein 
et al., 2015) for every three hours (the temporal resolution of the GDAS data) at Mukteshwar and 
FLEXTRA model (Stohl et al., 1995; Stohl and Seibert, 1998) using data from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) at Gual Pahari, for the respective measurement periods. 
Even if Mukteshwar and Gual Pahari trajectory directions are similar (e.g., Komppula et al., 2009; 
Papers 2, 3 & 4), average trajectory altitudes, total lengths and mixing heights (or ABL, PBL) shows 
that air masses could have different origin. During the monsoon season both sites have air masses 
mainly from southwest and southeast (Arabian Sea and Bay of Bengal, respectively), but in other 
seasons westerly air masses prevail (Fig. 6). During the post-monsoon and winter seasons, more than 
70% of time Mukteshwar air masses are originating from altitudes well above the Gual Pahari 
maximum mixing height (MMH) (Paper 4). The average trajectory altitude are also greater than the 
trajectory end point altitude indicating that air masses are descending while approaching the 
Mukteshwar station. Finally, the longest trajectory lengths indicate that Mukteshwar air masses are 
also originating from the free troposphere where wind speeds are commonly high. These observations 
show that Mukteshwar air could be relatively clean (Paper 1) while the limited mixing in Gual Pahari 
allows the buildup of high aerosol concentrations during the post-monsoon season and winter (Papers 
2 & 3). During pre-monsoon the MMH increases (Paper 4) and eventually exceeds the average 
trajectory altitude at Mukteshwar. The situation is similar during the monsoon season when air masses 
approaching Mukteshwar are actually ascending (average altitudes below the end point altitudes) 
from altitudes similar to the MMH, indicating Mukteshwar and Gual Pahari air masses have similar 
origin. It is usually due to prevailing cyclonic circulation in this region during the pre-monsoon and 
monsoon seasons (Papers 3 & 4). In total, Mukteshwar air masses are practically always crossing the 
IGP, which is here represented by Gual Pahari (Paper 4). 

Figure 5. Diurnal mean relative humidity, temperature and wind speed at Mukteshwar (left) and Gual Pahari (right) during 
winter season. The error bars indicate 95% confidence values for relative humidity, temperature and wind speed. 
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4. Results and Discussion

 The mass concentration of PM10, PM2.5, eBC and rBC, number size distributions (10‒800 nm), 
geometric mean diameter (GMD) and absorption and scattering coefficients are the aerosol properties 
included in this work (Table 1). The number size distribution was divided further into three 
characteristic particle size ranges of aerosol, 10‒25 nm particles (nucleation-mode ‘Nnuc’), 25‒90 nm 
particles (Aitken-mode ‘Nait’), 90‒800 nm particles (accumulation-mode ‘Nacc’). The sum of the 
particle number concentrations in the three particle size ranges is termed total number concentration 
(Ntot). The single scattering albedo (SSA) and absorption Ångström exponent (αabs) were also 
estimated using absorption and scattering coefficients. Studying mass concentrations of PM10, PM2.5 
and eBC inculcate broadly the effects on health and environment, while rBC reveals mixing state of BC 
that helps in evaluating micro-physical characterization and potential impact of BC on climate. The 
number size distribution and the ratio of various size modes can be utilized to examine age of the 
aerosols and also in fingerprinting distance of various aerosol sources. The GMD expresses the 
lognormal size distribution and enlightens growth and potential shrinkage of particles. In optical 
properties, SSA is an important parameter which explains absorbing/scattering nature of aerosols and 
generally used for estimating direct radiative effect of aerosol, while αabs is used to characterize the 
absorbing species which tells nature of the emitting source.   

Figure 6. The 5-day long backward air mass trajectory for the autumn and monsoon seasons as 
frequency distribution for Mukteshwar (left) and as typical example days for Gual Pahari (right). 
The 5-day back trajectories are calculated with HYSPLIT (at Mukteshwar) and FLEXTRA (at Gual 
Pahari) for the respective measurement periods. 
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4.1 Spatio-temporal distribution of aerosol properties 

 In general, number concentrations correlate with mass concentrations unless particles due to new 
particle formation (NPF) attribute dominantly. Similarly, scattering and spectral absorption 
coefficients correlate with the total aerosol (PM10 or Ntot) and eBC mass concentrations, respectively. 
So the diurnal cycles of the mass concentrations are broadly identical to those of aerosol optical 
properties and number concentrations (Papers 3 & 4). Previously, similar results have been presented 
in our publications (Hyvärinen et al., 2009, 2010; Komppula et al., 2009).       
 The PM10 & PM2.5 annual average mass concentrations of 40 µg/m3 and 25 µg/m3 at Mukteshwar 
and 215 µg/m3 and 125 µg/m3 at Gual Pahari, respectively, are among the highest concentrations in 
comparable environments all around the world (Hyvärinen et al., 2010; WHO, 2016; Papers 2, 3 & 4). 
The mass concentration values exhibit a pronounced month dependent diurnal cycle at both the 
stations (Fig. 7). This is an expected result due to a high contrast in the rainy and the dry seasons’ 
meteorology. High pre-monsoon and low monsoon season aerosol concentrations are common for 
both the sites, however, at Gual Pahari the level of concentration is relatively higher across the 
seasons. This high level concentration behavior mainly during winter, and partly in the post-monsoon 
is explained potentially by the meteorological situations. In winter, the surface-based inversion layer 
is at low altitudes and has a weaker development of the ABL compared to the other seasons. Notably, 
the low ABL height or stable atmospheric conditions in the night time during winter season in turn 
forces the accumulation of aerosol particles at Gual Pahari. The nocturnal high concentrations in 
particular are genesis of an increase in wastes burning such as grass, dry leaves, wood, solid-waste etc. 
for getting warmth against cold weather during the winter in northern part of India (Ganguly et al., 
2006; Hyvärinen et al., 2010; Paper 2). On the other hand, in post-monsoon season high concentration 
levels are mainly due to regional smoke plumes and secondary aerosols (Paper 2). Kaskaoutis et al., 
(2014) reported thick smoke/hazy aerosol layer below 2.5 km in the atmosphere during post-monsoon 
which covers nearly the whole IGP. Furthermore, across the seasons a broad peak between about 
07:00–09:00 AM is consistent with the rush-hour traffic in the National Capital Region (NCR) Delhi. So, 
the peak might be a result of local traffic emissions combined with poor dispersion conditions for 
aerosols due to shallow boundary layer (Hyvärinen et al., 2010; Papers 2 & 3).  
 At Mukteshwar both PM10 & PM2.5 concentrations are modulated with respect to air masses from 
the plains (Papers 1 & 4). The low concentrations during night and morning hours infer very weak 
contribution of local anthropogenic emissions (Fig. 7), hence referred as a cleaner location. But, when 
ABL height increases during the pre-monsoon season, polluted air masses from the IGP reach the 
Mukteshwar site, the aerosol concentrations become nearly equal until the end of monsoon season. 
Conversely, during post-monsoon and winter seasons the concentration levels at Mukteshwar are 
relatively low because about 70% of the Mukteshwar air masses originate mostly from altitudes well 
above the Gual Pahari maximum mixing height (MMH) (Paper 4). 
 The long data-set of aerosol properties in particular at Mukteshwar enables investigating the trends 
in aerosol properties (Paper 4). The statistical methods used to analyze the trends of aerosol 
parameters and to verify the sensitivity of the trends results were the seasonal Mann-Kendall (MK) 
test, the Sen’s slope estimator and least-mean square (LMS) (Collaud Coen et al., 2013), and a 
generalized least square trends with either autoregressive or block bootstrap confidence intervals 
(GLS/ARB) (Asmi et al., 2013), respectively. Trend analysis at Mukteshwar shows statistically 
significant (95% confidence level) negative trend of -2.3 µgm-3/year for PM2.5 and -2.7 µgm-3/year for 
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PM10, with both LMS and GLS/ARB methods. But, MK analysis results into a statistically insignificant 
trend for both PM2.5 and PM10. The trend analysis result of Ntot has a positive slope, but not with a 
statistically significant result (Paper 4). 

 
 

 The eBC mass concentration annual average are 1.0 and 12.0 µg/m3 at Mukteshwar and Gual Pahari, 
respectively. The eBC at Gual Pahari is high during the winter and post-monsoon seasons (Papers 2 & 
3), and the diurnal values peaks during morning and evening hours were observed due to localized 
traffic and cooking activities (Hyvärinen et al., 2010). The eBC concentration maxima at Mukteshwar 
towards the afternoon in all seasons except monsoon in contrary indicates a relatively weak 
contribution of local activities compared to contribution of regional polluted air masses (Papers 1 & 
4).The seasonal-mean diurnal pattern of eBC is seemed to be different than PM mass concentrations 
at both the locations. Possible explanations for these differences include the influence of substantial 
carbonaceous fraction in PM mass. In Gual Pahari, the carbonaceous matter contributes the largest 
mass fraction to the atmospheric aerosol (i.e., >30% organic carbon (OC)) across the seasons. Further, 
mass species characterization in fine mode (PM2.5) at Gual Pahari shows 46% secondary organic 
carbon (SOC) in total organic carbon (TOC) (Paper 2). This suggests the condensation of SOC on fine 
size particles can occur more rapidly leading to fast growth of aerosols in the region, and that might 
be the driving factor of differing seasonal- mean diurnal cycles of the PM concentration than those of 
eBC concentration (Paper 4). These result underline importance of estimating OC levels in addition to 
eBC estimations over IGP-Himalayan region since in climatic perspective emissions of OC causes a 
negative forcing (except its brown carbon component), while emissions of eBC lead to positive forcing 

 Figure 7. Seasonal-mean diurnal variations for PM10 and PM2.5 at Mukteshwar and Gual Pahari. The sunrise and sunset 
time is shown with the white lines. 



28

via aerosol–radiation interactions. Moreover, broadly warming due to eBC at top of atmosphere is fully 
compensated or overwhelmed by the cooling effect due to OC aerosols (IPCC, 2013).   
 In case of rBC, the campaign average rBC mass concentrations at Mukteshwar and Gual Pahari are 
of similar levels to that of eBC with 1.0 and 11 µg/m3, respectively. Further, the number fraction of rBC-
containing particles is higher in Gual Pahari as compared to Mukteshwar, but individual rBC-containing 
particles and their size distributions are fairly similar at both the sites (Paper 5). The rBC mass 
concentrations are about 10 times higher in Gual Pahari than those at Mukteshwar which are 
consistent with the eBC mass concentrations, however, a high variability of rBC mass concentrations 
is observed in their diurnal cycles at both the sites.  
 The SSA values at Mukteshwar are relatively close to each other across the seasons (0.82 to 0.84) 
(Paper 4), indicating equal changes in source strength or removal processes of absorbing and 
scattering types of aerosols. But, a clear difference is observed in SSA during the March and November 
eBC peaks. In March, the mean SSA decreases from 0.85 to 0.81 as the BC-rich aerosol reaches 
Mukteshwar, and the low values of SSA indicate the dominance of absorbing rather than scattering 
material. On the other hand, in November a small increase is seen in SSA in the afternoon hours likely 
due to emissions of secondary organic aerosol (SOA) precursors and SOA formation in crop-residue 
burning plumes (Vakkari et al., 2018) that might make a larger contribution in November as compared 
to March (Paper 4). Moreover, αabs at Mukteshwar has small diurnal changes across the seasons, but a 
high αabs concurrently with low SSA suggesting less scattering nature of the particles in winter (Paper 
4). The SSA and αabs were not estimated from our work in Gual Pahari, however, Soni et al. (2010) 
reported annual average SSA 0.70 with only slight variations across the seasons in Delhi. The αabs 
remained close to unity throughout the year in their study which strongly indicates the absorption at 
Delhi aerosol is mainly due to the abundance of black carbon of fossil fuel origin. 

4.2 Regional and local influences of emission sources 

 The air mass movement depicted with either backward trajectories or wind vector can explain 
identification of the origin of the emission sources. At Gual Pahari, the spatial sectoral contribution of 
different sources were resolved by using receptor modelling tool PMF (Positive Matrix Factorization) 
in combination with conditional probability function (CPF) analysis of backward trajectories as well as 
wind vector. The trajectory approach identified the predominance of regional transport of sea-salt 
enriched mineral dust from Arabian Sea and Thar Desert during the pre-monsoon season. The surface 
wind direction approach captured reasonably well the influence of local origin sources particularly in 
winter season. Substantively, both the approaches indicate that the air masses at Gual Pahari are 
reached mainly from north and west directions and cross-through not only the dense populated areas, 
but also the small-scale industrial zones (Paper 2). 
 At Mukteshwar similarly to Gual Pahari, except in monsoon, the north and west sectors 
predominate throughout the year. These source sectors retain a homogeneity (Paper 4) which 
manifests the fact that the aerosol properties over the remote sites in India might have similar pattern; 
however, may vary in magnitude, depending on strength of the local emission sources (e.g., Bonasoni 
et al., 2008; Chatterjee et al., 2012; Hyvärinen et al., 2009; Komppula et al., 2009; Nair et al., 2012; 
Pant et al., 2006; Papers 3 & 4). 
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 In addition to air mass origins using backward trajectories or wind vector, the ratio of aerosol 
properties also helps to infer the origin via characteristics of sources. The fraction of eBC in PM which 
is higher in Gual Pahari most likely indicating to local anthropogenic emissions from biomass burning, 
agriculture residue burning, cooking and road traffic (e.g., Beegum et al., 2009; Hyvärinen et al., 2010; 
Paper 2). Figure 8 illustrates the relative frequency distribution of the ratio of hourly values of eBC to 
PM2.5 during the entire measurement period at Mukteshwar and Gual Pahari. The eBC/PM2.5 ratio 
about 0.10 at Gual Pahari suggests occurrence of some major anthropogenic activities such as 
combustion of fossil fuel and biomass burning in the IGP region (Paper 2). At Mukteshwar, on average 
about 3.5% of black carbon mass contributes to total PM2.5 and which is mostly due to regional air 
masses (Papers 4 & 5).    

  In figure 9a, the particle volume size distribution with a peak at diameter of about 0.78 µm obtained 
from APS in conjunction with PMF analysis at Gual Pahari suggests secondary aerosols and vehicular 
emissions predominate in the fine mode (PM2.5) of particulate matter (Paper 2). This further indicates 
that formation of secondary aerosol at Gual Pahari is primarily due to rich availability of precursors 
reaching from distant or local anthropogenic emissions and of course conducive meteorology plays its 
role into that substantially. The work of paper 5, where evaluation of size-selected rBC core size 
distributions (Fig. 9 b) further suggests that at Gual Pahari rBC core size distribution is mostly unimodal 
(mode at about 180 nm) and that at Mukteshwar is clearly bimodal (smaller mode at about 110 nm and 
other dominating mode at about 210 nm). But, in general the mode at about 200 nm and thinly coated 
seems to be quite similar for Gual Pahari and Mukteshwar. In additional analysis related to rBC, it is 
revealed that the trends in the rBC mixing state parameters are similar for Gual Pahari and 
Mukteshwar, which indicate fairly dominancy of local and regional rBC sources. The individual particles 
are also seem to be similar in Gual Pahari and Mukteshwar, although relatively a large fraction of the 
particles contain rBC in Gual Pahari than in Mukteshwar. The plausible explanation of these similarities 
could be that some aerosol sources are common for the whole region (e.g., agriculture residue and 
biofuel burning and cooking), and second, a significant fraction of rBC observed at Mukteshwar is 
originated from the densely populated IGP represented by Gual Pahari in our work (Papers 4 & 5).  

Figure 8. Relative frequency distribution of the ratio of the hourly values of eBC/PM2.5 at Mukteshwar and Gual Pahari. 
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Figure 9. (a) Typical volume size distribution observed with APS during periods dominated by five factors in fine mode 
identified with receptor model at Gual Pahari (adapted from Paper 2); (b) the campaign average of rBC core number size 
distributions from Mukteshwar and Gual Pahari (modified from Paper 5); (c) Seasonal-diurnal ratio of modal particle 
number concentration at Mukteshwar (adapted from Paper 4 Supporting Information). The sunrise and sunset time is 
shown with the white lines.

 As explained briefly in previous sections that Mukteshwar area is often under the influence of 
regional air pollution plumes containing biomass burning and aged combustion-derived aerosols. In 
light of that aging of primary aerosols or qualitative identification of distance of various aerosol sources 
is interpreted by examining the ratio between the particle size number concentrations, e.g., Nait/Nacc 
(Fig. 9 c). A high Nait/Nacc ratio, in absence of NPF event, indicates primary aerosol emissions mainly 
from combustion-derived sources or that efficient wet scavenging process prevails. In contrast a low 
ratio is an indication of aged aerosols and emissions from a distant source (as seen in Fig. 9 c, May and 
October). At Mukteshwar, the attribution of NPF to total number concentration of aerosol during pre-
monsoon is also dominant in addition to regional emissions (Paper 4), while in post-monsoon a larger 
GMD infers to relatively higher contribution of regional combustion aerosols than in pre-monsoon 
(Paper 4). The Nait/Nacc ratio from 0.5 upto 5 at Gual Pahari has indicated the presence of NPF, 
preference of the accumulation mode removal by wet deposition, and that the aerosols are fresh rather 
than aged (Hyvärinen et al., 2010). However, during end period of the rainy seasons, Nait/Nacc when 
starts to decrease showed that the aerosols has begun to age again.  
 In total, the morning and evening activities such as biomass burning and cooking has a significant 
influence on aerosol concentration levels in addition to the regional sources contributions at Gual 
Pahari, and the daytime minima is due to the increased vertical mixing (Papers 2 & 3). In Mukteshwar, 
aerosol concentration has maxima in the afternoon most likely due to the transport of polluted air 
masses from the IGP (Papers 3, 4 & 5). The findings in the present work indicate that aerosols particles 
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at the both the sites, Mukteshwar and Gual Pahari, have similar type of local and regional emission 
sources. 

4.3 Relationship in aerosol and boundary layer over Himalayan foothills and the plains 

 In the plains, the relationship between aerosol concentration and ABL is inversely proportional. The 
ABL growth rate is affected primarily by the characteristics of the surface-based temperature inversion 
at sunrise and the upward sensible heat flux at the surface. The strength of the elevated temperature 
inversion causes evolution of ABL and eventually convection of aerosol. However, subsidence at the 
top of ABL slows down its growth rate resulting to accumulation of aerosol. The situation is 
complicated in IGP when more ambient aerosols accumulate resulting less solar radiation to surface, 
hence, a decrease in surface air temperature successively with an increase in ambient relative humidity 
restrict the development of ABL. Eventually, the low ABL height in turn forces the accumulation of 
aerosol particles in the high relative humidity and shallow atmosphere. This is the case at Gual Pahari 
in the IGP region has been manifested mainly during post-monsoon and winter seasons (Figs. 7 b & d; 
Papers 2 & 3). The limited vertical mixing and significant local and regional sources thus resulting to 
highest aerosol concentrations at Gual Pahari during post-monsoon and winter seasons. In contrary 
during the pre-monsoon day time when sun radiation and the temperature are high, a decrease in 
aerosol concentrations occur due to dispersion build upon convective mixing and boundary layer 
evolution (Hyvärinen et al., 2010; Papers 2 & 3).  
 In case of high altitude mountain sites it has previously been shown that convective mixing can 
transport polluted air from valleys and plains (Baltensperger et al., 1997; Collaud Coen et al., 2018). In 
light of the results on both diurnal and seasonal aerosol concentration cycles at Mukteshwar which are 
temporally opposite to Gual Pahari, it has been imperative to examine the aerosol variability with 
respect to the boundary layer evolution. In Paper 3, it has been identified that aerosol patterns at 
Mukteshwar are concurrent to deepening of boundary layer in the plains which infers the transport of 
polluted air from IGP (represented by Gual Pahari) to Mukteshwar. During pre-monsoon distinctly the 
aerosol mass concentrations in Mukteshwar approach those at Gual Pahari when the convergence of 
the sensible heat flux causes the ABL to warm and grow in depth in the IGP. The diurnal cycle of aerosol 
properties is observed with similar characteristics at Mukteshwar across the years (Figs. 7 a & c; Paper 
4). In total, when ABL height increases during the day, dispersion decreases aerosol concentrations at 
Gual Pahari and consequently concentrations first decrease in Mukteshwar due to dilution, but a clear 
increase is seen later in the afternoon when polluted air masses reach the station level. Such delay is 
expected because polluted air masses are most likely originating from the IGP, a few tens of kilometers 
SW from the Mukteshwar station. 
 The ratios of Mukteshwar/Gual Pahari monthly average PM2.5 and scattering coefficient 
concentration as a function of the average ABL height show significant correlation coefficient values 
in dry months. This reveals aerosol concentrations at Mukteshwar are depending strongly on ABL 
dynamics (Paper 3). The correlation is clear even if it does not account for the horizontal transport and 
the distance between the stations is about 270 km. This further indicates that Gual Pahari is a good 
representative of the IGP and vertical mixing is important (Papers 2 & 4). However Mukteshwar/ Gual 
Pahari eBC ratio, which is only weakly dependent on the ABL height indicating that Gual Pahari eBC 
concentrations depend mainly on the local eBC emissions. In addition, the mixing of eBC is not as 
effective as that of the other aerosol types. This is due to the fact that all eBC sources are at the local 
level and it is confirmed by when no change of rBC core diameters in rBC-containing particles being 
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estimated at Gual Pahari and Mukteshwar. It could have been expected that rBC core size decreases 
when secondary organic aerosol and sulphate condense to existing particle during their transport to 
Mukteshwar, but this effect is not clearly seen  (Paper 5).   
 The results so far show qualitatively that transport of polluted air from Gual Pahari to Mukteshwar 
takes place (Paper 3), it is known however that modeled mixing layer depths have uncertainties, 
especially in the mountain environment (Lehner and Rotach, 2018; Rotach et al., 2015). Therefore in 
paper 4 to overcome this uncertainty factor, the observed surface meteorological variables (due to the 
absence of direct measurements of the mixing layer depth) are utilized to determine the likely 
influence of boundary layer transport and compared with the modelled mixing layer depth. In wind 
parameters, the wind direction variability (δWD) and relative wind speed variability (δWSr) were used. 
The δWD was calculated as the average of the absolute differences in wind direction from 1 minute to 
the next during the given hour. The δWSr was calculated similarly to δWD, but divided by the average 
wind speed of that hour in order to retrieve a proxy that was independent of the mean wind speed. In 
addition, the variability in specific humidity was obtained by subtracting the monthly mean diurnal 
minima from the monthly mean diurnal cycle and denoted as ∂q. Figs. 10 a & c show that the 
simultaneous observations at Mukteshwar and Gual Pahari has a distinct seasonal pattern of specific 
humidity (q), but ∂q is temporally opposite at Mukteshwar and Gual Pahari. In Mukteshwar (Fig. 10 b), 
q is gained, while a loss is estimated for Gual Pahari (Fig. 10 d). The changes are dominant in dry 
months and during afternoon hours that last till night (Paper 4).  
 In summary, the variability in winds and q, with a high variability indicates turbulence, and hence an 
actively mixing boundary layer. The variability in both wind speed and direction and q is much higher 
during the day, a consequence of the daytime convectively-driven turbulent boundary layer (Stull, 
1988). The strength of the turbulent mixing, indicated by the variability in each parameter, is 
determined by the sensible heat fluxes arising from the solar irradiance. During the monsoon season, 
the diurnal pattern is heavily suppressed and at night time the wind direction is from SE since the 
summer monsoon circulation in India is more synoptic in scale, and there is also more night time 
variability in both wind speed and direction compared to other seasons. Further, the solar irradiance 
at the surface is much reduced during summer monsoon, producing weaker surface-driven convective 
mixing and hence the daytime variability in the winds and in q is not as strong as in the pre- and post-
monsoon seasons (Paper 4). 
 A relative strength of boundary layer mixing, however, alone is not sufficient to infer the mixing 
layer depth. Therefore it is imperative to determine whether aerosol measurements at Mukteshwar 
are influenced by transport from the plains (IGP) through an additional parameter. The fraction of 
Mukteshwar air originating from the plains referred as Фq (Fig. 10 e) was then estimated (methodology 
in Paper 4) by utilizing q hourly values of Mukteshwar and Gual Pahari. It is a much clearer indicator as 
explained in Paper 4, since this uses the property that q is a conserved variable and is usually locally 
well-mixed. Elevated values of Фq correspond very well with the observed 1.5‒2 times increase in 
aerosol properties at Mukteshwar seen in the early to late-afternoon (Papers 1, 3, 4 & 5).  However, a 
weak peak in the morning is attributed to transport of air from the local valley while the boundary layer 
is still growing and the strong peak in the late-afternoon relates to daytime transport of moist air 
masses from lower altitude, mixed with the valley air (Fig. 10 e). Furthermore, different threshold 
values of ‘Фq’ (0.25, 0.5 and 0.75) are compared to the maximum mixing depth (model based) in terms 
of the fraction of the days when Mukteshwar is under the influence of air from the plains (Paper 4). 
The result remarkable shows the mixing of air masses in pre- and post-monsoon is predominant 
(Figure 7 a & c) when the observation stations in foothills of Himalayas (e.g., Mukteshwar) are 
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influenced by air masses transported from the plains below (IGP). This is in agreement with previous 
findings that high regional pollution can be seen in dry months at elevated sites when the boundary 
layer is deep enough (Collaud Coen et al., 2013). 

4.4 Factors of aerosol variability 

 The main factors and causes identified at Mukteshwar and Gual Pahari that modulate annual, 
seasonal or diurnal cycles of the aerosols properties at these sites are for example, the boundary layer 
dynamics (explained in previous section), southwest monsoon, NPF and local and regional emission 
sources such as biomass burning, transported mineral dust, agriculture-residue & open waste burning, 
etc. (Papers 1, 2, 3, 4 & 5). 
 At Gual Pahari, broad similarities are identified when using trajectories and wind direction, but wind 
direction did not correlate clearly with any of the aerosol properties, which indicates that there are 
very few, or none, disturbing local sources (Hyvärinen et al., 2010; Paper 2). Thus we can assume that 

Figure 10. (a & c) Monthly-mean diurnal specific humidity at Mukteshwar and Gual Pahari, respectively; (b & d) 
variability ∂q at Mukteshwar and Gual Pahari (represents IGP), respectively, indicating turbulence and moreover, 
opposite temporal features in the variability of specific humidity for Mukteshwar and Gual Pahari, negligible 
variability during night time and in monsoon season; (e) ‘Фq’ a clearer indicator for air mass transport to Mukteshwar 
from the plains in IGP (adapted from Paper 4).  
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the aerosols at Gual Pahari are broadly representative of the regional scale emissions. On the other 
hand, in the foothills of Himalayas at Mukteshwar, the vertical transport of pollution, in addition to the 
horizontal winds, from the plains has been a common explanation of modulating aerosol 
concentrations (Papers 3 & 4). Moreover, an interesting finding in paper 4 is in form of identifying a 
decrease in interannual tendency of ABL (using modelled mixing layer depth) air transport to 
Mukteshwar from the IGP. It is notably a demanding future work to investigate its reasons and linkages 
with aerosol variability in the Himalayan region. 
 Previously, Hyvärinen et al. (2011 a, b) have shown that both at Gual Pahari and Mukteshwar the 
major aerosol sink is rainy season which creates efficient wet deposition in the area. This decreases the 
fraction of particle mass in the PM2.5 size range, thus the scattering and absorbing coefficients are 
decreasing too. But, the average coarse mode concentrations are not affected so much due to wet 
deposition, indicating the rains are sporadic in nature, and outside the rain period the coarse mode 
(seen from the APS and PM data) has a potential to build up again more rapidly than the secondary 
aerosol mass in the fine mode. Over the period of monsoon, the aerosol concentration as a function of 
the total local rainfall decreases by 55–70% compared to the pre-monsoon average concentrations at 
both Mukteshwar and Gual Pahari. However, Gual Pahari which is located in NCR close to New Delhi 
makes it more susceptible to regional vehicular emissions, which in part may explain the less effective 
decrease of eBC during the monsoon. It has also been observed that the aerosol concentration even 
during monsoon are so high in Delhi region, although the monsoon is claimed to be the cleanest season 
in India (Hyvärinen et al., 2011 a, b). The levels of PM concentrations at Gual Pahari even during 
monsoon season are not in compliance to the WHO (World Health Organization) 24 h guideline of 25 
μgm−3 (Hyvärinen et al., 2011 a, b; Papers 1, 2 & 4). In Mukteshwar, although the 24 h PM2.5 
concentrations are nearly always below the Indian National Air Quality Standard of 60 μgm−3 during 
the monsoon season, but violates the WHO 24 h guideline at many occasions.   
 A clear dip in GMD (Fig. 11; Paper 4) during monsoon season at Mukteshwar manifests a decreasing 
pattern of aerosol particles. It also corroborates with the finding of removal of particles due to cloud 
processes and wet scavenging by rain, which are more efficient for aerosol particles at Mukteshwar 
and Gual Pahari also (Hyvärinen et al., 2011 a, b). Figure 11 shows a clear dip in GMD values due to 
effect of monsoon on GMD via wet deposition of aerosol, and another dip during pre-monsoon season 
due to NPF events, a source of nucleated particles. The monthly frequency of NPF event days (Dal 
Maso et al., 2005; Neitola et al., 2011) has clearly showed a peak in afternoon during March-April both 
at Mukteshwar and Gual Pahari. The attribution of NPF to Ntot during pre-monsoon is noticeable in 
spite of a significant contribution of regional natural and anthropogenic emissions at both the sites 
(Hyvärinen et al., 2010; Paper 4). 
 At Mukteshwar, the analysis in Paper 4 reveals that NPF events during the pre-monsoon months 
occurred roughly every third day, but less frequently during other seasons. In post-monsoon, less air 
from the plains and eventually less precursors might be a reason of much fewer NPF events. Moreover, 
during post-monsoon and winter the high GMD values indicate dominancy of other possible sources 
of aged aerosols and infrequent NPF days. The results on NPF frequency in Mukteshwar are in 
corroboration with Nieminen et al. (2018), where they have also reported that at the majority of 
measurement sites in the Northern Hemisphere including Mukteshwar, the NPF frequency has a 
strong seasonal variability. At the measurement sites analyzed in their study, NPF occurs most 
frequently in March–May (on about 30% of the days) and least frequently in December–February 
(about 10% of the days).  
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Figure 11. Monthly GMD (nm) for all days and only nucleation event days as a function of precipitation (mm) at Mukteshwar.

 In addition to modulations caused by rainy periods and NPF events, the aerosol concentrations are 
predominantly elevated during pre-monsoon season due to intense dust storms originated from the 
arid and desert regions of southwest Asia, Arabia and Thar desert (e.g., Duchi et al., 2014; El-Askary et 
al., 2006). The prevailing meteorological conditions and the marine humidity during early monsoon 
periods are the factors that differentiate the air masses, along with the fact that during pre-monsoon; 
there is large amount of dust at middle and upper levels of the troposphere that is also transported 
over to IGP and further upto Mukteshwar (Paper 4). This results into elevated fractions of the coarse 
mode, PM2.5−10 at both the stations (Hyvärinen et al., 2011 a; Papers 1, 2 & 4).  
 Although Mukteshwar is often under the influence of regional air masses transport from the IGP 
region, as discussed in previous sections, that results into contribution of biomass burning aerosols 
(Komppula et al., 2009; Papers 3 & 4) and aged combustion-derived aerosols (Komppula et al., 2009; 
Papers 4 & 5). But, in order to assess modulation due to strength of emissions, the absolute emissions 
at Mukteshwar are estimated and found to be lesser in comparison to emissions over NCR 
(represented by Gual Pahari) (Paper 4). A comparison of the modeled and measured eBC 
concentrations at Mukteshwar with the ECHAM-HAM and REMO-HAM models, using the same 
emission inventory, shows an overestimation in ECHAM-HAM and relatively better result with the 
REMO-HAM. Notwithstanding, the regional climate model has also problems in capturing the 
orographic influence accurately. It highlights that transport and representation of the valley wind 
influence to ABL could be the main reason of poor performance of climate models in mountainous 
environment (Paper 4). Conversely, at Gual Pahari both models are able to capture the observed eBC 
concentrations much more reliably. This is indicating that the emission inventory does not have 
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significant biases and the interannual variability in aerosol properties at Gual Pahari relates reasonably 
well with the emission strength over IGP region. 

5. Review of papers and author’s contribution

Paper 1 (P1) reports continuous aerosols measurements of PM2.5, PM10 and eBC at Mukteshwar for 
the first 3 years and detailed out a baseline information for both diurnal and annual aerosol 
concentration cycles and compared with Indian ambient air quality standards. The outcome and the 
outlook are described in Table 2. I carried out the data analysis and contributed substantially in writing 
of the text. The data is further utilized in papers 3 and 4.  

Paper 2 (P2) describes a sequential filter-based gravimetric measurement using artefact corrected 
methods and followed by chemical analysis. The source region discrimination is detailed out using 
conditional probability functions with receptor modelling, and validation through volume size 
distribution. The sources are identified in fine and coarse mode of PM. In this work I contributed 
towards installation of the measurements, daily maintenance, did all the data analysis, and wrote most 
of the text. 

Paper 3 (P3) observes the transport of pollution by comparing simultaneous measurements of more 
than two years at both the stations including meteorological parameters and aerosol mass 
concentrations. The comparison shows that aerosol concentrations at the foothills of Himalayas are 
correlated with the boundary layer height. I contributed to the field measurements, improving the data 
analysis method and wrote part of the text. 

Paper 4 (P4) presents the first step towards the use of observed surface meteorological variables in 
the absence of direct measurements of the mixing layer depth to determine the likely influence of 
boundary layer transport to Mukteshwar which is qualitatively identified in paper 3. The results are 
obtained to investigate that the mountainous terrain site (Mukteshwar) is under the influence of air 
from the plains due to convective transport processes that are enhanced by local and mesoscale 
topography, and leading to pronounced valley/mountain winds and consequently to ABL air lifting 
from the plains below. The transport from plains is evident in seasonal-diurnal patterns observed at 
Mukteshwar. I contributed in designing the data analysis, did a major part of the data analysis and 
writing of the paper. 

 Paper 5 (P5) contains the description of state-of-the-art method of measuring size selected black 
carbon mass distribution and mixing state in polluted and clean environments in India. The results 
show that refractory black carbon concentrations are about 10 times higher in polluted environment 
than those at a cleaner site, and which are consistent with black carbon observation utilized in papers 
2, 3 & 4. A detail examination revealed that the refractory black carbon particles are most likely to 
contain non-refractory materials such as sulphate and organics, but the exact volume fractions could 
not be quantified because these particles are not spherical. In this paper, I participated in designing the 
study, did a major part of the measurements and the related data analysis in the paper, and 
contributed in writing.       
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A simplified summary of connections between the work carried out over the years and included as part 
of this thesis are capitulated in Table 2. 

Table 2. Summary of linkage in research papers those included in the thesis. 

Research 
Article 

Objectives Primary input Secondary 
input 

Outcome Outlook 

 P1  
Atmospheric 
aerosols at a 
regional 
background 
Himalayan 
site—
Mukteshwar, 
India 

Baseline 
concentration in 
foothills of 
Himalayas 

Real-time 
state-of-the-art 
continuous 
long-term data 

Aerosol 
concentrations 
are significant 
even in 
background 
regions 

Elevated RH 
occurs with air 
masses moving 
uphill, and to 
create larger 
database; 
Addressed in 
Paper 4 

P2 
Atmospheric 
aerosols local-
regional 
discrimination 
for a semi-
urban area in 
India 

Concentration 
and sources in 
Indo-Gangetic 
Plain 

Artefacts 
corrected 
physical and 
chemical data; 
Source 
Receptor 
model 

FLEXTRA 
model 
trajectories 
calculations; 
MAAP black 
carbon artefact 
corrected data 
(other paper) 

Mass and size 
distribution for 
sources 
identification 
and 
quantification 

Detailed micro-
physical 
properties of 
key pollutant 
(black carbon); 
Addressed in 
Paper 5 

P3  
The effect of 
boundary layer 
dynamics on 
aerosol 
properties at 
the Indo-
Gangetic plain 
and at the 
foothills of the 
Himalayas 

Transport of 
aerosol 

Simultaneous 
aerosol 
measurements 
at cleaner and 
polluted 
environments, 
Model based 
boundary layer 
dynamics 

FLEXTRA  & 
ECMWF Model 
based 
trajectories and 
boundary layer 
heights 

Boundary layer 
dynamics has 
major role in 
aerosol 
transport to 
cleaner 
environments 

Mountain and 
valley winds 
circulations can 
be an 
enhancing 
factor in 
transport of 
pollution from 
plains; 
Addressed in 
Paper 4  

P4 
Driving factors 
of aerosol 
properties over 
the foothills of 
central 
Himalayas 
based on 8.5 
years 
continuous 
measurements 

Aerosol 
temporal 
variability and 
its driving 
factors, trends 
analysis, aerosol 
transport 
processes, and 
testing aerosol-
climate models 
for the 
reproducibility 
of aerosol 
variability 

Longest-time 
series data, 
detailed 
meteorological 
information 
and the 
emissions 

HYSPLIT  & 
GDAS based 
trajectories and 
boundary layer 
heights 
calculations, 
ECHAM-
HAMMOZ and 
REMO-HAM 
models, 
ECLIPSE 
emission 
inventory, 
Precipitation 
and ENSO 
phase details 

Synthesis of a 
micro-
meteorology 
approach 
using 
turbulence and 
specific 
humidity as 
proxies for 
diurnal 
boundary layer 
influence over a 
complex 
topography 

Detailed micro-
physical 
properties of 
aerosol to be 
parametrized 
into indigenous 
aerosol-climate 
models and to 
reduce the 
uncertainties at 
a regional scale 
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P5 
Size-selected 
black carbon 
mass 
distributions 
and mixing 
state in 
polluted and 
clean 
environments 
of northern 
India 

New and 
detailed 
information 
about the black 
carbon mass 
distribution, 
mixing state 
and morphology 
in cleaner and 
polluted 
environments 

State-of-the-
art 
measurement 
set-up by using  
size-selective 
(DMA) particles 
before SP2 

Particles at both 
sites have 
similar local and 
regional sources 
but aerosol are 
also transported 
from polluted to 
cleaner 
environments 

The particle 
structure 
remains 
unknown. 
Additional high 
quality multi-
point 
measurements 
are required for 
assessing and 
improving the 
performance of 
aerosol-climate 
models 
predictions at 
regional level 

6. Summary and conclusions

 In this thesis the aerosol properties in two different environments and their spatio-temporal 
variability are presented. On one hand, the longest time-series data of in situ measurements of aerosol 
properties is utilized, for the first time in India, to determine the diurnal-seasonal cycles, inter-annual 
variability and trend analysis. On the other hand, the closely associated continuous measurements and 
intensive campaigns data with state-of-the-art instrumentation is utilized followed by modelling 
approach to evaluate relationship between aerosol properties and transported air masses from plains 
to high altitude sites.  

Our main conclusions are as follows: 

1. Simultaneous measurements at both—a polluted and cleaner environments are useful for a
comprehensive analysis.

 The high time resolution data set of more than two years of simultaneous measurements reveals 
an opposite pattern in diurnal cycles of aerosol properties at Mukteshwar and Gual Pahari. The 
concentration of aerosol properties is about 10 times higher in polluted environment, Gual Pahari, than 
those at cleaner, Mukteshwar. The size-selected black carbon mass distribution determined in terms 
of refractory black carbon (rBC) shows consistency with eBC concentrations in both the environments. 
Noticeably in the present work, a statistically significant (95% confidence level) negative trend of -2.3 
µg/m3 /year and -2.7 µg/m3/year for PM2.5 and PM10, respectively, is estimated at Mukteshwar, and 
on average the inter-annual variability of both PM2.5 and Ntot is ± 20%. The first aim of this thesis 
work is accomplished with long-term continuous measurements of about 8.5 years at a cleaner 
environment, Mukteshwar. It provided information on background aerosol properties, trends in 
aerosol concentrations and properties, and data for validating models. Moreover, Mukteshwar station 
provided possibilities for studying the influence of regional sources and processes.  
The present work highlights the fact that in health perspective, the PM10 and PM2.5 at both 
Mukteshwar and Gual Pahari are in exceedance to the WHO (World Health Organization) 24 h 
guideline of 25 μgm−3. This shows that even in background regions that are far away from major 
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pollution sources or urban areas, the aerosol concentrations are high. Thus, to address how future 
emission scenarios can work in pollution controlling and climate policy framework at regional scale, 
there is need of many more observatory sites, continuous long-term measurements, quantification of 
nature and role of aerosols with the models predictions.  

2. A distinct cycle of aerosol properties is observed at polluted site near Delhi as well as at a
relatively cleaner in the foothills of central Himalaya.

 A distinct diurnal and seasonal pattern of aerosol properties is observed at both the sites, but 
temporally opposite. During post-monsoon and winter, high aerosol concentrations are found at Gual 
Pahari, while less at Mukteshwar. In pre-monsoon the levels are again opposite in magnitude when 
high at Mukteshwar or almost equal at both the sites. It is observed that the concentration levels of 
extensive aerosol properties at Mukteshwar are consistently high over the course of the day with 1.5‒
2 times higher values in early to late-afternoon than during the night. But, in monsoon the aerosol 
concentrations are minimum both at Mukteshwar and Gual Pahari. These variabilities across the 
seasons indicate that the foothill sites are correlated with the spatially averaged ABL height, and 
together with the favorable synoptic scale atmospheric circulation, suggesting air mass transport from 
the plains. The climate models simulations also predict the distinct seasonal cycles of measured eBC 
concentrations at Gual Pahari, while at Mukteshwar climate models could not. The possible reasoning 
of the poor performance of model predictions at Mukteshwar might be due to the incapability to 
capture the transport and representation of the valley wind influence to ABL. It is noted, however, that 
our observations are restricted to only one site in each environment, hence multi-point measurements 
are needed to add to our observations and modelling comparison. This will give an improved 
explanation on spatially and temporal variation of the emissions and their optimized reduction 
strategies which could be helpful to equilibrium air quality and climate change prospects over the 
entire region.   

3. The regional sources attributions seem to dominate over the local sources, at least in the IGP
region boundary layer.

 The high aerosol concentrations at Gual Pahari are found mainly during post-monsoon and winter 
seasons and at Mukteshwar these are high during pre-monsoon. This suggests an opposite seasonal 
pattern in the aerosol properties and the reason could be either contribution of different local sources 
or may be common regional sources but differ in magnitude due to varying transport processes. The 
eBC/PM2.5 ratio of 0.035 at Mukteshwar and 0.10 at Gual Pahari is suggesting substantial difference 
in local anthropogenic activities between the two locations. But, rBC mixing state parameters reveal 
that the trends of these parameters are similar for Gual Pahari and Mukteshwar, which indicate fairly 
identical local and regional rBC sources. Moreover, the similar characteristics of individual particles in 
Gual Pahari and Mukteshwar indicate firstly that some aerosol sources are common for the whole 
region (e.g., agriculture residue and biofuel burning and cooking), and secondly a significant fraction 
of rBC observed at Mukteshwar is originated from the densely populated IGP represented by Gual 
Pahari. 
The elevated fractions of the coarse mode, PM2.5−10 at both the stations suggesting contribution of 
transported dust over to IGP and further upto Mukteshwar when the prevailing meteorological 
conditions and the marine humidity differentiate the air masses during pre-monsoon. Thus, regionally 
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transported pollutant laden air masses from IGP to Himalayan foothills are playing an important role 
than the local sources or from other parts of the Indian subcontinent. So, more surface in situ 
measurements including isotopic-based source apportionment and validation with satellite retrieved 
information of aerosol properties at different locations and altitude would shed light onto this subject 
comprehensively. In this way, the coverage will be from local to regional scale in the Gangetic-
Himalayan domain. 

4. The mountainous terrain sites are under the influence of air from the plains due to convective
transport processes enhanced by local and mesoscale topography.

 The significant correlation values (0.95, p >0.05) of Mukteshwar to Gual Pahari aerosol properties 
ratio as a function of ABL height show that unlikely the horizontal transport, the distance between the 
stations which is about 270 km does not matter. Broadly this implies that Gual Pahari is a good 
representative of the IGP and vertical mixing is important. Build upon this result, the observed surface 
meteorological variables both at Gual Pahari and Mukteshwar are utilized to investigate that the 
mountainous terrain site (Mukteshwar) is likely under the influence of air from the plains. This 
happened due to convective transport processes that are enhanced by local and mesoscale 
topography, and leading to pronounced valley/mountain winds and consequently to ABL air lifting 
from the plains below. The high variability in winds and specific humidity has indicated turbulence and 
hence an actively mixing boundary layer. But, the relative strength of boundary layer mixing alone is 
not sufficient to infer the mixing layer depth and hence determine the fraction of Mukteshwar air 
originating from the plains (referred as Фq). This parameter Фq is a much clearer indicator to elucidate 
the fraction of Mukteshwar air. The elevated values of Фq correspond very well with the observed 1.5‒
2 times increase in all extensive aerosol properties at Mukteshwar seen in the early to late-afternoon 
corroborates reasonably well the fact of influence of air from the plains to high altitude sites. 
Substantially, the mixing of air masses between plains and high altitude sites via vertical and horizontal 
transport is significant in pre- and post-monsoon. The monsoon season is not captured well either with 
specific humidity proxy or with the modeled mixing layer depth. But, the ABL seasonal influence 
explained in this work is a step forward to more accurately describe the mesoscale transport of 
aerosols in models which are used to predict the concentrations at high altitude sites over the 
Himalayan region. Nonetheless, a direct measurement data of ABL for a complex terrain would be 
more sensitive to pin down these processes in detail before parametrizing the climate models.    

 To summarize, the scientific work carried out as part of this thesis is ranging from macro to a micro 
scale. The work is starting from baseline observations that provide a basis to quantify the driving 
factors of variability in aerosol properties and the trends analysis; and micro level scale through 
characterization of individual particles of key pollutant species (Fig. 12). The work also enlightens the 
fact that how dynamics of aerosol behaviour and meteorological variables is taking place in one of 
aerosol’s complex regions in South Asia, and their evolution in future. But, the questions are 
unavoidable on investigating the climate effects of aerosol on hydrological cycle, aerosol-monsoon 
interaction and effects of aging and coatings on eBC absorption enhancement in receptor locations, 
such as Himalayan glaciers. The idea is fascinating in determining absorbing aerosols (eBC, brown 
carbon (BrC) and mineral dust)) deposition on the India-Himalayan ice-pack and glaciers based on 
long-term measurements via isotope fingerprinting and eventually to estimate radiative forcing of 
absorbing aerosols due to the emissions of southern Asian region. However, to be able to describe the 
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impacts and to assess the radiative forcing due to absorbing aerosols and its-induced snow albedo 
reduction in snow on third pole “Hindukush‒Himalayas”, a multi-institutional effort based on multiple 
measurement stations is needed. It is also be noted that the vertical profile of concentrations and aging 
processes of absorbing aerosols are likely to vary depending on the environment.  

Figure 12. Schematic of development in research work carried out at Mukteshwar and Gual Pahari over the years. 
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Abstract Continuous aerosol measurements were
made at a regional background station (Mukteshwar)
located in a rural Himalayan mountain terrain from
December 2005 to December 2008 for a period of
3 years. The average concentrations of particulate
matter less than or equal to 10 μm (PM10), particulate
matter less than or equal to 2.5 μm (PM2.5) and black
carbon (BC) are 46.0, 26.6 and 0.85 μg/m3 during the
study period. Majority of the PM10 values lie below
100 μg/m3 while majority of the PM2.5 values lie
below 30 μg/m3. It is further seen that during the
monsoon months, especially July and August, the
average values are comparatively low. It is also noted
that the PM2.5/PM10 ratios between 0.50 and 0.75 have
the maximum frequency distribution in the data set.
Furthermore, the monthly mean ratio of BC to PM2.5

mass lies between 3.0 and 7.5 % during the study
period. Though the average PM10 and PM2.5 concen-
trations during the study period are less than the

respective Indian ambient air quality standards, how-
ever, they are still above the WHO guidelines and
would have adverse health impacts. This shows that
even in rural/background regions that are far away
from major pollution sources or urban areas, the aero-
sol concentrations are significant and require long-
term monitoring, source quantification and aerosol
model simulations.

Keywords Background site . Fine particulate matter .

Black carbon . Long-range transport . PM2.5/PM10 ratio

Background

Atmospheric aerosol is linked to visibility reduction,
adverse health effects and heat balance of the Earth,
directly by reflecting and absorbing solar radiation and
indirectly by influencing the properties and cloud pro-
cesses and, possibly, by changing the heterogeneous
chemistry of reactive greenhouse gases (IPCC 2007).
The size distribution of atmospheric aerosols, together
with their composition, sources and sinks, play a key
role in understanding and managing aerosol effects on
health, visibility and climate (Kim et al. 2001; Pope
and Dockery 2006; Hand and Malm 2007; Lokman et
al. 2008; Anderson 2009). Given the increased toxic-
ity of fine (PM2.5) and ultrafine particles and the role
of ultrafine particles in particle-related premature
deaths and morbidity (Donaldson et al. 2002), the
abundance of these particles after nucleation is
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considered a potential human health hazard. In addi-
tion, the growth of nuclei from a few nanometers to
optically active and efficient cloud condensation nu-
clei has important implications for visibility and cli-
mate (Kulmala et al. 2004).

The fine (PM2.5) and coarse (PM10–2.5) particles are
relatively different in their physical and chemical com-
positions. They generally originate from different
sources or by different activities within the same
source. Coarse particles are normally generated by
mechanical activities such as grinding or wind blow-
ing and are dominated by materials of geological
origin (Chow 1995). Fine particles mainly consist of
secondary particles which are formed in the atmo-
sphere by chemical reactions and primary organic
carbon and elemental carbon (Oanh et al. 2006).

In India, particulate matter pollution is widespread
across many ambient air-quality monitoring stations.
The Central Pollution Control Board is executing a
nation-wide programme of ambient air-quality moni-
toring known as National Air Quality Monitoring
Programme. These ambient air-quality monitoring sta-
tions (more than 375) are mainly located in cities/
towns. In Delhi, the daily mean concentration of par-
ticulate matter less than or equal to 10 μm (PM10) over
the period 2000–2006 was as high as 234 μg/m3

(Kandlikar 2007). Many authors from India expressed
concern regarding high particulate matter concentra-
tion in Indian cities (Bhanarkar et al. 2002; Mitra and
Sharma 2002).

However, there are very limited observations in
rural/background sites. Gajananda et al. (2005) indi-
cated that the 8-year average (1996–2003) of total
suspended particulate at Mohal (Kullu) was 78.4 μg/
m3 and 66.9 μg/m3 at Manali in northwestern
Himalayan region. Kumar and Sarin (2009) reported
mass concentrations of fine particulate matter less than
or equal to 2.5 μm (PM2.5) and coarse (PM10–2.5)
mode aerosols to vary from 1.6 to 46.1 and 2.3 to
102 μg/m3, respectively over the annual seasonal cy-
cle during 2007 at a high-altitude site (Mt. Abu) in a
semi-arid region.

The average concentration of fine (aerodynamic
diameter less than 2.5 μm) mode aerosol at a high-
altitude station in northeastern Himalayas (Darjeeling)
during January–December 2005was found to be
29.5±20.8 μg/m3 varying between 3.6 and 61 μg/
m3, whereas coarse (aerodynamic diameter of more
than 2.5 μm) mode aerosol ranged between 5.4 and

32 μg/m3 with an average of 19.6±11.1 μg/m3

(Chatterjee et al. 2010). The large variation in concen-
trations of both fine and coarse mode aerosol during
the entire study period could be due to the thermody-
namic conditions in the planetary boundary layer
(PBL), which either favour or adversely affect pollu-
tants dispersion. Ambient weather conditions, such as
air temperature, relative humidity (RH) and short-
wave radiation, could also influence the chemical
reactions leading to secondary aerosol formation.

In addition to contribution from local sources,
long-range-transported aerosol particles are a poten-
tial contributor to episodic aerosol events in megac-
ities globally, as well as over the Himalayan region
(Ramanathan et al. 2007; Gautam et al. 2009; Ferhat
et al. 2009; Komppula et al. 2009; Hyvarinen et al.
2009; Raatikainen et al. 2011).

To address the data gap of limited observation in
background areas, and to the study the physical, chem-
ical and radiative properties of the aerosols, their var-
iability with the season, as well as long-term trends,
The Energy and Resources Institute in collaboration
with the Finnish Meteorological Institute started an
aerosol laboratory at Mukteshwar, Uttarakhand in
September 2005.

The measurement site at Supi, Mukteshwar, which
represents a regional background station, is located in
a rural mountain terrain at a height of about 2,180 m.
Further details regarding the measurement site are
provided in Hyvarinen et al. (2009) and Komppula et
al. (2009). The climatological data (1951–1980) at
Mukteshwar observatory located a few kilometres
away from the station, indicate that the mean daily
minimum and daily maximum temperature vary from
9.0 to 18.3 °C, annual total rainfall is 1,296.6 mm,
average number of rainy days are 77.6 and the mean
wind speed is 3.5 m/s (IMD 1999).

The physical properties of aerosol particles indicate
a seasonal cycle in measured aerosols in terms of
particle number concentrations (Komppula et al.
2009) during the period from November 2005 to
November 2008 at the same measurement station.
Likewise, the optical properties of aerosols were stud-
ied for the period September 2005 to September 2007
and it indicates that though the aerosol concentrations
were somewhat lower than those measured closer to
urban areas in India, some optical parameters have a
noticeable resemblance to those measured elsewhere
in India (Hyvarinen et al. 2009). The present study
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focuses on the analysis of the mass concentrations of
particulate matter, including their seasonal cycle dur-
ing the study period, i.e. from December 2005 to
December 2008.

The information regarding the fine particulate
matter (aerosols) compiled in the study would be
helping in subsequent assessment of health and
climatic impacts as well. As is already known,
the pollution aerosols have impacts on human
health and regional climate. Most of these aerosols
originate from incomplete combustion, being capa-
ble of carrying variety of toxic chemicals with
them and small enough to penetrate deep into
human lung. In addition to their adverse health

impacts, the possible climatic impacts associated
with these aerosols are surface radiative cooling
and heating of the lower atmosphere.

Methodology

Measurement/instrument details

The measurement site (Fig. 1) is located in Mukteshwar
(29°47′ N, 79°65′ E), Uttarakhand, in northern India.
The surroundings represent an Indian rural mountain
terrain, 2,180 m above sea level in the Himalayan re-
gion. The closest towns are Nainital located about 25 km

Fig. 1 Location map of the
Mukteshwar measurement
site
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southwest of the station (population of 40,000, Census
of India 2001) and Almora located about 20 km north of
the station (population of 31,000, Census of India 2001).
There are no major local pollution sources, except lim-
ited burning over the fields after rainy season. The
station is surrounded by an agricultural test field. No
major local pollution sources are known to affect the
site. The details regarding the measurement site are
provided in Hyvarinen et al. (2009) and Komppula et
al. (2009). Since the location is one of the remote places
in India with minimal local emissions, we believe that
the site represents, to the extent possible, a regional
background in the Indian atmosphere.

PM10 and PM2.5 measurements were carried out us-
ing real-time particulate monitors (FH 62 I-R) manufac-
tured by Thermo Electron Corporation. Pre-separators
(PM10 and PM2.5 inlets) are used for the measurement of
different particulate fractions. The monitoring mecha-
nism is based on the method of radiometric dust mea-
surement that utilises the beta-attenuation by a two-
beam compensation method for continuous mass deter-
mination of the dust sampled on a filter. A high mea-
surement stability is achieved, because for each
measurement value, simultaneously a reference value
is determined in separate measuring section. This refer-
ence section and the measuring section are physically
interconnected, having an equal effect from ambient
temperature and pressure fluctuations in both system
parts. This is basic condition for precise and steady
compensation (Thermo Electron Corporation 2003).

During the sampling, the accumulated particle mass
on a filter is measured and displayed simultaneously.
The air flow rate (1 m3/h) is recorded on-line and
regulated. From the speed of mass growing and the
airflow rate, the dust concentration is calculated. The
measuring range of this instrument is 0–5,000 μg/m3.
The influence of unsteady humidity in ambient air as
well as the danger of water condensation in the sam-
pling tube is prevented through the employment of an
inlet heater. Measurements were recorded for a time
resolution of 5 min duration. PM impactor plates were
cleaned on a regular monthly basis. In addition, stan-
dard procedure for calibration of the particulate mon-
itoring instrument was carried out by using a set of
basic calibration (mica) foils.

The measurement period considered for the present
analysis is from December 2005 to December 2008.
However, it is noted that there are considerable gaps in
the monitored data due as instruments suffered from

malfunctions, though in general the data during the
year 2006 and second half of 2008 were relatively
better. Periodical and routine calibration and flow
checks of the instruments were carried out to maintain
the data reliability and precision. Furthermore, the
months considered for various seasons are as follows:
summer (March–May), monsoon (June–September),
post-monsoon (October–November) and winter
(December–February).

The warmest month was June with an average tem-
perature of 17.8 °C, while January was the coldest
month (average temperature, 7.3 °C). The average RH
varied from the winter low of 40% to the monsoon high
of 88 %. The predominant wind direction during the
measurement period was the sector 300–330° with
about a 14 % total contribution. Winds were rarely
blowing from the directions 210–270°, as this sector is
upslope from the station. The average wind speed was
about 1.3 m/s and the average air pressure was about
785 hPa. A backward trajectory analysis was also per-
formed for air masses arriving at the station in the earlier
articles (Komppula et al. 2009; Hyvarinen et al. 2009).
The air masses were distributed to five different sectors.
In general, most of the trajectories were of westerly
origin, but during the rainy season the dominating air
mass trajectories came from east. RH is the meteorolog-
ical parameter that could be utmost correlating with the
PM concentrations, which is related to boundary layer
evolution. Elevated RH occurs with air masses moving
uphill. Daytime transport of moist air masses from lower
altitudes is an additional explanation for the observa-
tions. This is discussed in Raatikainen et al. (2011),
where it is shown that specific humidity and RH cycles
are correlated in Mukteshwar.

Data screening

The data set comprising 5-min average recorded data
was first cleaned based on the operational status codes
of the instrument. Only normal operation, i.e. values
with zero status code were selected for further analysis.
Next, outliers and inconsistent data points were re-
moved taking into consideration very high concentra-
tion values, and cross reference to log books for the
period when the instrument was not functioning prop-
erly. Also, zero concentration values and data values
corresponding to sudden spikes (less than 10 min dura-
tion) were considered as outliers. However, peaks/
spikes for a longer period (for several hours) were
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considered as normal data, which may be due to
some episodic plume conditions in the vicinity of
measurement location.

Results and discussions

PM10 concentration

Figure 2 shows the monthly average PM10 concentration
obtained at Mukteshwar during the study period. It is seen
that majority of the values (96 %) are below 100 μg/m3,
with an equal percentage (48 % each) in the range 50–
100 μg/m3and below 50 μg/m3. It is further seen that

during the rainy months, especially July, August and
September 2006 and 2008, the average values are compar-
atively lower due to washout effect. A similar observation
was made by Komppula et al. (2009) whereby during the
rainy season the particle number concentrations decreased
to less than half of that observed prior to the rainy season.
A comparison against the 24-hourly annual ambient air
quality standard of 100 μg/m3 indicates that a majority of
the values are in compliance against the standard.
Likewise, a comparison against the annual ambient air-
quality standard of 60 μg/m3 indicates that in the year
2006, the annual average value of 50 μg/m3 was below
the standard. However, the annual value in 2008 was
30.2 μg/m3, which was just half of the standard value. It

Fig. 3 Diurnal variation of
PM10 concentration across
different seasons during the
study period
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Fig. 2 Monthly average PM10 concentration along with minimum and maximum values (based on 24-h average data) at Mukteshwar

Environ Monit Assess (2013) 185:4753–4764 4757



may be noted here that the months such as April and May
which show the highest values are missing in 2008.
Furthermore, the range of 1-h average data is very large,
varying from a few microgrammes per cubic metre to as
high as 650 μg/m3.

Figure 3 shows that in general, the PM10 con-
centrations are maximum in summer and minimum
in the monsoon season, with the post-monsoon
season showing intermediate values. However, the
winter season values show large variations and the
peak is observed around noon time. This is in
agreement with the explanation provided by Pant
et al. (2006) and Komppula et al. (2009) which

states that after the sunrise, the heating of the land
surface results in convection, which gradually rai-
ses the inversion to higher altitudes, leading to
increased vertical mixing that brings up the air
with high aerosol concentration to higher levels.
However, the peak concentrations in summer and
post-monsoon are observed in late afternoon/even-
ing due to enhanced local activities such as
cooking mainly burning biomass along with a
gradually decreasing mixing height. Unfortunately,
the PM10 instrument suffered from malfunctions,
such that no firm conclusion regarding dust par-
ticles can be made.

Fig. 5 Diurnal variation of
PM2.5 concentration across
different seasons during the
study period
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Fig. 4 Monthly average PM2.5 concentration along with minimum and maximum values (based on 24-h average data) at Mukteshwar
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PM2.5 concentration

Figure 4 shows the monthly average PM2.5 concentra-
tion obtained at Supi, Mukteshwar during the study
period. It is seen that majority of the average values
(63 %) lie below 30 μg/m3, followed by 37 % that lie
in the range 30–60 μg/m3. It is seen that during the
summer months, especially April and May, the aver-
age values are comparatively higher while during the
monsoon season (especially July and August), there is
a sharp reduction. Subsequently, during the post-
monsoon season (October–November), the values
show an increase. However, December again shows

a dip in the concentration values. Since the station is at
an altitude, particulate pollution seems to reside partly
below the measurement station (Hyvarinen et al. 2009;
Gehrig and Buchmann 2003) and may be responsible
for the decrease in December. A comparison against
the 24-hourly ambient air-quality standard of 60 μg/
m3 indicates that all the average values are in compli-
ance against the standard, though on a few individual
days the values did exceed the standards. A compari-
son against the annual ambient air-quality standard of
40 μg/m3 indicates that the annual average values in
the years 2006 (13.6 μg/m3), 2007 (20.1 μg/m3) and
2008 (30.2 μg/m3) showed no violations. Also, the

Fig. 6 Diurnal variation of
PBL height and RH across
different seasons during the
study period
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range of the 1-h average data is large, varying from a
few microgrammes per cubic metre to as high as
376 μg/m3.

Figure 5 shows that the PM2.5 concentrations are
maximum in summer and post-monsoon season. This
is broadly in agreement with the observations of
Komppula et al. (2009) regarding higher particle num-
ber concentrations observed during March–May where-
by newly formed particles may have been transported
from other areas within the moving air masses. During
post-monsoon season (October–November), Komppula
et al. (2009) observed higher particle number concen-
trations, larger mean particle diameter and inferred a
high contribution from long-range transported combus-
tion particles based on trajectory analysis.

Figure 5 further shows that the monsoon season has
minimum values and does not show any significant
diurnal variation. However, the winter season values
show large diurnal variations and the peak is observed
in the evening. In general, the pattern observed could be
explained due to a combined effect of boundary layer
evolution and daily activity pattern such as cooking and
heating. Komppula et al. (2009) too observed that the
main diurnal pattern of the particle number concentration

showed an increase from morning to the evening and
settled to lower levels again during the night.

The PBL height (Raatikainen et al. 2011) has a
significant impact on aerosol concentrations. The con-
centration cycle is based on mixing of local clean air
masses with polluted air masses from plains when the
PBL height and RH are high. As seen in Fig. 5, PM2.5

concentrations are decreased in the morning simply due
to dilution. The PM2.5 concentrations start to increase
with a delay of few hours when the polluted air masses
reach the station height. The sharp peak from 1,500 to
2,300 h are seen when the polluted and clean air masses
are well mixed. The same mixing can be observed in the
case of RH. As discussed in the measurement details,
the increased boundary layer brings up moist air from
below (Fig. 6). This creates a strong correlation between
RH and PM concentrations, and gives further support to
the proposed long-range transport contribution towards
PM concentrations.

Comparison of PM2.5 and PM10 concentration

A scatter plot diagram is prepared for the simultaneous
hourly PM2.5 and PM10 concentration values at Supi,
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Mukteshwar for the entire study period December
2005–December 2008 (Fig. 7).

Figure 7 shows that majority of the PM10 val-
ues are below 200 μg/m3 and the corresponding
PM2.5 values are below 100 μg/m3. Furthermore,
Fig. 8 shows the frequency distribution of the ratio
of the daily values of PM2.5/PM10 during the en-
tire measurement period. It is noted that the PM2.5/
PM10 ratios between 0.50 and 0.75 have the max-
imum frequency distribution in the given data set.
This ratio is calculated for the days when both
PM2.5 and PM10 data are available.

Black carbon concentration

Figure 9 shows the monthly average black carbon
(BC) concentration obtained at Supi, Mukteshwar dur-
ing the study period. It is seen that majority of the
average values lie below 1,000 ng/m3, though there
are some values lying in the range 1,000–2,000 ng/m3

as well. The maximum value based on 24-h average is
4,364 ng/m3. It is seen that the summer months have
high values while monsoon months show a sharp
reduction. A similar seasonal cycle is observed across
different years. Further, the range of the 1-h average

Fig. 10 Diurnal variation of
BC concentration across
different seasons during the
study period
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Fig. 9 Monthly average BC concentration along with minimum and maximum values (based on 24-h average data) at Mukteshwar
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data is large, varying from a few ng/m3 to as high as
7,000 ng/m3.

As observed in the earlier cases, the seasonal con-
centration of BC shows maximum values during the
summer season and the minimum values in the mon-
soon season (Fig. 10). The values during post-
monsoon and winter season are close to each other.
Further, the diurnal peak is observed towards the
evening in all seasons except monsoon. It may be
noted that the PM2.5 and BC follow a similar pattern,
which is an indication that the sources for these par-
ticles are similar; based on mixing of local clean air
masses with polluted air masses from plains when the
PBL is high. Moreover, the contribution of local ac-
tivities seems to be relatively weak compared with the
long-range transport.

Share of BC in PM2.5 mass

BC aerosols are produced due to incomplete combus-
tion of fossil fuels as well as biomass burning. Major
urban centres such as Delhi have high BC concentra-
tions as well as high BC to particulate matter ratios.
Ganguly et al. (2006) have reported average value of
BC mass concentration during the campaign period in
December 2004 at Delhi to be 29±14 μg/m3and the
ratio of BC to PM10 to be in the range of 4–15 %.
Likewise, Niranjan et al. (2006) showed that at
Kharagpur the share of the BC aerosol to fine mode
aerosol (<1 μm) was consistently 10 %, which is
typical of an urban location. In contrast, Hyvarinen
et al. (2009) shows the BC monthly mean concentra-
tion at this background rural site to be in the range
0.3–1.4 μg/m3. Figure 11 shows that the monthly
mean ratio of BC to PM2.5 mass lie between 3.0 and
7.5 % during the study period. Here, monthly ratios

are calculated taking into consideration only those
days that had simultaneous BC and PM2.5 values
reported. In general, it is observed that the winter
months have a higher ratio of BC to PM2.5 since the
biomass burning is more due to heating requirements.
However, as compared with urban areas, this site has
lower share of BC indicating that fossil fuel combus-
tion activity levels are limited in this area.

Mean concentrations of PM10, PM2.5 and BC

The average concentrations of PM10, PM2.5 and BC
are 46.0, 26.6 and 0.85 μg/m3 (Table 1). The average
PM10 concentration during the entire study period is
three fourths of the annual ambient air quality standard
(60 μg/m3) prescribed in India. The average PM2.5

concentration is more than half of the annual ambient
air quality standard (40 μg/m3) prescribed in India.
Though these values are less than the ambient stand-
ards, however, they are still above the WHO guide-
lines (20 and 10 μg/m3 for PM10 and PM2.5,
respectively) (WHO 2005) and would have adverse
health impacts.

Table 1 Annual statistical values of PM10, PM2.5 and BC
concentrations

PM10 (μg/m
3) PM2.5 (μg/m

3) BC (ng/m3)

N (days) 418 802 1,037

Mean 46.0 26.6 849.0

Median 34.7 21.9 670.0

Max 303.4 137.0 4,364.1

Min 0.5 2.3 6.7

SD 41.0 19.3 661.0
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Conclusions

Particulate matter (aerosol) measurements made at a
regional background station (Mukteshwar) located in a
rural Himalayan mountain terrain from December 2005
to December 2008 indicate that the average concentra-
tions of PM10, PM2.5 and BC are 46.0, 26.6 and 0.85μg/
m3during the study period. This shows that even in
rural/background regions that are far away from major
pollution sources or urban areas, the aerosol concentra-
tions are significant. Though these values are less than
the ambient air quality standards in India, however, they
are still above the WHO guidelines and may have ad-
verse health impacts. The high PM2.5/PM10 ratio indi-
cates the dominance of finer fractions and consequently
higher associated health implications. Furthermore,
monthly mean ratio of BC to PM2.5 mass lie between
3.0 and 7.5 % during the study period.

It is also seen that boundary layer evolution is an
important factor for both diurnal and annual aerosol
concentration cycles which are clearly supporting the
previous conclusions from studies at same location.
Moreover, the transport of pollutions is especially
important in case of Mukteshwar where local aerosol
sources can be considered relatively weak. This sum-
mary is based on the PM2.5, BC and PM10 mass
concentrations, which have the best data coverage
from a background station in this area.

Thus, efforts should be made to address the long-
range transport as well as local sources of pollution
and policies should be designed that will minimise
emissions of pollutants in urban/industrial areas far
away. It may also be mentioned that background mon-
itoring stations should be expanded in order to have a
larger database over a longer time period, including its
chemical characterisation. Efforts are also required for
identifying and quantifying the local/long-range sour-
ces as well as appropriate aerosol model simulations.
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In the European Integrated project on Aerosol Cloud Climate and Air Quality interactions (EUCAARI), measure-
ments were carried out with a sequential filter-based aerosol sampler and on-line instruments for aerosol
composition and behaviour at Gual Pahari, close to New Delhi. In fine mode (PM2.5), the secondary organic
carbon (SOC) to total organic carbon ratio was 46%. This indicated that condensation of SOC on fine size particles
could occur rapidlywhichmay be related to the growth of aerosols and the potential to the size of cloud conden-
sation nuclei in the region.
Source region discriminationwas improved significantly through coupling conditional probability functionswith
receptor modelling, and validation through volume size distribution. The air masses from industrial and dense
populated regions show a mix of local as well as regional emissions to fine mode aerosols. The back-trajectory
analysis captured the long-range transport of sea-salt aerosols enriched with mineral dust. The surface wind
directions identified the influence of local emission activities.
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1. Introduction

Atmospheric aerosols affect the quality of human life in many
different ways such as health, visibility and climate change. To the
climate, aerosol influence the Earth's radiation balance directly by
scattering and absorbing solar radiations, and indirectly by acting as
cloud condensation nuclei (CCN) (Charlson et al., 1992). However, still
the largest uncertainty is in predicting the radiative forcing and future
climate due to interaction between atmospheric aerosols and climate
system (IPCC, 2013; Andreae and Rosenfeld, 2008). Furthermore, better
understanding and quantification of the above aerosol effects requires
information on how different sources and atmospheric transformation
processes modify the aerosol properties when transport through
vertical and horizontal layers in a local, regional and global domain.

The Indo-Gangetic Plain (IGP) region is having large local air pollution
emissions from transport, industries, energy production, domestic, resi-
due burning and re-suspended dust (Prasad et al., 2006; Rengarajan
et al., 2007; CPCB, 2010; Guttikunda and Calori, 2013). In addition, the
IGP is affected by mineral dust in pre-monsoon season. The transport

and occurrence of IGP pollutants over foothills of the Himalayan region
have also been presented (Raatikainen et al., 2014).

There were local scale initiatives over an air pollution ‘hot spot’
location in the IGP i.e. Delhi, to control these emissions. Different
measures have had been implemented such as conversion of fuel from
high sulphur diesel to compressed natural gas (CNG) in year 2000–
2002, metro rail system (year 2002–2008), and relocation of industries
(year 1996–2000). These initiatives had helped during their inception
years. At present, almost all these emission controlmeasures have fallen
short in keeping up with the growing local and regional emissions
which led to degradation in air quality and increasing health risk.
Moreover, when meteorological conditions block the dispersal of
aerosols, their high concentration impairs visibility and has a respirato-
ry health threat (HEI, 2010). Thus, there is a need to analyse the aerosol
composition to study the behaviour and source-sectors discrimination
to control these emissions.

A one-year size-segregated aerosol data was measured at a semi-
urban site, Gual Pahari, in IGP from April 2008 to March 2009 as a part
of the European Integrated project on Aerosol Cloud Climate and Air
Quality interactions (EUCAARI) (Kulmala et al., 2011), that includes
particulate mass, elemental and organic carbon, and water soluble
ions measured through appropriate techniques to understand atmo-
spheric aerosol behaviour. The purpose of including India along with
China, SouthAfrica and Brazil under the EUCAARI projectwas to expand
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the European activities of aerosol measurements outside Europe and to
provide useful reference for evaluating European conditions.

2. Methods

2.1. Site description and aerosol composition

The measurement site was located in Gual Pahari (28°26′N,
77°09′E, 243 m above sea level), Gurgaon, about 25 km south of
New Delhi. The 24 h ambient fine (PM2.5) and coarse (PM2.5–10) aero-
sols were sampled simultaneously every 6 days using a Dichotomous
Partisol-Plus Sequential Air Sampler (Yeatts et al., 2007). The sample
was taken at 2 m above the ground. In addition to the filter sampler,
the station had a comprehensive set of ground-level in-situ aerosol
and remote sensing measurements (Hyvärinen et al., 2010;
Komppula et al., 2012). In this work, we utilised online PM2.5 and
PM10 measurements (Thermo Scientific SHARP Monitors model
5030), aerosol black carbon measurements (Thermo Scientific
Multi-Angle Absorption Photometer, MAAP), and size distribution
(TSI Aerodynamic Particle Sizer, APS). Ambient temperature, relative
humidity, rain intensity, wind direction and wind speed were also
measured (Vaisala WXT 510 weather transmitter) at a height of
about 10 m above the ground. A more detailed presentation of the
sampling location and instrumentation can be found in Hyvärinen
et al. (2010) and Komppula et al. (2012).

Thefine and coarse particleswere collected on 47mmquartzfilter at
a flow rate of 16.7 lpm. Aerosol sampling on quartz filters is subject to
negative artefacts (losses of volatile species such as ammonium and
nitrate) and positive artefacts (absorption on the collection substrate
of semivolatile species such as low molecular weight organics)
(Turpin et al., 1994; Vecchi et al., 2009). To correct negative sampling
artefacts due to the volatilisation of ammoniumand nitrate, aWhatman
41 paper filter was placed on the back of each quartz filter used to
sample fine particles. Fine ammonium and nitrate concentration were
calculated as the sum of ammonium and nitrate on quartz and on the
paper filter concentration (Putaud et al., 2004). To avoid positive
sampling artefacts, active carbon honeycomb denuders were placed
upstream of the filter to remove semi volatile organic species,
while denuders coated with sodium chloride and nitric acid were
employed to remove nitric acid and ammonia, respectively (Gilardoni
et al., 2011).

PM collected onfilterswas determined gravimetricallywith amicro-
balance in a clean room after conditioning at a controlled relative
humidity (20%–30%) and temperature (20–25 °C) for 24 h.

Filters were analysed for organic carbon (OC), elemental carbon
(EC), and major water-soluble inorganic ions (sulphate, nitrate,
chloride, ammonium, sodium, potassium, calcium and magnesium).
OC and EC were quantified on quartz filters with a Sunset Lab Ther-
mal/Optical Carbon Analyser using the EUSAAR-2 protocol (Cavalli
et al., 2010). The heating protocol was modified with longer heating
step to ensure the complete evolution of the carbon fractions. A punch
of each quartz and paper filter was extracted with ultrapure mQ water
and the extracts were analysed by ion chromatography to quantify the
water-soluble inorganic species (Metrohm 861 Advanced Compact ion
chromatographer equipped with an 813 Compact Auto-sampler, Micro
Devices Metrohm Limited). For quality control purposes, an aliquot of
standard reference material SRM 2694 (simulated rain water) was
analysed simultaneouslywith each sample batch and the agreement be-
tween measured and certified concentrations was verified (Gilardoni
et al., 2011).

2.2. Source region characterisation

Receptor model (Positive matrix factorization, PMF) (Paatero and
Tapper, 1994; Paatero, 1997) a commonly employed method was
used for apportionment of source strength using speciation data. EPA

PMF 3.0 program (EPA, 2008a) was applied to fine and coarse mode
aerosol annual data (11 species, n=52). Each data point was individu-
ally weighted using the estimated analytical uncertainty and the meth-
od detection limit (Gilardoni et al., 2011; Polissar et al., 1998; Norris
et al., 2008). A 7% of fine and 13% of coarse mode aerosol data was
below limit of quantification (LOQ) or missing values. Missing values
were substituted by medians of the adjacent four values (Huang et al.,
1999), and these values were down-weighted by assigning uncertainty
with ten times the median concentration. Values below LOQ were re-
placed with half of the LOQ, and corresponding uncertainty value at 5/
6 times the LOQ (Polissar et al., 1998; Evans and Jeong, 2007). A 5%
extra modelling uncertainty was used for all species in PMF runs.

Air-mass backward (120 h) trajectorieswere calculated for every 3 h
with the FLEXTRA model (Stohl et al., 1995; Stohl and Seibert, 1998) as
described in Hyvärinen et al., 2010 and Raatikainen et al., 2014. Hourly
localwind vectorswere calculated using localwind direction and speed,
similarly as described in Vestenius et al., 2011. Wind direction and
trajectories were classified as four main sectors: north (315–45°), east
(45–135°), south (135–225°) and west (225–315°).

The conditional probability function (CPF) was applied on resolved
source contributions differently for back-trajectories (CPFT) and wind
directions (CPFW).

CPF is defined with the following equation:

CPF ¼ mΔθ

nΔθ
ð1Þ

where mΔθ is the number of times the average trajectory vectors
(3-hourly) and the wind direction vectors (1-hourly) that fall in the
sector Δθ in each sampling day and exceed the threshold criteria (80th
percentile) of the daily source contribution, while nΔθ is the total
number of vectors that fall in the same trajectory sector and the wind
direction sector (Kim et al., 2003; Vestenius et al., 2011).

3. Results and discussion

3.1. Trajectories and meteorology

Seasons were classified as summer (March–May), monsoon (June–
September), post-monsoon (October–November) and winter
(December–February). According to the trajectory analysis, during
summer, 43% of the air masses came from the wide western sector
between NW (i.e. dust areas) and SW (i.e. Arabian Sea). These mixed
air mass patterns have also been similarly seen by Lodhi et al., 2013.
In monsoon, air masses were mainly from theW–SW sector (i.e. Arabi-
an Sea) with a small fraction from the E–SE sector (i.e. Bay of Bengal).
The post-monsoon and the winter had similar patterns, mainly from
the NW sector. The post-monsoon period also had a small contribution
from the E–SE sector. The typical seasonal behaviour of air-mass trajec-
tories for summer season (22-04-2008),monsoon season (23-06-2008)
and post-monsoon season (27-11-2008) are illustrated in Fig. 4 (discus-
sion in Section 3.4).

In the winter, the coldest nights reached as low as 1.5 ℃. The
maximum temperature for the hourly data set was 42.4 ℃ in summer.
The diurnal average temperature varied from 8.5 to 34.3 ℃ during the
measurement period. Maximum relative humidity reached nearly 97%
during most of the night time in post-monsoon and winter months.
On the other hand, the relative humidity in daytime never reached
90%. The average height of planetary boundary layer (PBL) above
ground level at Gual Pahari during the measurement period was
540 m (for detailed calculations see Raatikainen et al., 2014). The
highest diurnal variation in the temperature during the summer season
in the IGP creates a highly dynamic boundary layer and efficient vertical
mixing of pollutants (Hyvärinen et al., 2010; Raatikainen et al., 2014).
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3.2. PM concentrations

The annual range of size-resolved gravimetric mass concentration
from filters was 7–293 μgm−3 (average: 77 ± 46 μgm−3, n = 52) and
7–108 μgm−3 (average: 44 ± 25 μgm−3, n = 52), for PM2.5 and
PM2.5–10 aerosols, respectively. The coefficient of determination (r2)
(square of the correlation coefficient) between filter and online mea-
surements of the PM concentrations were 0.58 and 0.53 for PM2.5 and
PM10, respectively. PM10 on filter samples is the sum mass concentra-
tion of PM2.5 and PM2.5–10 aerosols. It was observed that PM values
were clearly higher from the online instruments. Masses yielded from
filter samples and those from online instruments were PM2.5 = 77 ±
46; 118± 76 and PM10= 121± 71; 177± 93, respectively. The details
are provided as Supplementary material. The mass concentration
from filter samples and online instruments showed a similar seasonal
variation for both PM2.5 and PM10. The daily average gravimetric mass
concentration of PM2.5 was 145 ± 80 μgm−3 (post-monsoon) and
92 ± 30 μgm−3 (winter). More than 50% filter sampling days (27/52)
in a one-year time have had concentration levels that exceed standards
(CPCB, 2009) in India, which is 60 μgm−3 for PM2.5 (daily ambient air
quality standard in India).

A very distinct seasonal variation is seen for PM2.5 concentrations
(Fig. 1). The seasonal average mass concentrations for PM2.5 were
higher during post-monsoon and winter season compared to that
during the summer season (Table 1). This may be due to low and stable
boundary layer height, which limits vertical mixing of aerosols in the
region duringwinter and post-monsoon seasons. The shallow boundary
layer and colder temperatures during winter facilitate trapping of
pollutants, and this results in the confinement of aerosols near the
surface. Concentrations decrease in March–June, which could be
due to increase in temperature and boundary layer height that allows
significant dispersion and vertical mixing of aerosols. The lowest
concentrations during rainy months (June to August/Sept) were due
to scavenging through wet deposition. Similar observations were
made for the mass and number size distribution at the same location
(Hyvärinen et al., 2010), and have been corroborated through following
studies (Srivastava et al., 2012; Ram et al., 2012) carried out for
another sampling sites in IGP. The PM2.5 mass accounted for 24%–74%
of the PM10 mass (Fig. 2), with an annual average of 57%. The highest
values were observed in post-monsoon and winter, and the lowest
values in monsoon season. These seasonal variations of ratio of PM2.5

to PM10 are due to the fact that enhanced combustion sources were
contributing more to PM2.5 during winter (Aggarwal et al., 2013).
But, in summer, natural PM2.5–10 aerosols transport (sea salt andminer-
al dust) (Habib et al., 2006) and wet deposition during monsoon
(Seinfeld and Pandis, 2006; Croft et al., 2009) were quite effective.

3.3. Species characterisation

Carbonaceous species (OM (organic mass) + EC) formed 74% of the
annual average mass of PM2.5, while in PM2.5–10 their proportion was
14%. In addition to filter samples, BC wasmeasured using online instru-
ment. The comparison of the filter-based EC and online based BC is
supplemented (Supplementary material). Equivalent BC concentration
is calculated from absorption coefficient measured by MAAP and
assuming constant optical properties, i.e. using a singlemass absorption
cross section (MAC) during the entire campaign. The low r2 value (0.33,
Fig. S3) calculated over the entire dataset might be explained by a non-
constant MAC over the campaign. The seasonal variability of OC was
seen very clearly in PM2.5 as well as in PM2.5–10. The concentration of
OC was quite high as compared with EC. The ratio of OC to EC for
PM2.5 was 4.2 and 3.5 for PM2.5–10. The OC and EC contributions were
found to be higher in PM2.5 (Fig. 1). EC accounted for 6% of PM10, 9% of
PM2.5, and 2% of PM2.5–10 (Fig. 2). OM (OM = 1.8 × OC for the PM2.5

and 1.4 × OC for the PM2.5–10) accounted for 65% of PM2.5 mass and
12% of PM2.5–10 mass. Higher OM was observed during the winter and
post-monsoon period. This could be due to the enhanced combustion
sources (e.g., residential heating and waste burning) and stagnant
meteorological conditions during the colder season (Ram et al., 2010;
Aggarwal et al., 2013). A factor of 1.8 and 1.4 are commonly used for
converting measured OC to OM in an urban (semi-urban) atmosphere
for PM2.5 and PM2.5–10, respectively (Turpin and Lim, 2001; Guinot
et al., 2007). We adopted these factors since those are the best available
for PM2.5 and PM2.5–10 in a semi-urban area. In another study for the
Indian urban region (e.g., Aggarwal et al., 2013) they adopted 1.6 as a
factor to convert OC to OM for PM10. However, the value of the factor
multiplier under different situations remains the subject of current
research (Chow et al., 2015).

The high carbonaceous fraction in PM2.5 implies to further esti-
mate secondary organic carbon (SOC) fraction. Using an approach
widely adopted in the literature (Turpin and Lim, 2001; Snyder
et al., 2009), secondary organic carbon was estimated using the
following equation:

SOCð Þ ¼ OCð Þ− OCð Þ
ECð Þ

� �

Min
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Fig. 1. Monthly (April 2008–March 2009) variation of chemical species in PM2.5
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The formula assumes that all the OC not related to the EC is second-
ary. This could work for PM2.5 but does not hold for PM2.5–10 where
primary biogenic particles might be present (Turpin and Lim, 2001).
[(OC)/(EC)]Min in the range of 1.1 to 1.5 was estimated for the rural
and urban European sites (Turpin and Huntzicker, 1995; Castro et al.,
1999). In our study, the values 1.0 ± 0.8 to 3.3 ± 2.3 estimated for
different seasons could arise due to seasonal variations in the source
strength andmeteorology as well as the chemical mechanism involving
production of SOC from oxidation products (Pandis et al., 1992;
Miyazaki et al., 2009).

SOC was 46% of the annual average of the total OC in PM2.5 and was
54% in post-monsoon and 37% in winter. The high SOC percentage in
summer and monsoon seasonsmay be attributed to biogenic emissions
(Kulmala et al., 2011). These high SOC in form of condensed vapours
may also be related to new particle formation and growth, which may
be responsible for the increase in cloud condensation nuclei in the
area (e.g., Hyvärinen et al., 2010). Rengarajan et al. (2011) estimated
the concentration of SOC by the same method, which accounts for
~25% of the total OC in PM2.5 during the winter season at Ahmedabad,
located in a semi-arid region of western India, about 900 km fromDelhi.

Water soluble ionic species (WSIS) comprised 44% and 18% of the
annual average gravimetric PM2.5 and PM2.5–10 mass, respectively.
SO4

2−, NH4
+ and NO3

− were dominant ions with 37% of PM2.5 mass
and followed by Cl− and K+ (4% and 2%, respectively). However, in
PM2.5–10 mass SO4

2−, NH4
+ and NO3

− comprised 9%. The species such
as Ca2+ (4%), Mg2+, Na+ and Cl− were seen with a total of 8% in
PM2.5–10 due to contribution of dust and sea salt, respectively. The
abundance of SO4

2− and NO3
− secondary aerosols in PM2.5 ionic mass

was high throughout the year. This suggests that contribution of
combustion sources (fossil fuel) in forming secondary prime pollutants
is significant in the region (Rengarajan et al., 2007; Miyazaki et al.,
2009) and moreover, low boundary layer conditions enhance the
concentration further. The seasonal distribution of ionic species shows
peak concentrations in post-monsoon and winter periods as seen
through Fig. 1.

Moreover, the reconstructedmass (RM) for PM2.5 was formulated as
the following equation (Chow et al., 2015);

RM ¼ NH4½ � þ SO4½ � þ NO3½ � þ Cl½ � þ Na½ � þ Mg½ � þ K½ � þ Ca½ � þ 1:8ð Þ
� OC½ � þ EC½ � ð3Þ

This fulfilled 128 ± 72% for PM2.5. The high estimated uncertainties
of some of the analysed water soluble species and OM factor may
result into average mass reconstruction more than PM2.5 average
mass. However, mass closure result is in corroboration to earlier studies
(e.g., Chowdhury et al., 2007; Malm et al., 2005; Andrews et al., 2000).

For PM2.5–10, the same equation was applied with a multiplier of
1.4[OC]. This fulfilled 46 ± 38%, which could be due to a deficit in the
reconstructed mass of chemical species where the undefined mass
significantly pertains to geological minerals, trace elements and oxalate.
The composition data of insoluble fraction was not analysed.

3.4. Source region (SR) discrimination

The receptor modelling solutions are shown in Table S1 (as Supple-
mentary material). The three-factors (p = 3) solution for coarse mode
(PM2.5–10) and five-factors (p = 5) solution for fine mode (PM2.5)
were the most feasible results. The model reproduced total mass for
fine mode quite effectively (slope = 0.77; r2 = 0.81) (Fig. S4) but not
so well for coarse mode (slope= 0.35; r2 = 0.31). This comparison be-
tween the analysed values (input data) and the predicted values
(modelled) is useful to determine if themodelfits the individual species
well (EPA, 2008b). The modelled percentage mass distributions for fine
mode (PM2.5) and for coarse mode (PM2.5–10) are shown in Fig. S5. The
details are provided as Supplementary material.

The receptor modelling factors were coupled with CPFT and CPFW
analysis to identify spatial sectors for atmospheric aerosols in the
region. For five-factors in the receptor model to fine mode, 68%–76%
of the time CPFT hits mainly SW–NW sectors and CPFW depicts NW–
SW and NE–SE sectors for 58%–78%. For the coarse mode, the scenario
was relatively similar to finemode except the intensity. CPFT hitsmainly
SW–NW sectors for 74%–93% of the time and CPFW are mainly from
NW–SW and NE–SE sectors for 74%–77% for three receptor model
factors (Fig. 3).

Thedispersion sectors (SR) for sources types tofine and coarsemode
aerosols are shown below:

3.4.1. Fine mode aerosols
SR-I:
CPFT (Fig. 3) pointed to mix impact of farther emissions from

industrial areas in SW, NWandNE sectors. However, CPFW showed pre-
dominant emissions from all directions (e.g., Guttikunda and Calori,
2013). A case day (27-11-2008)was identified with the highest loading
in receptor model fine factor 1 (F1f) (Fig. 4). This trajectory zone has
showed the prevailing conditions for secondary aerosols formation
(Miyazaki et al., 2009).

F1f has loadings of 68%, 53% and 23% for SO4
2−, NH4

+, NO3
−, respective-

ly. These could be identified as secondary aerosols (Aneja et al., 2006;
Kulshrestha et al., 2009). Secondary SO4

2− has accounted as a long-
range transport tracer (Takiguchi et al., 2008; Hand et al., 2012). The
presence of NH4

+ and NO3
−, which are related to combustion processes

Fig. 2. Particulate mass and carbonaceous fraction ratio in aerosols at Gual Pahari.
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Source region2fine

Source region4fine

Source region1coarse

Source region3coarse

Source region1fine

Source region3fine

Source region5fine

Source region2coarse

Fig. 3. CPF analyseswith trajectory andwind direction for receptormodel identification infine and coarse aerosolmodes (scale is ofmagnitude of CPF value); Trajectory is in red andwind
direction is in black colour. Radial distance defined by the magnitude of CPF value and the angle (Δθ) derived from the back-trajectory and/or wind direction.
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(biomass and biofuel) (Aggarwal et al., 2013), and also secondary aero-
sols, shows that there is local as well as regional transport.

SR-II:
The CPFT analysis influenced by NW–NE and SW–NW sectors

indicates transport of air parcels through northeast and south of Delhi.
However, CPFW shows much overlap directions with a lesser magnitude
(Fig. 3). However, a case day (27-11-2008) with the highest loading in
receptor model fine factor 2 (F2f) showed that air mass carrying fine
mode aerosols travelled 240–140 km in a day from the north and as
high as 5000 m asl (Fig. 4). Eventually, it appears that emissions to fine
mode were a mix of local as well as regional origin, which agrees with
earlier findings (Komppula et al., 2012). These mixed air masses may
also result into formation of secondary aerosols (Miyazaki et al., 2009).
F2fwith 63%, 62%, 55% and34%ofNO3

−, OC, K+, andEC respectively, likely
represents a mix of combustion sources (domestic, industrial, transport
and biomass) (Andreae and Merlet, 2001; Streets et al., 2003). Less
than expected NH4

+ loading in this factor profile could be due to shifting
of domestic cooking fuel from cow dung to LPG around 95% in urban and
semi-urban population (CPCB, 2010; Bansal et al., 2013).

SR-III:
CPFT analysis shows trajectories from the north-eastern andwestern

sector (Fig. 3). Themajor contributions could be fromDelhi and Nation-
al Highway 8 (Delhi–Jaipur), whereby heavy diesel trucks are plied in a
very high volume (Guttikunda and Calori, 2013). However, CPFW points
towards NE–SE and SW which are influenced by a nearby major link
road. A case day (22-04-2008) with the highest loading in receptor
model fine factor 3 (F3f) (Fig. 4) shows that air parcels of 500 m asl
elevated up to 4500 m asl might be originated in the western sector
and in localised NE side.

F3f has 83%, 59%, 43%, 40% and 30% loadings of Ca2+, EC, K+, Na+

and OC, respectively, which could be related to road traffic sources
(combination of re-suspended road dust and tail-pipe emissions)
(Watson and Chow, 2000). The mass concentration of marker species
such as EC, K+, Ca2+ and Na+ is small and stable throughout the year
to fine mode (Figs. 1, 2 and Fig. S5). Nevertheless, these marker species
could represent to amix of fresh biomass combustion emissions and soil
but these sources are relatively seasoned in India with high peaks
(Habib et al., 2006).

SR-IV:
CPFT and CPFW analyses showmultiple sources to factor 4 (F4f) from

northeastern and western sectors (Fig. 3). In case days (e.g., 02-01-
2009), CPFT shows that air parcels starting from 1000 m and 2000 m
asl could have different origins of emissions (Nair et al., 2007;
Guttikunda and Calori, 2013) and overlap after a certain time. The tra-
jectories advections were not only through the industrial and power
plant regions in western–northern India but also the dense populated
areas.

F4f is represented by 85% of Cl− and 24% of NH4
+. The multiple

sources of Cl− possibly have major contributions of ammonia through
neutralisation of hydrochloric acid to form ammonium chloride, or
combustion activities (coal and biomass) (Speciate USEPA, 1999;
Reddy and Venkataraman, 2002; Shapiro et al., 2007; Akagi et al.,
2011; Behera et al., 2013; Guttikunda and Calori, 2013) and secondary
formation of ammonium nitrate and ammonium chloride (Marley and
Gaffney, 2004). It is difficult to draw any conclusion in explaining
which is more important, the primary or secondary emissions source.
The factor profile concentration for NH4

+ cannot be ignored as being
also emitted from crop residue burning (Badarinath et al., 2006) having
r2 value of 0.43 with K.

SR-V:
The spatial discrimination to factor (F5f) was very clear. CPFT

and CPFW analyses show (Fig. 3) prevailing NW–SW air parcels.
The case day (23-06-2008) was evaluated further (Fig. 4) and which
corroborates to the long-range transport of dust and mix with sea-
salts. On the basis of chemical–physical properties and air–mass back
trajectories, the Arabian Sea; southwest Asian basins; and Thar Desert

had been presented for the long-range transport of sea-salt enriched
with mineral dust during pre-monsoon season (Moorthy et al., 1993;
Moorthy et al., 2004; Chinnam et al., 2006; Prasad and Singh, 2007). It
has been found that the back-trajectories starting at very low heights
as well as of 500 m asl overlap and show the same origin and trans-
port. Komppula et al. (2012) at the same sampling location have ob-
served higher values of single scattering albedo at 532 nm for lower
aerosol layers associated with the presence of maritime aerosols.
Moreover, with backward trajectory analysis (case day 13-07-2008,
which fall in monsoon season) had been shown that the air masses
arrived at 500 m and 1000 m height had crossed over the Arabian
Sea.

F5f shows characteristics of natural mineral dust and sea-salt by
having loading of 79%, 32%, 14% and 10% for Mg2+, Na+, Ca2+ and
SO4

2−, respectively. These mineral dust aerosols enter the atmosphere
through wind erosion of desert regions and disturbed soils (Miller
et al., 2004; Tegen and Fung, 1994). A contribution of SO4

2− with Na+,
Mg2+ also refers to aged sea-salt (Hwang and Hopke, 2007; Tiwari
et al., 2009). The average ratio of Cl−/Na+ in the aerosols (1.22 w/w)
is about the same as that of seawater (1.16 w/w) for the case day.
However, average ratio of Mg2+/Na+ in the aerosols (0.93 w/w) is
higher than for seawater (0.13 w/w) for the case day which could be
attributed to mineral dust.

3.4.2. Coarse mode aerosols
SR-I:
CPFT and CPFW analyses (Fig. 3) along with the case day evaluation

(Fig. 4) for coarse factor (F1c) are found to be similar to F5f. APS data
(Section 3.5)were also examined for discrimination of this spatial sector
for coarse mode aerosols.

F1c is having loadings of 75%, 72%, 61%, and 55% for Mg2+, Na+, OC,
and NO3

−, respectively. These marker species are commonly attributed
to terrestrial dust, partially aged sea-salt and mixed with combustion
activities (industries). The ratio of fine mode to coarse mode aerosols
for high factor loading days have also been examined and found that
the days fall mostly in pre-monsoon season and with a ratio of N0.65.
The contribution of fine mode to coarse mode fraction is very high;
therefore, the long- range transport of dust cannot be ignored.

SR-II:
CPFT and CPFW analyses point towards northeastern and northwest-

ern sectors (Fig. 3). However, besides broad similarities, CPFT analysis
shows NE direction as a major sector. This overwhelms the possibilities
to present the factor (F2c) with sea-salt aerosols. F2c has loadings of
77%, 59% for Cl−, Ca2+, respectively and with each 25% for Mg2+

and Na+. This may represent a mix of open waste burning and soil
sources (Akagi et al., 2011). Ca2+-abundant particles in coarse mode
(PM2.5–10) can also be originated from local construction activities,
which occurred heavily in the region through to the end of 2008
preparation for the Commonwealth Games (Guttikunda and Calori,
2013).

SR- III:
The CPFT analysis shows that air parcels from NE and NW sectors,

while CPFW shows local air blows (Fig. 3). Factor 3 (F3c) was found to
be a mixed source of incomplete combustion of biomass/agriculture
residue and re-suspension dust of fuel oil combustion (motor vehicles)
(Watson and Chow, 2000; Badarinath et al., 2006; Akagi et al., 2011;
Sillapapiromsuk et al., 2013) with trace marker loadings of 100%, 61%,
58% and 52% for NH4

+, K+, SO4
2− and EC, respectively.

3.5. Volume size distribution and receptor model

A very crucial and complementary information was obtained from
APS for particle volume size distribution (size range 0.5–10 μm). For
calculating the average volume size distribution, quality assured 1 h of
APS data was used. The volume size distribution for each size bin mea-
sured by the instrument is calculated from the particle number in the
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bin and assuming spherical particles (additional information for data
processing, see Hyvärinen et al., 2010). Following the PMF analysis,
days for each receptor model factor (high loadings (11 out of 52
days)) were first clubbed together, and the final average for the volume
size distribution characterising each fine and coarse mode receptor
model factor were calculated from these days and the daily APS data
(Fig. 5). The APS data clearly supports the findings of receptor model
factors identification and spatial sector discrimination.

For fine mode (Fig. 5a), the particle volume distribution for factor
1(F1f) produced on average the highest volume peak at a diameter of
about 0.78 μm, followed by factor 2(F2f), factor 4(F4f), factor 3(F3f),
and factor 5(F5f). Factor 1(F1f), 2(F2f) and 4(F4f) showed similar
bimodal distributions with higher volume concentration in fine mode
and lesser in coarse mode fractions, while for factor 3(F3f), a small
peak (0.78 μm) in fine mode attributed to vehicle exhaust and another
high peak in coarse mode (3.5 μm) likely due to re-suspended road
dust. Factor 5(F5f) clearly showed bi-modal volume distribution in
coarse mode fraction.

For coarse mode factors as shown in Fig. 5b, the particle volume
distribution increased with a diameter from about 2 μm to about 5 μm.

As expected, mineral dust/aged sea-salt (F1c) produced the highest
coarse mode volume peak and appeared in bi-modal distribution. This
was followed by factor 3(F3c) and factor 2(F2c).

The volume size distributions for the factors with the dust element
in finemode (F5f and F3f) correspondwith the volume–size distribution
of factor F1c (dust) in the coarse mode. Similarly, volume size distribu-
tions for factors F4f and F2f correspond to those for factors F2c and F3c
from coarse mode, respectively.

4. Conclusions

Aerosol characteristics and chemical speciation was studied to
understand aerosol behaviour from the data set collected over one
year. The present work at a background receptor location to Delhi and
surroundings has importance in assessing benefits and the current
status of different managerial and technical measures taken in the
past years (1996–2008) to control the air emissions.

The coupling of conditional probability function (CPF: CPFT and
CPFW) analysis with receptor modelling tool (PMF) and validation
through volume size distribution (APS) has improved geographical

Fig. 4. 5-day calculated backtrack trajectories from case days during 2008–2009 in Gual Pahari.
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discrimination significantly than using either independently. Approach
in present study shows 68%–76% of CPFT hits mainly SW–NW sectors
and CPFW analysis depicts NW–SW and NE–SE sectors for 58%–78% of
the time for five factors to finemode aerosols. For coarsemode aerosols,
the scenario was relatively similar to fine mode aerosols except the in-
tensity. CPFT hits mainly SW–NW sectors for 74%–93% time and CPFW
are mainly from NW–SW and NE–SE sectors for 74%–77% of the time
for three factors. The trajectories advections were through not only
the industrial and power plant regions in western India and in northern
India but also the dense populated areas at regional level. The spatial
discrimination of long-range transport of sea-salt enrichedwithmineral
dust from Arabian Sea and Thar Desert was identified during the pre-
monsoon season. The surface wind directions captured the emission ac-
tivities at a local scale. The overlapping and clustering of spatial sectors
in terms of source origin is also seen. Overlapping is shown by different
source origins and mixed during transport before reaching the receptor
point, while clustering is shown through same spatial sector for differ-
ent size mode fraction of aerosols. Therefore, the approach of CPFT and
CPFW work as complementary to each other and endorse the precise
outcome.

From a health perspective, more than 50% of the days exceeded the
daily PM2.5 concentration limit value despite various control measures
in and around Delhi. It shows that PM2.5 is a respiratory health threat
in the region. In climatic perspective, high OC composition in fine as
well as in coarse mode fraction showed the possibility that combustion
sources and meteorological conditions lead to high concentration of
secondary organic carbon (important roles of both biogenic and

anthropogenic emissions in SOC formation). These condensable organic
compounds can contribute to new particle formation, the increased en-
hanced growth of aerosols, and eventually an increase in the cloud con-
densation nuclei concentration. For future studies, inclusion of the
estimation of detailed microphysical properties (effective radius, effec-
tive density, refractive index, hygroscopicity) in terms of seasonally
and monthly averaged optical data along with chemical data would be
of great value to aerosol related -climate-air quality linkages in IGP
region.
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h i g h l i g h t s

� We compare aerosol properties from Himalayan foothills and Indo-Gangetic plains.
� The data set contains more than two years of simultaneous measurements.
� Aerosols are transported from the plains to the Himalayan foothills.
� Boundary layer dynamics can explain the observed aerosol concentrations.
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a b s t r a c t

Previous studies have noted that aerosols originating from the polluted Indo-Gangetic plains can reach
high altitudes at the Indian Himalayas and thereby have an effect on the south Asian monsoon. Here we
examine the transport of pollutions by comparing aerosol properties from a Himalayan foothill mea-
surement site and a site at the Indo-Gangetic plains. Gual Pahari is a polluted semi-urban background
measurement site at the Indo-Gangetic plains close to New Delhi and Mukteshwar is a relatively clean
background measurement site at the foothills of the Himalayas about 270 km NE from Gual Pahari and
about 2 km above the nearby plains. The data set has more than two years of simultaneous measure-
ments including meteorological parameters and aerosol mass concentrations. Modeled backward tra-
jectories and Planetary Boundary Layer (PBL) heights are also used to examine the origin or air masses
and the extent of the vertical mixing. The comparison shows that aerosol concentrations at the foothill
site are correlated with the average PBL height. Together with the favorable synoptic scale circulation,
this suggests a contribution of air mass transport from the plains.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

During the dry winter and spring months, large area of the In-
dian subcontinent is covered by a few kilometer thick pollution
layer commonly known as the south Asian brown cloud
(Ramanathan et al., 2001, 2005, 2007; Gautam et al., 2009). The
main components of the brown cloud aremineral dust from natural
sources, and black carbon, sulfate and organic aerosol mainly from
anthropogenic sources such as biomass burning, energy produc-
tion, industry and transportation. Due to the dense population,
regional dust sources (e.g. the Thar Desert), meteorological

conditions, and the blocking effect of the Himalayas, the highest
aerosol concentrations are typically seen at the Indo-Gangetic
plains in the northern India (Singh et al., 2004; Sarkar et al.,
2006; Bollasina et al., 2008; Gautam et al., 2009; Dey and Di
Girolamo, 2010).

Aerosols have adverse health effects and also their direct effects
on visibility and surface radiation can be easily observed. In addi-
tion, there are observational and modeling evidence of the effect of
aerosols on the regional climate and especially on the monsoon
cycle (e.g. Ramanathan et al., 2001, 2005;Menon et al., 2002; Chung
et al., 2002; Lau et al., 2006; Satheesh et al., 2008; Bollasina et al.,
2008, 2011; Gautam et al., 2009; Kuhlmann and Quaas, 2010;
Ganguly et al., 2012; Turner and Annamalai, 2012). This is espe-
cially important as these densely populated areas in the south Asia
are dependent on monsoon rains. On the other hand, floods due to
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excessive monsoon rains can be devastating as was seen in the
Indus River valley in Pakistan during the 2010 monsoon season and
in northern India during the 2013 monsoon season. Predicting how
the monsoon cycle changes with changing global climate and
anthropogenic aerosol emissions is challenging due to several un-
certainties such as the spatial and temporal distributions of aero-
sols and their direct and indirect effects on clouds and precipitation
(e.g. Turner and Annamalai, 2012; Ganguly et al., 2012; Sajani et al.,
2012).

Aerosol concentrations and composition have been measured in
several intensive field campaigns such as INDOEX (Ramanathan
et al., 2001), ICARB (Moorthy et al., 2008) and CAIPEEX-IGOC
(Srivastava et al., 2014). There are also satellite measurements
(e.g. Gautam et al., 2009; Dey and Di Girolamo, 2010; Kuhlmann
and Quaas, 2010) and long-term data sets from ground stations
(e.g. Hyvärinen et al., 2009; Ram et al., 2010; Marinoni et al., 2010).
The latter includes two well-equipped aerosol measurement sta-
tions at Gual Pahari and Mukteshwar, which were established by
the Finnish Meteorological Institute (FMI) in co-operation with the
Energy and Resources Institute of India (TERI). The Gual Pahari
station is close to NewDelhi at the Indo-Gangetic plains (Hyvärinen
et al., 2010) and the Mukteshwar station (Hyvärinen et al., 2009;
Komppula et al., 2009) is in a less polluted environment at the
foothills of the Himalayas about 270 km NE from Gual Pahari and
about 2 km above the nearby plains.

In general, boundary layer has the highest aerosol concentra-
tions, but boundary layer height depends on season and additional
pollution layers, especially dust and black carbon, have been
observed at altitudes up to 8 km (e.g. Satheesh et al., 2008; Gautam
et al., 2009; Kuhlmann and Quaas, 2010; Gobbi et al., 2010; Brun
et al., 2011; Babu et al., 2011; Komppula et al., 2012; Srivastava
et al., 2011, 2012b, 2012a). High altitude pollution layers can be
observed at Himalayan stations such as the Nepal Climate
Observatory-Pyramid located at 5079 m altitude (Decesari et al.,
2010; Marinoni et al., 2010; Sellegri et al., 2010; Gobbi et al.,
2010). However, at lower altitudes at the foothills of the Hima-
layas where stations such as Mukteshwar (Hyvärinen et al., 2009)
and Manora Peak (Dumka et al., 2008; Ram et al., 2010; Srivastava
et al., 2011) are located, boundary layer dynamics and transport of
pollutions from the nearby plains can be more important for
aerosol concentrations (e.g. Pant et al., 2006; Dumka et al., 2008;
Komppula et al., 2009; Hyvärinen et al., 2009, 2010; Ram et al.,
2010; Brun et al., 2011; Gautam et al., 2011; Srivastava et al.,
2012b).

The effect of boundary layer dynamics and especially the
transport of aerosol pollutions from the Indo-Gangetic plains to the
foothills of the Himalayas is the main topic of this study. When
most previous studies are based on observations from a single
station or the data does not cover a full year, we are comparing two
simultaneous long term (from December 2007 to January 2010)
data sets of aerosol concentrations and meteorological parameters
from two stations representing the Indo-Gangetic plains and the
foothills of the Himalayas.

2. Measurement sites and instrumentation

Aerosol concentrations and optical properties as well as basic
meteorological parameters were measured at two stations in
northern India. Fig. 1 shows locations of the Mukteshwar, Nainital
(29.47� N, 79.65� E, 2180 m above sea level) and Gual Pahari, Gur-
gaon (28.43� N, 77.15� E, 243 m above sea level) stations. The dis-
tance between the stations is about 270 km, but the Mukteshwar
station is located at the foothills of the Himalayas, an area repre-
senting Indian rural background, and Gual Pahari is at the densely
populated Indo-Gangetic plains about 40 km south from New Delhi

in a semi-urban environment. As can be seen from the elevation
profile shown in Fig. 1, Mukteshwar is closer to the plains than the
high mountains of the Himalayas, which means that pollutions
from the plains are likely to have an effect on aerosol concentra-
tions. Mukteshwar and Gual Pahari measurements were started in
September 2005 and December 2007, respectively, and Gual Pahari
measurements ended in January 2010. We are therefore limited to
the common time period from December 2007 to January 2010.

As described in our previous publications (Hyvärinen et al.,
2009, 2010; Komppula et al., 2009), the stations had similar
instrumentation including Particulate Mass (PM) monitors
(Thermo Scientific, beta hybridmassmonitors) for measuring PM2.5
and PM10 mass concentrations, nephelometers from Ecotech for
aerosol scattering, Vaisala WXT weather stations, and Differential
Mobility Particle Sizer (DMPS) systems for sub-micron particle
number size distributions. Aerosol equivalent (refers to the optical
absorption method) black carbon (EBC) concentration was
measured from the PM2.5 inlet by an aethalometer (Magee Scien-
tific; 880 nmwavelength) in Mukteshwar. In Gual Pahari, however,
that was measured from the PM10 inlet by a Multiangle Absorption
Photometer (Thermo Scientific; 637 nm wavelength). The
measured EBC concentration was corrected for a measurement
artifact of the Multiangle Absorption Photometer (Hyvärinen et al.,
2013). The rest of the data is limited to either one of the stations, so
it will not be considered here.

The raw data was first examined visually and clear outliers were
removed and then hourly averages were calculated while requiring
50% minimum data coverage. This hourly data was then used in all
further calculations. The same 50% minimum data coverage was
required for monthly and seasonal averages, but not for annual and
diurnal cycles as these are averages of more than two years of data.
All time values are in local time (UTC þ 5.5 h) and concentrations
are at the STP conditions (273.15 K and 1013.25 hPa), which were
calculated using constant station temperatures (both thermostated
to 298.15 K) and monthly averaged station pressures. The actual
sample temperatures and pressures can deviate from the assumed

Fig. 1. Locations of the Gual Pahari and Mukteshwar stations in the northern India. The
terrain elevation (meters above sea level, m a.s.l.) map is from the Global Land One-
kilometer Base Elevation (GLOBE) Digital Elevation Model (GLOBE Task Team, 1999).
Terrain elevation profile is also shown for the gray vector crossing the station
coordinates.
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mean values, but the possible bias is insignificant compared with
the observed variability of the aerosol parameters.

3. Results and discussion

Part of the data has been presented in our previous publications:
Hyvärinen et al. (2009) presented the Mukteshwar measurements
including meteorological parameters, trajectory analysis and
aerosol properties from the first years of measurements, which do
not include the current time period (from December 2007 to
January 2010), and Hyvärinen et al. (2010) did the same for the Gual
Pahari measurements. Panwar et al. (2013) focused on Mukteshwar
EBC, PM2.5 and PM10 concentrations measured until December
2008. Komppula et al. (2009) focused on Mukteshwar size distri-
butions and Neitola et al. (2011) further examined those with the
focus on new particle formation. Hyvärinen et al. (2011a, b) focused
on the effect of monsoon on aerosol properties at Gual Pahari and
Mukteshwar. Here we are examining the effect of boundary layer
dynamics on Gual Pahari and Mukteshwar aerosol properties by
comparing measured aerosol parameters, meteorological data,
Planetary Boundary Layer (PBL) heights and backward trajectories
from both sites.

Aerosol properties depend strongly on season which are here
defined as winter, pre-monsoon, monsoon and post-monsoon. The
winter season has fixed days extending fromDecember to February,
but each monsoon season has an onset and a withdrawal date. The
exact days are approximated from the India Meteorological
Department (IMD) monsoon onset and withdrawal maps. In the
first year of our study period, monsoon onset was 16 June 2008 and
withdrawal day was 28 September 2008 for both sites (Tyagi et al.,
2009). In the next year onset dates were 29 June 2009 and 30 June
2009 for Mukteshwar and Gual Pahari, respectively, and the with-
drawal day was again the same 28 September 2009 (Tyagi et al.,
2010). For simplicity, however, the same day (29 June 2009) is
selected as the onset date for the 2009 monsoon season. These
monsoon onset and withdrawal dates define the end and start of
the pre-monsoon and post-monsoon seasons, respectively.

3.1. Meteorological data

Meteorological data was presented by Hyvärinen et al. (2009)
and Hyvärinen et al. (2010), so only the temperature and relative
humidity (RH) are shown in Fig. 2. Temperatures had similar annual
and diurnal cycles, but the absolute values were lower in

Mukteshwar due to the higher altitude. Relative humidities (RH)
were also similar during the wet monsoon season and the dry pre-
monsoon season, but clear differences were seen especially during
winter. When Gual Pahari RH could be explained by the diurnal
temperature cycle, which is shown in Fig. 3, Mukteshwar RH was
generally lower and more variable. Even if a diurnal RH cycle was
observed, the diurnal temperature variations were too low to
explain it and also the temperature minimum and RH maximum
were not seen at the same time (Fig. 3). Similar diurnal RH cycles,
which also correlated with aerosol concentrations, have been seen
at other stations located at elevated altitudes close to the Indo-
Gangetic plains (e.g. Gautam et al., 2011; Dumka et al., 2008), and
the typical explanation was that the humid air masses observed in
the daytime were originating from lower altitudes.

Wind directions and speeds were also measured and these are
shown in Hyvärinen et al. (2009, 2010). Hourly average wind
speeds were generally below 2 m s�1 indicating weak horizontal
transport. Although typical SE monsoon winds were observed at
both measurement sites, mountain/valley wind patterns domi-
nated the diurnal wind pattern at Mukteshwar. The observed
mountain/valley wind pattern showed that easterly winds domi-
nated during the days and the wind direction was reversed during
nights, which is consistent with local topography instead of that
related to the Himalayan mountains. Because both the wind di-
rection pattern and wind speed depend on local topography, we
have used trajectory analysis to examine the origin of air masses.

Fig. 2. Hourly (thin lines) and monthly (thick lines) averages of RH (%) and temperature (�C) for Gual Pahari and Mukteshwar. Seasons are indicated by the vertical lines.

Fig. 3. Diurnal temperature (left scales) and relative humidity (right scales) cycles for
Mukteshwar (top) and Gual Pahari (bottom) during winter (DecembereFebruary).
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3.2. Trajectories and boundary layer heights

Five days long backward trajectories were calculated for every
3 h with the FLEXTRA model (Stohl et al., 1995; Stohl and Seibert,
1998). The model was run in three dimensions with modeled ver-
tical velocities. The European Centre for Medium-Range Weather
Forecasts (ECMWF) data (operational archive, ensemble forecast at
00 and 12 h UTC, þ3, þ6, þ9 h) had one degree grid resolution and
62 vertical levels for the northern hemisphere. The initiation, or the
end point in the case of backward calculations, pressure levels were
950 hPa and 750 hPa for Gual Pahari andMukteshwar, respectively;
these were about 20e40 hPa lower than the surface air pressures at
the stations. Calculated average altitudes above sea level (a.s.l.) and
total trajectory lengths are shown in Fig. 4. Trajectory sector
probabilities shown in Hyvärinen et al. (2009) and Komppula et al.
(2009) were similar for both sites: during themonsoon season both
sites had air masses mainly from the Bay of Bengal (SE) direction
and westerly air masses dominated during the other seasons.
Specifically, this means that Mukteshwar air masses were practi-
cally always crossing the Indo-Gangetic plains, which is here rep-
resented by the Gual Pahari station. Planetary Boundary Layer (PBL)
heights above ground level (a.g.l.) are also shown in Fig. 4. The
station PBL heights were calculated from the same unit degree
resolution ECMWF data used in the trajectory calculations as 1/
distance weighted averages of the PBL heights at the four closest
grid points. It is known that modeled backward trajectories and PBL
heights have uncertainties especially at themountain environment.
However, in the absence of direct PBL height measurements and
knowing the uncertainties related to the surface winds, using
modeled PBL heights and trajectories is justified at least to show the
seasonal and diurnal trends.

Even if Gual Pahari and Mukteshwar trajectory directions were
similar (Hyvärinen et al., 2009; Komppula et al., 2009), average
trajectory altitudes and total lengths and PBL heights showed that
air masses could have different origin. During the post-monsoon
season and winter, Mukteshwar air masses were originating from
altitudes well above the Gual Pahari maximum PBL height. The
average trajectory altitude was also greater than the trajectory end
point altitude shown by the green line in Fig. 4 (in the web version),
which meant that air masses were descending while approaching
the station. Finally, the longest trajectory lengths indicated that

Mukteshwar air masses were originating from the free troposphere
where wind speeds are commonly higher. These three observations
showed that Mukteshwar air could be relatively clean while the
limited mixing in Gual Pahari allowed the buildup of high aerosol
concentrations during the post-monsoon season and winter.
Mukteshwar received polluted air masses from the plains during
the pre-monsoon seasonwhen the maximum PBL height increased
and eventually exceeded the average trajectory altitude. The situ-
ation was similar during the monsoon season when air masses
approaching Mukteshwar were actually ascending (average alti-
tudes below the end point altitudes) from altitudes similar to the
maximum PBL height. This indicated that Mukteshwar and Gual
Pahari air masses had similar origin during the pre-monsoon and
monsoon seasons.

Trajectory lengths and average altitudes did not have clear
diurnal variations, because these are integrated or averaged over
the total trajectory length of five days. PBL heights, on the other
hand, had clear diurnal cycles which were related to the solar
heating. These diurnal cycles will be shown with aerosol mass
concentrations.

3.3. Aerosol properties

Aerosol measurements included PM10, PM2.5 and equivalent
black carbon (EBC) mass concentrations, number size distributions
(10e800 nm), and absorption and scattering coefficients. New
particle formation had a clear effect on the concentration of the
smallest particles (Neitola et al., 2011), but otherwise number
concentrations correlated with mass concentrations. Similarly,
scattering and absorption coefficients correlated with the total
aerosol and EBC mass concentrations, respectively. Because of their
similarity with the mass concentrations, we are not presenting size
distribution, scattering or absorption data here.

Mass concentration time series are shown in Fig. 5. High pre-
monsoon and low monsoon season aerosol concentrations were
common for both sites, but significantly higher aerosol concentra-
tions were seen at Gual Pahari during the post-monsoon season
and winter. This is in good agreement with the trajectory and PBL
height data shown in the previous section. Mukteshwar air masses
were originating from higher altitudes during the post-monsoon
season and winter while pollutions were accumulated to the

Fig. 4. Planetary Boundary Layer (PBL) heights above ground level (a.g.l.), average trajectory altitudes above sea level (a.s.l.) and total trajectory lengths. Monthly averages of the
data are shownwith the thick lines. Monthly averages of the daily maximum PBL heights are also shown for the PBL heights (the higher thick lines). The thin horizontal lines in the
average altitude graph represent trajectory altitudes at the station coordinates. Seasons are indicated by the vertical lines.
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Indo-Gangetic plains. When mixing increased during the pre-
monsoon season, polluted air masses from the plains reached the
Mukteshwar station and aerosol concentrations became similar
until the end of the monsoon season.

In general, EBC concentrations were relatively (e.g. EBC/PM10)
higher in Gual Pahari most likely due to local anthropogenic
emissions from biomass burning, agriculture residue burning,
cooking and road traffic (e.g. Beegum et al., 2009; Srivastava et al.,
2012b). Annual cycles of EBC seemed to be different than those of
PM10 and PM2.5, but the EBC data coveragewas too low to draw firm
conclusions.

EBC is not included due to the lower data coverage, but diurnal
cycles of PM10, PM2.5 and PBL heights are shown in Fig. 6. In general,
diurnal cycles of the mass concentrations were similar to those of

aerosol optical properties, number concentrations and EBC mass
concentrations, which have been shown in our previous publica-
tions (Hyvärinen et al., 2009, 2010; Komppula et al., 2009; Panwar
et al., 2013; Hooda et al., 2014). Morning and evening activities such
as biomass burning and cooking (Hooda et al., 2014) cause the
observed peaks in Gual Pahari, and the daytime minimum is seen
due to the increased vertical mixing. In Mukteshwar, aerosol con-
centrations had the maximum in the afternoon most likely due to
the transport of polluted air masses from the Indo-Gangetic plains.
PM10 and PM2.5 concentration cycles were otherwise similar except
that PM2.5 decreased and PM10 increased around noon in Muk-
teshwar during the winter and post-monsoon season. The increase
in coarse particles matched with the maximum vertical mixing, so
it could have been caused by dust originating from higher altitudes

Fig. 5. Hourly (thin lines) and monthly (thick lines) average PM10 (mg m�3), PM2.5 (mg m�3) and equivalent black carbon (EBC) concentrations (mg m�3). The highest PM10 (up to
1985 mg m�3), PM2.5 (up to 1454 mg m�3) and EBC (up to 78 mg m�3) mass concentration peaks are not shown. Seasons are separated by vertical lines.

Fig. 6. Diurnal variations for PM10, PM2.5 and average PBL height in Gual Pahari (left) and Mukteshwar (right). Gual Pahari and Mukteshwar have different concentration and height
scales.
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where dust layers have been observed (e.g. Gautam et al., 2009;
Kuhlmann and Quaas, 2010; Srivastava et al., 2011). It is also
possible that the coarse particles were local wind-blown dust or
dust from farming activity or road traffic (Marinoni et al., 2010).

3.4. Effect of boundary layer dynamics on aerosol concentrations

In addition to the horizontal winds, vertical transport of pollu-
tions has been a common explanation for aerosol concentration
cycles observed both at the foothills and at the slopes of the
Himalayas (e.g. Pant et al., 2006; Dumka et al., 2008; Hyvärinen
et al., 2009; Komppula et al., 2009; Beegum et al., 2009; Decesari
et al., 2010; Marinoni et al., 2010; Gobbi et al., 2010; Sellegri
et al., 2010; Gautam et al., 2011; Brun et al., 2011; Srivastava
et al., 2011; Hegde and Kawamura, 2012). Also here the previous
sections showed that both diurnal and annual aerosol concentra-
tion cycles at the Himalayan foothill site Mukteshwar can be
explained by the boundary layer dynamics and the transport of
pollutions from the plains to the foothills.

Starting from the annual cycles, Fig. 7 shows monthly averages
of rainfall (district wise monthly rainfall data from the Hydromet
Division of the India Meteorological Department (www.imd.gov.in;
accessed June 2013) averaged over measurement sites as described
in Hyvärinen et al. (2011a)), PM10 and PM2.5 mass concentrations,
and Mukteshwar trajectory altitude and Gual Pahari maximum
daily PBL height (both in meters above sea level). Mukteshwar
trajectory altitudes are higher than the maximum boundary layer
heights at the plains during post-monsoon andwinter seasons. Due
to the limited vertical mixing and significant local and regional
aerosol sources, the highest annual aerosol concentrations are seen
at Gual Pahari, but Mukteshwar is above this pollution layer. When
PBL height starts to increase after January, dilution decreases con-
centrations at Gual Pahari, but at the same time more and more
pollutions reach the Mukteshwar station altitude until concentra-
tions become similar after March. Monsoon rains have a clear effect
on aerosol concentrations, which are decreased rapidly when the
rains start, but the increase in Gual Pahari aerosol concentrations is
even faster when the rainy season ends (Hyvärinen et al., 2011a, b).
At that time, Mukteshwar is again above the pollution layer.

At first it looks like monthly aerosol mass concentrations in
Mukteshwar depend directly on PBL height, but actually the higher
PBL height means that Mukteshwar aerosol concentrations are

approaching those at Gual Pahari. Fig. 8 shows howMukteshwar to
Gual Pahari PM2.5 mass concentration and scattering coefficient
ratios depend on the PBL height. Different averaging times ranging
from one day to seasonal averages were examined, but the ratios
were similar and only the noise increased with decreasing aver-
aging time. Because PBL heights have rather crude spatial and
temporal resolution, we have selected monthly averages. Different
PBL heights including those for each station and between the sta-
tions were tried, but the average of Gual Pahari and Mukteshwar
monthly PBL heights was selected as it had somewhat better cor-
relation with the PM2.5 mass ratio. Rains have a clear effect on
aerosol concentrations, so months when either Gual Pahari or
Mukteshwar monthly rainfall exceeds 50 mm were excluded from
the linear fits; these rainy months are indicated by the open
markers. The linear fits to the PM2.5 and scattering data from the
dry months (solid markers) show that the ratios depend strongly
(Pearson’s correlation coefficients, r, are 0.97 and 0.94 for PM2.5 and
scattering, respectively) on PBL height. The correlation is clear even
if it does not account for the horizontal transport and the distance
between the stations is 270 km. This indicates that Gual Pahari is a
good representative of the Indo-Gangetic plains and vertical mixing
is important in addition to surface winds (Hooda et al., 2014).

Fig. 8 includes also equivalent black carbon (EBC) ratio, which is
only weakly dependent on the PBL height. It is possible that Gual
Pahari EBC concentrations depend mainly on the local EBC emis-
sions. In addition, the mixing of EBC is not as effective as that of the
other aerosol types. When practically all EBC sources are at the
ground level, secondary sulfate and organic aerosol formation
happens at elevated altitudes where they are more efficiently
spread over wider areas (Henriksson et al., 2011, 2013).

With the exception of the monsoon season when rains are
affecting on aerosol concentrations, diurnal aerosol concentration
cycles can be explained by the boundary layer dynamics. Fig. 6
showed that when PBL height increased during the day, dilution
decreased Gual Pahari aerosol concentrations. At the same time,
concentrations were first decreased in Mukteshwar due to dilution,
but a clear increase was seen later in the afternoon when polluted
air masses reached the station level. Such delay can be expected,
because polluted air masses were most likely originating from the
Indo-Gangetic plains, a few tens of kilometers SW from the Muk-
teshwar station. The same diurnal cycle was seen in Mukteshwar

Fig. 7. Annual cycles for Mukteshwar (square markers and solid lines) and Gual Pahari
(round markers and dashed lines) monthly rainfalls from IMD (see Hyvärinen et al.
(2011a)), Gual Pahari maximum daily PBL height, Mukteshwar average trajectory
altitude, and PM10 and PM2.5 mass concentrations for both sites.

Fig. 8. The ratio of Mukteshwar to Gual Pahari monthly average PM2.5, scattering co-
efficient and EBC concentration as a function of the average PBL height. Also shown are
linear fits to the those data points where monthly rainfall in both stations is below
50 mm (solid markers). The open markers mean that the monthly rainfall exceeds
50 mm in either station.
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relative humidity (Fig. 3), which increased in the afternoon when
the humid air masses reached the station.

Boundary layer dynamics can explain the observed Mukteshwar
and Gual Pahari aerosol concentrations and this explanation is also
supported by the meteorological and trajectory data, but there are
some limitations and uncertainties. For example, our study is
limited to the foothill altitudes of about 2e3 km and locations close
to the plains. Although similar diurnal and annual aerosol con-
centration cycles have been observed at the NCO-Pyramid station
located at about 5 km altitude, transport of pollutions from the
Indo-Gangetic plains may not be as important as the transport of
pollutions with mountain and valley winds and the long-range (e.g.
dust from the Thar or Taklamakan Deserts or from other parts of the
Indian subcontinent) transport of pollutions (Decesari et al., 2010;
Marinoni et al., 2010; Sellegri et al., 2010; Gobbi et al., 2010).
Even if the basic aerosol properties can be explained well with the
PBL height, details about aerosol properties including changes in
the size distributions (e.g. EBC and fine particle mass fractions) are
not that well understood. For example, a midday minimum was
seen in Mukteshwar PM2.5, but PM10 increased at the same time. It
was hypothesized that these larger particles are dust possibly from
higher altitudes, but further evidence such as measurements of
particle chemical composition or vertical distributions are defi-
nitely needed.

4. Conclusions

Previous studies have noted that aerosols originating from the
polluted Indo-Gangetic plains can reach the foothills and slopes of
the Himalayas (e.g. Pant et al., 2006; Dumka et al., 2008; Hyvärinen
et al., 2009; Marinoni et al., 2010; Ram et al., 2010; Brun et al., 2011;
Gautam et al., 2011; Srivastava et al., 2012b) and thereby could have
an effect on the south Asian monsoon. Here we have examined the
transport of pollutions by comparing calculated backward trajec-
tories and Planetary Boundary Layer (PBL) heights and measured
meteorological and aerosol parameters from a Himalayan foothill
site (Mukteshwar) and a site at the Indo-Gangetic plains (Gual
Pahari). Unlike most of the previous studies, our high time reso-
lution data covers more than two years of simultaneous measure-
ments from the two stations; this means that we were able to
examine seasonal variations and compare the measured and
modeled parameters from the two stations. The comparison
showed that aerosol concentrations at the foothill site are corre-
lated with the spatially averaged PBL height. Together with the
favorable synoptic scale circulation, this suggests a contribution of
air mass transport from the plains. With the exception of the rainy
season and winter, this short-range transport can be even more
important than the local aerosol sources at the Himalayan foothills
or the long-range transports from other parts of the Indian sub-
continent. Planetary Boundary Layer (PBL) heights are lower during
the cooler post-monsoon and winter months, so aerosol pollutions
are accumulated to the plains, which are here represented by the
Gual Pahari station. The Himalayan foothill (about 2 km above the
nearby plains) site Mukteshwar, on the other hand, is mostly above
the pollution layer. When mixing increases in the early spring, PBL
height exceeds the average altitude of air masses arriving to Muk-
teshwar. As a result, concentrations are increased in Mukteshwar
and decreased in Gual Pahari until they become similar. Monsoon
rains decrease aerosol concentrations, but those are increased
rapidly in Gual Pahari after the rainy season. The effects of
boundary layer dynamics and air mass transport are also seen in the
diurnal cycles. Namely, increased daytimemixing decreases aerosol
concentrations in Gual Pahari and this is seen as an increase in
Mukteshwar. Similar diurnal cycle was also seen in Mukteshwar
relative humidity.
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Abstract This study presents analysis of in situ measurements conducted over the period 2005–2014 in
the Indian Himalayas to give a thorough overview of the factors and causes that drive aerosol properties.
Aerosol extensive properties (namely, particle number concentration, scattering coefficient, equivalent black
carbon, PM2.5, and PM10) have 1.5–2 times higher values in the early to late afternoon than during the night,
and a strong seasonality. The interannual variability is ±20% for both PM2.5 and total particle number
concentration. Analysis of the data shows statistically significant decreasing trends of �2.3 μg m�3 year�1

and�2.7 μgm�3 year�1 for PM2.5 and PM10, respectively, over the study period. Themountainous terrain site
(Mukteshwar, MUK) is primarily under the influence of air from the plains. This is due to convective transport
processes that are enhanced by local and mesoscale topography, leading to pronounced valley/mountain
winds and consequently to atmospheric boundary layer air lifting from the plains below. The transport from
plains is evident in seasonal-diurnal patterns observed at MUK. The timing of the patterns corresponds with
changes in turbulence and water vapor (q). According to our analysis, using these as proxies is a viable
method for examining boundary layer influence in the absence of direct atmospheric boundary layer height
measurements. Comparing the measurements with climate models shows that even regional climate models
have problems capturing the orographic influence accurately at MUK, highlighting the importance of
long-term direct measurements at multiple points to understand aerosol behavior in mountainous areas.

1. Introduction

Aerosols have been recognized as an important atmospheric constituent and an active climate forcing agent
since the 1970s (Charlson et al., 1992; Twomey, 1977). Aerosols are highly nonuniform in the troposphere due
to their relatively short residence times, variety of sources and sinks, and the chemical and microphysical
processing that occurs in the atmosphere. Over the years, in spite of consistent improvements in
instrumentation (both surface in situ and columnar measurements) and computational simulations, the
single largest uncertainty continuous to be aerosols in the estimation of globally averaged total radiative
forcing (Intergovernmental Panel on Climate Change, 2007, 2013). The uncertainty further increases over
regional scale by a factor about 2–4 across the regions—for example, black carbon (BC) estimations (Bond
et al., 2013).

Almost 50% of the Earth’s land surface is covered by hilly andmountainous terrain (Meybeck et al., 2001), and
27% is defined as mountainous (altitude>1,500 m above sea level, asl; Messerli & Ives, 1997). Thus, surface in
situ observatory stations on mountains and in remote areas are important in addition to measurements in
lowlands. High-altitude stations provide information on background aerosol properties in a larger area,
trends in aerosol concentrations and properties, and data for validating models. Moreover, these stations
are important in studying climatologies of aerosol radiative properties and the influence of regional sources
and processes. However, over mountainous terrain, the atmospheric structure becomes much more
complicated and even a universal definition of convective boundary layer (CBL) height over mountains
remains an ambiguous issue (De Wekker & Kossmann, 2015; Rotach et al., 2015; Serafin et al., 2018).
Transport and mixing processes, such as those related to mountain waves (Smith et al., 2007) and thermally
driven wind systems (Zardi & Whiteman, 2013) among others, affect CBL variability significantly.
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The role of aerosols over the south Asian region (Di Girolamo et al., 2004; Lelieveld et al., 2001) has been a
topic of high interest for the past two decades, and it is increasingly recognized as being among the hotspots
of aerosols and anthropogenic trace gases; the anthropogenic emissions are relatively high in this region and
expected to further increase for the next few decades (Dubash et al., 2018; IIASA, 2015; Krotkov et al., 2016;
Ohara et al., 2007; Rao et al., 2016). In India, several focused and thematic campaigns such as Indian
Middle Atmosphere Programme (Moorthy et al., 1999), Indian Ocean Experiment (Ramanathan et al., 2001),
Indian Space Research Organization’s Geosphere Biosphere Program (ISRO, 2004), and Integrated
Campaign for Aerosols, gases and Radiation Budget (Satheesh et al., 2008) were conducted in the past.
These campaigns addressed the physicochemical properties of aerosols and their modulation by mesoscale
and synoptic meteorological processes at different geographical regions (Moorthy et al., 2016). Another
recent campaign, Ganges Valley Aerosol Experiment, was carried out at Nainital to measure radiative, cloud,
convection, and aerosol characteristics over the mainland for a 10-month period in 2011–2012 (Dumka et al.,
2015; Kotamarthi, 2010; Singh et al., 2016). In spite of these efforts, the campaigns were time specific, and
only a sufficiently long time series of data would help in inferring climate change signals (Moorthy et al.,
2016). It is noticeable also that India is absent from the global map of GAW stations (WMO/GAW, 2016).

Notably, systematic and long-term measurements of aerosol properties in the Gangetic-Himalayan region in
India were also performed by the Indo-Finnish cooperation of the Finnish Meteorological Institute and The
Energy and Resources Institute at their sites: in the Himalayas at Mukteshwar (MUK) since 2005 (Collaud
Coen et al., 2018; Henriksson et al., 2014; Hyvärinen et al., 2009; Komppula et al., 2009; Neitola et al., 2011;
Nieminen et al., 2018; Panwar et al., 2013; Raatikainen et al., 2014; Raatikainen et al., 2017) and in the Indo
Gangetic Plains (IGP) at Gual Pahari (GP) since 2007 (Baars et al., 2016; Hyvärinen et al., 2010, Hyvärinen,
Raatikainen, Brus, et al., 2011, Hyvärinen, Raatikainen, Komppula, et al., 2011, 2013; Hooda et al., 2016;
Komppula et al., 2012). These studies infer seasonality of aerosol properties based on surface in situ and
columnar measurements, new particle formation events, topography characteristics, and disintegration
between local and regional sources. The details can be obtained from each article since a critical review is
not attempted in the present work; however, what is investigated as part of the present study has been
highlighted as follows.

In this study, 8.5 years of measured aerosol physical and optical properties at a Himalayan site are analyzed.
Remote sensing aerosol networks in India—for example, Aerosol Radiative Forcing over India Network and
AERONET (Aerosol Robotic Network—are aerosol measurement programs stared in early 2000, but to our
knowledge, this data set at MUK represents the longest surface in situ aerosol observations from India which
comprises physical and optical properties. We first provide an overview of the measurements, showing
temporal variability of aerosol properties, which corroborate with the findings of distinct diurnal and seasonal
cycles of our previous studies (refer above); however, those covered shorter time periods. We then focus on
analyzing the possible factors and causes that drive aerosol diurnal, seasonal, and interannual variability and
trends in aerosol properties at MUK. In particular, the long data set enables investigating the influence of
valley/mountain winds and atmospheric boundary layer (ABL) dynamics on aerosol variability. For this
purpose, a combination of micrometeorological observations of wind parameters, solar radiation, and water
vapor is utilized. In addition, we used a global and a regional climatemodel to investigate how the changes in
emission inventories over the study period relate to the observed long-term aerosol variability and to validate
the climate model results against measurements at MUK.

2. Methods
2.1. Measurement Site

Themeasurement station, MUK (29°26´N, 79°37´E, 2,180 m asl) in India, is located in the foothills of the central
Himalayas (Figure 1a). The site has a 180° view of the Himalayan ranges west, north, and east of the site; the
nearest high peaks are approximately 90 km NE of the site. The area surrounding the site consists of low
mountains (peaks 1,500–2,500 m asl) between the IGP (100–200 m asl) and the Himalayas (peaks
6,000–8,000 m asl; Figures 1b and S1 in the supporting information). The village of Mukteshwar, located
3 km NE of the measurement site and at a similar altitude, has ~800 inhabitants (Census of India, 2011).
The nearest population centers are the town of Almora (1,650 m asl, 16 km N, population ~34,000) and
Nainital (1,960 m asl, 25 km SW, population ~41,000) and the city of Haldwani (424 m asl, 32 km SW,
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population ~150,000). The major metropolitan city Delhi (National Capital Territory), located in the IGP region
(215 m asl, 250 km SW), has a population of ~16.8 million. Between Haldwani and Delhi, there are some
industrial zones (Figure 1b), namely, the cities Kashipur and Rudrapur (70 km SW).

The IGP region is one of the most populated with over 900 million inhabitants. It is both highly fertile
agricultural belt and a rapidly developing region of the Indian subcontinent. Furthermore, the geography
of this region adds a considerable quantity of natural aerosols (windblown desert dust; Kumar, Kumar,
et al., 2015, and reference therein) into the atmosphere from March to June, which coincides with
anthropogenic ones, making the aerosol environment one of the most complex in the region (Moorthy
et al., 2016). Crop residue burning over the IGP region is a common practice in clearing land during the
harvesting period, resulting in highly seasonal agricultural particulate emissions (Kaskaoutis, Kumar, et al.,
2014; Kumar et al., 2011; Rajput et al., 2014; Sahu et al., 2015; Singh & Kaskaoutis, 2014; Venkataraman
et al., 2006). Considering the diverse fossil fuel use for domestic, industrial, and transport energy, and the
open waste burning for disposal and heating purposes in this region (CPCB, 2010), especially over the IGP,
the postmonsoon and winter seasons have also witnessed high pollution levels (Chakraborty et al., 2015;
Hooda et al., 2016; Hyvärinen et al., 2010; Komppula et al., 2012). The elevated wintertime pollution levels
as well as severe anthropogenic winter haze (Sati & Mohan, 2014) further coincide with the fog period
(Ganguly et al., 2006; Gautam et al., 2007; Gautam & Singh, 2018), resulting in manifold increases in the com-
plexity of aerosol composition over the region. These spatiotemporally diversified emissions are coupled with
varying atmospheric dynamics, such as contrasting monsoons and varying ABL. All of this, together with the

Figure 1. (a) Site location in India. (b) The location of Mukteshwar (denoted with star) and population centers (blue filled
circles) on a 400 × 400 km topographic map (United States Geological Survey, 2016).
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complex topography, makes the Gangetic-Himalayan region’s aerosol very difficult to fingerprint and model,
and ultimately to implement effective mitigation strategies.

2.2. Aerosol Instrumentation and Data Processing

This study presents the aerosol time series from September 2005 to January 2014. The particle size
distribution was measured using a differential mobility particle sizer (DMPS, Finnish Meteorological
Institute assembled). A seven-wavelength (370 to 950 nm) Aethalometer (Magee Scientific AE-31) was used
for measuring absorption coefficient (σap) and equivalent black carbon (eBC) at λ = 880 nm, and an
integrating nephelometer (Ecotech M 9003) measured the scattering coefficient (σsp) at λ = 525 nm. The
particulate mass concentrations (PM2.5 and PM10) were measured with Thermo β attenuation mass monitors.
The details of the instrumentation (supporting information Table S1) used in the present study, their
maintenance and calibration protocols, and data logging are available in Hyvärinen et al. (2009) and
Komppula et al. (2009). The ambient air sampling scheme and sample air conditioning (drying) adhered to
the recommendations of World Meteorological Organization (WMO) (WMO/GAW, 2003, 2016) and have been
detailed in our earlier publications (Hyvärinen et al., 2009; Komppula et al., 2009).

The DMPS data were divided into three characteristic particle size ranges of aerosol at MUK: 10- to 25-nm
particles (nucleation-mode Nnuc) represent the most recently formed aerosol particles, 25- to 90-nm particles
(Aitken-mode Nait) represent fresher aerosol particles no more than a few days old, and 90- to 800-nm
particles (accumulation-mode Nacc) are representative of aged aerosol particles (Komppula et al., 2009;
Seinfeld & Pandis, 2006). In general, particle number size distributions observed at MUK (Komppula et al.,
2009) were mostly unimodal (with the mode at approximately 100 nm). The sum of the particle number
concentrations in the three particle size ranges is termed Ntot. The particle mass concentration was also
calculated utilizing the submicron aerosol size spectra assuming spherical particles and a gravimetric density
of 1.77 g/cm3. The density value used is representative for remote/background aerosols and is close to the
bulk densities of ammonium sulphate and nitrate, the main constituents of accumulation-mode particles
(DeCarlo et al., 2004; Heintzenberg et al., 2011; Stock et al., 2011). The mass size ranges are termed as
Mnuc, Mait, and Macc following the same diameter limits as in the number size distributions. The Macc was
calculated further for additional submicron particle mass concentration—for example, 90–200, 200–300,
and 300–500 nm.

The truncation error inherent to the nephelometer was corrected using Mie scattering calculations following
the guidelines of Anderson and Ogren (1998) and Moosmüller and Arnott (2003). The particle size range from
10 nm to the inlet cutoff diameter (i.e., 2.5 or 10 μm) was chosen for the correction using simultaneous
(1.5 years) measured DMPS (mobility diameter) and Aerosol Particle Sizer, TSI 3321 (APS) (aerodynamic dia-
meter) data. In May 2013, the common sample inlet was changed from PM2.5 to PM10. The selection of the
overlapped size channels in DMPS and APS is following Asmi et al. (2016). The correction factors (based on
deemed inlet cutoff diameter) were estimated for the hourly data and averaged for those days and months
when measurement coverage was ≥50%—that is, 12 hr/day and 15 days/month, respectively. The correction
factors were then applied to different periods over the entire study time, in accordance with the deemed inlet
cutoff diameter installed for nephelometer measurements. The truncation error of the measured σsp varies
between 11% and 12% across the seasons, and an error of up to 5%–15% is acceptable depending on the
particle size (Anderson et al., 1996).

The aethalometer measurements are known to suffer from several artifacts (namely, multiple scattering
enhancement on the filter tape corrected by using a C factor and loading effect referred to as the shadowing
effect). The approach of Weingartner et al. (2003) for these artifact corrections was applied in the present
analysis following Hyvärinen et al. (2009), utilizing a C factor of 2.14. However, Collaud Coen et al. (2010)
and in year 2016, WMO/Global Atmosphere Watch (GAW) has evaluated new aethalometer correction
schemes and concluded that the C factor used in most studies worldwide is too low and should be at least
2.9 (Collaud Coen et al., 2010) or 3.5 (WMO/GAW, 2016). The latter value is generally likely to be adopted,
in principle, and has an uncertainty of approximately 25% (Müller, 2015; WMO/GAW, 2016). To keep our data
set consistent with the previous analysis (Hyvärinen et al., 2009), we report our results with a C factor of 2.14
(Weingartner et al., 2003). However, the results with a C factor of 3.5 show repercussions on aerosol intensive
properties (such as the single scattering albedo); thus, we have discussed these as well.
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The single scattering albedo (SSA) using measured σsp (λ = 525 nm) and σap (λ = 520 nm), and absorption
Ångström exponent (αabs) that describes the spectral dependence of light absorption by the aerosol
(Müller et al., 2011) was calculated. The αabs is the negative slope of the regression fit between the logarithm
of the absorption coefficients and the logarithm of the wavelengths (seven wavelengths between 370
and 950 nm).

The annual coverage of valid and analyzable hourly averaged data (processed/screened) of different aerosol
properties and meteorological parameters is presented in supporting information Table S1. During data
processing, the meteorological and aerosol parameters were averaged to 1-hr resolution, taking into account
only those hours when more than 50% of the time was covered by valid measurements.

To extract more information on the seasonally averaged diurnal cycles, the diurnal cycles of the aerosol
parameters were separated from the monthly background values and are denoted as eΔ and iΔ for extensive
and intensive, respectively. This was done by subtracting mean monthly minima of the diurnal values from
each monthly diurnal cycle. This procedure forces the minimum value of the eΔ to be zero for the diurnal
cycles of each month. These minimum values were systematically observed early in the morning before
sunrise. As the minimum values of aerosol intensive parameters were typically observed at different times
of the day for different months and for different parameters, iΔ was calculated by subtracting the mean
monthly 5:00 a.m. value (representing the time before the onset of the increase in particle concentration)
from each monthly cycle.

2.3. Meteorological Data and Mixing Layer

The measurements of meteorological parameters (i.e., temperature, pressure, relative humidity, wind speed,
wind direction, and global solar irradiance) were done using MILOS500+ sensors (Vaisala). Daily precipitation
data was collected from the India Meteorological Department weather station, less than 2 km NE of MUK. The
seasonal classification adopted for MUK is winter (December to February), premonsoon (March to May),
monsoon (July to August), postmonsoon (October to November), and the transition months between
monsoon and other seasons (June and September). The solar zenith and azimuth angles were also calculated
using the algorithm of Blanco-Muriel et al. (2001) for representation of sunrise and sunset time in aerosol
variability cycles.

The specific humidity can be used as a passive tracer (Kowol-Santen et al., 2001; Serafin et al., 2018; Weigel
et al., 2007) to examine the ABL dynamics. It was calculated using meteorological data as shown in
equation (1), following Bolton, (1980), and used in the present study when direct measurements of mixing
layer depth (height) at MUK are not available.

q ¼ 0:622�eð Þ
p� 0:378�eð Þð Þ ; e ¼ 6:112� exp

17:67�Tdð Þ
Tdþ 243:5ð Þ

� �
; (1)

where q is the specific humidity in kg/kg, p is the surface pressure in hectopascals, e is the vapor pressure in
hectopascals, Td = dew point in °C, and the final specific humidity units are in g/kg.

Together with q (referred to as water vapor in from here onwards), wind speed and direction and solar
radiation were also used for investigating ABL dynamics at MUK. For part of the same period, water vapor
was also measured at GP (28°260N, 77°090E, 243m asl), located in the IGP region near Delhi at 270-km distance
from MUK (Hooda et al., 2016). In wind parameters, we utilized wind direction variability (δWD) and relative
wind speed variability (δWSr). The δWD was calculated as the average of the absolute differences in wind
direction from 1 min to the next during the given hour. The δWSr was calculated similarly to δWD, but in the
end, it was divided by the average wind speed that hour in order to retrieve a proxy that was independent
of the mean wind speed. In the case of the water vapor (q), its variability was obtained by subtracting the
monthly mean diurnal minima from the monthly mean diurnal cycle and denoted as ∂q. Further, to
investigate the ABL air lifting from the plains below, we also examined ∂q at GP and utilized average diurnal
cycle of water vapor at GP for eachmonth for further analysis. The variability (denoted as ∂q) in water vapor at
MUK and GP shows some unique differences (see Figures 5f and S2d, respectively). We assumed that ∂q at the
GP site represents the typical water vapor values in the plains (IGP). Each hourly water vapor value at MUK
was then subtracted from the corresponding hourly water vapor value at GP. This difference was noted as
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ϕq. We assumed, as stated earlier, that early in the morning (5:00 a.m.), there is no mixing of air between the
plains and MUK and noted the ϕq at 5:00 a.m. as ΔMPq, the undisturbed difference of q between MUK and
the plains. The fraction of MUK air originating from the plains (Фq), a clear indicator, was then calculated
according to equation (2):

Фq ¼ 1� qGP� qMUKð Þ
ΔMPqð Þ

� �
; (2)

2.4. Back Trajectories and Modeled Mixing Layer Depth

Lagrangian models are often used to investigate source-receptor relationships based on air mass movement
from gridded meteorological data (Fleming et al., 2012). In order to investigate the origin of the air masses
measured at MUK, 5-day back trajectories were calculated using the Hybrid Single-Particle Lagrangian
Integrated Trajectory model version 4.9 (Draxler & Hess, 1998; Stein et al., 2015). The meteorological data
used was the 1° National Center for Environmental Prediction (NCEP)/Global Data Assimilation System
(GDAS) data set with 23 hybrid pressure levels (Kanamitsu, 1989). The 5-day back trajectories were calculated
for every 3 hr (the temporal resolution of the GDAS data) over the years 2005–2014. The mixing layer depth
was taken from the NCEP/GDAS and this is referred to as modeled mixing layer depth from here onwards.

2.5. Statistical Analysis

The statistical methods were used to analyze the trends of aerosol parameters at MUK and to verify the
sensitivity of the trends results. Since the aerosol variables are approximately lognormally distributed, a
nonparametric trend test and slope estimator, the seasonal Mann-Kendall (MK) test and the Sen’s slope
estimator (Collaud Coen et al., 2013), were applied to the daily data to detect potential long-term trends
and their magnitudes for each month as well as for the whole data sets. The least mean squares (LMS) fit
of the logarithm of the monthly median has been widely used for trends estimations (Collaud Coen et al.,
2007; Collaud Coen et al., 2013), and this was also applied in the present analysis. With these statistical tools,
a general picture of the aerosol long-term variability can be obtained. If a trend was detected by one of the
methods, a generalized least squares (GLS) trend with either autoregressive or block bootstrap (ARB) confi-
dence intervals (Asmi et al., 2013) was also applied to validate the trend and estimate its magnitude. The
trend analysis was also performed with the same methods on the meteorological parameters as they were
recorded, since these are usually normally distributed. The trend analysis performed on aerosol and
meteorological parameters was for the period September 2005 to January 2014 (about 8.5 years), except
for DMPS, aethalometer and nephelometer. In May 2013, the common sample inlet of these instruments
was changed from PM2.5 to PM10 leading to a break in the long-term data set of absorption and scattering
coefficients. Thus, for these parameters, the trend analysis was applied to the period of September 2005 to
May 2013 (about 7.8 years). The DMPS data could only be considered homogeneous from March 2006 to
November 2012, and therefore, the trend analysis was applied to this shorter data set of about 6.8 years.

2.6. Global and Regional Model Simulations

The global aerosol-climate model ECHAM-HAMMOZ (version ECHAM6.1.0-HAM2.2.0-MOZ0.9.0) was used
with interactive aerosols to simulate years 2004–2014 with T63 (~210 km/1.9° grid box) spatial resolution
and 31 vertical levels (Zhang et al., 2012). ECHAM-HAMMOZ accounts for both direct and indirect aerosol
effects. The model simulations were nudged (vorticity, divergence, temperature, and surface pressure)
towards ERA-Interim data (Dee et al., 2011). For anthropogenic emissions, ECLIPSE (Evaluating the Climate
and Air Quality Impacts of Short-Lived Pollutants (ECLIPSE)) emission data (IIASA, 2015) was used. Detailed
treatment of the emissions in ECHAM-HAMMOZ, including the annual cycle imposed on the domestic sector
emissions, can be found in Pietikäinen et al. (2015). The wildfire emissions were taken from Global Fire
Emissions Database v4 (van der Werf et al., 2010) as monthly average fields. Other natural emissions were
taken as shown in Stier et al. (2005) and Zhang et al. (2012). Natural as well as aircraft emissions were used,
as in Matt et al. (2016).

The regional aerosol-climate model REMO-HAM (version REMO2009; Pietikäinen et al., 2012) with interactive
aerosols was simulated for 2007–2011 including a spin-up time, using 0.22° (~25 km grid box) resolution with
27 vertical levels covering plains and the Himalayas in India. More details about the domain can be seen in
Kumar, Kotlarski, et al. (2015). Currently, aerosols in REMO-HAM impact radiation only through clouds
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(indirect effects). The ERA-Interim data were used as lateral boundary for meteorology, and the data from
ECHAM-HAMMOZ simulations (as above) were postprocessed for REMO’s aerosol boundary forcing data.
The same ECLIPSE aerosol emissions as discussed above were used in REMO-HAM. The shorter period of
simulations in REMO-HAM versus ECHAM-HAMMOZ is due to the heavier computational burden as a result
of higher resolution.

3. Results and Discussion
3.1. Aerosol Variability

We summarize first the characteristics of the observed aerosol variability over 8.5 years of continuous
measurements. Distinct diurnal and seasonal cycles are observed for the extensive (particle number
concentration, scattering coefficient, eBC, PM2.5, and PM10) and the intensive (αabs, SSA, and geometric mean
diameter [GMD]) aerosol parameters. The seasonal and diurnal variations exhibit many similarities during
8.5 years of measurements. The drivers of these variabilities are discussed in section 3.2.
3.1.1. Seasonal-Diurnal Cycle
Both extensive and intensive aerosol parameters manifest a pronounced month-dependent diurnal cycle.
Table 1 displays a strong seasonality across the aerosol properties similar to that presented earlier
(Hyvärinen et al., 2009; Komppula et al., 2009; Raatikainen et al., 2014) for optical and physical properties
based on a data set of 2–3 years at MUK. Recently, Dumka et al. (2015) also perceived a similar seasonality
in scattering and absorption coefficients at Nainital based on 10-month observations.

In premonsoon months, the concentration of extensive aerosol properties is consistently high over the
course of the day with 1.5–2 times higher values in the early to late afternoon than during the night
(Figure 2, left column). However, Nnuc is exceptional for different reasons (discussed later). The consistently
higher values of aerosol, as seen in the left panel of Figure 2, exhibit attribution of high
background/residual aerosol concentration in premonsoon, which may be misinterpreted as a weakened
diurnal pattern. Notably in normalized analysis (eΔ and iΔ values; Figure 2, right column), the influence of
long-range transported aerosols in the late afternoon dominates distinctly during premonsoon, when air
masses from the plains reach MUK (see section 3.2). This is evidenced by relatively large amplitudes in Ntot,
PM2.5, eBC, and σsp values in corresponding time (Figure 2, right column). In the case of Nnuc (Figure 2c)

Table 1
Seasonal/Annual Values (Mean ± SD) of Aerosol Extensive and Intensive Parameters at MUK

Aerosol property Winter (DJF) Premonsoon (MAM) Monsoon (Jul–Aug) Postmonsoon (ON) Transition (Jun and Sep) Annual

Extensive
PM2.5 (μg/m

3) 20 ± 10 40 ± 20 12 ± 10 22 ± 15 25 ± 15 25 ± 15
PM10 (μg/m

3) 25 ± 20 70 ± 40 20 ± 25 35 ± 25 40 ± 30 40 ± 30
eBC (μg/m3) 0.85 ± 0.65 1.40 ± 0.85 0.35 ± 0.25 0.90 ± 0.60 0.70 ± 0.40 0.90 ± 0.60
aσap (Mm�1) 2.14 12 ± 9 20 ± 10 5 ± 3 12 ± 8 10 ± 6 12 ± 8
aσap (Mm�1) 3.5 7 ± 6 12 ± 7 3 ± 2 7 ± 5 6 ± 3 7 ± 5
σsp (Mm-1) 70 ± 60 110 ± 65 35 ± 30 75 ± 60 65 ± 40 75 ± 55
Ntot (cm

�3) 2,700 ± 1,700 5,200 ± 2,850 1,650 ± 750 2,200 ± 1,100 2,600 ± 1,250 3,050 ± 1,650
Nnuc (cm

�3) 90 ± 120 380 ± 600 40 ± 45 65 ± 85 80 ± 125 150 ± 200
Nait (cm

�3) 1,200 ± 820 2,290 ± 1520 840 ± 360 880 ± 550 1,240 ± 670 1,360 ± 850
Nacc (cm

�3) 1,420 ± 950 2,550 ± 1450 770 ± 420 1,200 ± 600 1,320 ± 680 1,540 ± 880
Intensive
αabs 1.40 ± 0.5 1.25 ± 0.2 1.15 ± 0.3 1.20 ± 0.3 1.10 ± 0.3 1.25 ± 0.4
bSSA2.14 0.82 ± 0.06 0.84 ± 0.03 0.83 ± 0.07 0.83 ± 0.04 0.84 ± 0.06 0.83 ± 0.05
bSSA3.5 0.88 ± 0.05 0.90 ± 0.02 0.89 ± 0.06 0.89 ± 0.03 0.90 ± 0.05 0.89 ± 0.04
PM2.5/PM10 0.97 ± 0.63 0.68 ± 0.31 0.88 ± 0.73 0.94 ± 0.58 0.79 ± 0.55 0.85 ± 0.55
eBC/PM2.5 0.06 ± 0.07 0.04 ± 0.03 0.07 ± 0.06 0.05 ± 0.07 0.04 ± 0.04 0.05 ± 0.05
Nacc/Ntot 0.5 ± 0.1 0.5 ± 0.1 0.4 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.5 ± 0.1
Nait/Nacc 1.3 ± 0.6 1.4 ± 0.8 1.8 ± 1.0 1.1 ± 0.6 1.4 ± 0.8 1.05 ± 0.6

Note. The 2.14 value of C (Weingartner et al., 2003) and 3.5 value of C (WMO/GAW, 2016) used in Weingartner correction (Weingartner et al., 2003) approach for the
aethalometer. DJF = December to February; MAM = March to May; ON = October to November; SSA = single scattering albedo; eBC = equivalent black carbon.
aFor hourly data, the value of σap is decreased by 40% on average (range 25% to 45%). bSingle scattering albedo (SSA) is increased by 7% (range 3% to 10%)
while using C = 3.5 instead of using C = 2.14 (see section 2.2 on C factor correction).
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and eΔNnuc (Figure 2d), this shows a different behavior, being elevated only during afternoon in premonsoon,
indicating new particle formation (NPF) events (Neitola et al., 2011).

In monsoon, the extensive parameter concentrations are low and constant; thus, no pronounced diurnal
pattern is identified (Figure 2). Previous work (Hyvärinen, Raatikainen, Komppula, et al., 2011) has shown a

Figure 2. The diurnal-monthly aerosol extensive parameters representation in terms of both seasonal and diurnal variation
(left column) and diurnal variation alone (eΔ; the minima of the diurnal values subtracted for each month [right column]).
The sunrise and sunset time is shown with the white lines. eBC = equivalent black carbon.
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decrease of 40%–75% in average concentrations of aerosol physical and optical properties during monsoon
relative to the premonsoon average concentration. In postmonsoon, particle mass and number
concentrations elevate again to about twofold compared to monsoon, but lower than premonsoon values.
In winter, a narrow decrease in aerosol concentrations relative to postmonsoon is noticed before a peak
during premonsoon (Figure 2).

Figure 3 shows the seasonal cycle of the intensive parameters (αabs, SSA, and GMD). The αabs relative to iΔαabs
is observed with small diurnal changes across the seasons. A high αabs (Figures 3a and 3b) concurrently with
low SSA (Figures 3c and 3d) shows the less scattering nature of the particles in winter. Moreover, some
individual (hourly average) values of SSA registered as low as <0.6 in December and January, suggesting
attribution of weak local or regional sources for absorbing aerosol emissions (Hyvärinen et al., 2009). In
general, αabs in fresh biomass burning smoke can vary from 1 to 10 (depending on the combustion process;
Pokhrel et al., 2016). Thus, it is difficult to infer a plausible source only based on αabs. But a ratio of Nait/Nacc

(supporting information Figure S8a) 1.0–1.5 times higher during the day time than the night time, together
with PM2.5/PM10 ratio between 0.8 and 0.95, can be attributed to biomass emissions, such as burning dung
cakes for heating and cooking purposes in the region (Komppula et al., 2009).

The values of SSA are relatively close to each other across the seasons (0.82 to 0.84; Table 1), indicating equal
changes in source strength or removal processes of absorbing and scattering types of aerosols. The values of
SSA are also low, up to 0.7 in August. However, contrary to winter, in August the dispersed and low SSA values
in addition to the elevated Nait/Nacc ratio (Table 1 and supporting information Figure S8a) imply wet
scavenging of aged particles (Laakso et al., 2003). Moreover, we observe a clear difference in SSA during
the November and March eBC peaks. In March, the mean SSA decreases from 0.85 to 0.81 as the BC-rich
aerosol reaches MUK (Figure 3c). However, in November a small increase is seen in SSA in the afternoon
hours (Figure 3c).

Figure 3. The diurnal–monthly aerosol intensive parameters representation at Mukteshwar in terms of both seasonal and
diurnal variation (left column) and diurnal variation alone (iΔ; the 5 a.m. diurnal values subtracted for each month [right
column]). The sunrise and sunset time is shown with the white lines. SSA = single scattering albedo; GMD = geometric
mean diameter.

10.1029/2018JD029744Journal of Geophysical Research: Atmospheres

HOODA ET AL. 13,429



The GMD values for MUK are little bit higher than those observed elsewhere: for example, in Siberia, over
2006–2009 measurements (Heintzenberg et al., 2011), a site relatively undisturbed by anthropogenic
influences, and in central North Carolina, in a forested suburban environment during September (Ziemba
et al., 2010). The nighttime values of GMD at MUK are higher than the daytime values across the months.
The GMD (Figure 3e) is stable at approximately 92 nm under more stagnant conditions in the winter
(Herrmann et al., 2015) and distinctly high in monsoon (Figure 3f), obviously due to wet scavenging of large
particles. A high ratio of eBC/PM2.5 and Nait/Nacc (Table 1 and supporting information Figure S8a) in monsoon
relative to other seasons also manifests wet scavenging of large (aged) particles (Hyvärinen, Raatikainen,
Komppula, et al., 2011). But a decrease in ratio of Nait/Nacc concurrently with an increase in ratio of Nacc/Ntot

(Table 1 and supporting information Figure S8b) and maxima in GMD (Figure 3e) with a distinct amplitude in

iΔGMD (Figure 3f) during postmonsoon might imply long-range transported plumes of stubble burning. The
GMD is lowest at approximately 80 nm in premonsoon (specifically in April) due to NPF (supporting
information Figure S10; Dal Maso et al., 2005; Komppula et al., 2009; Neitola et al., 2011). The iΔGMD also
shows distinctly very low values in early to late afternoon, especially in premonsoon.
3.1.2. Interannual Variability and Trend Analysis
The interannual variability in aerosol is distinct, and to get more insight into this variability, the relative
deviations of monthly averaged values from the typical seasonal cycle were obtained with division of each
monthly mean by respective monthly mean over the entire period 2005–2014.

Themonthly anomalies in the interannual cycle are presented as an example for PM2.5 and Ntot (Figure 4). The
high values of PM2.5 are in 2009 and Ntot is in both 2009 and 2012. The observed April–July monthly values of
PM2.5 in 2009 are as high as 80 μg/m3, and Ntot is elevated to 6,000 #cm�3. Again in December 2011–2012
and January–March 2012, the aerosol particle number concentration increases up to 7,500 #cm�3, but
PM2.5 remains close to or even below the seasonal mean values. In the present analysis, on average the
interannual variability of both PM2.5 and Ntot is ±20%.

The trend analysis at MUK shows statistically significant negative trends at 95% confidence level with slopes
of �19 μg/m3 and of �23 μg/m3 in PM2.5 and PM10, respectively, with both LMS and GLS/ARB methods. But
MK analysis results in a statistically insignificant trend for both PM2.5 and PM10. The trend analysis result of
Ntot has a positive slope, but not statistically significant (not shown here). In summary, all other aerosol
parameters observed at MUK show no statistically significant trend, either with MK or LMS analysis. The ratio
of eBC to PM2.5 has a positive statistically significant trend of 2.44%/year corresponding to a slope of 0.06
(μg/m3(BC/PM2.5)/7.7 years). However, eBC itself does not exhibit a statistically significant trend, so the
observed trend in eBC/PM2.5 is assumed to have been caused by the negative trend in PM2.5.

In general, the absence of a statistically significant trend for the other aerosol parameters can be largely
attributed to the length of the time period of continuous measurements in this study. As commented in

Figure 4. Monthly anomaly (dividing each monthly mean value by the 2005–2014 mean value for the given month) of
aerosol variables. The parameters PM2.5 and Ntot are unit less.
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Collaud Coen et al. (2013), trends calculated on time series shorter than 8–10 years usually present larger
slopes with great confidence intervals leading to statistically insignificant trends, since the results are too
much influenced by the initial and final period together with possible outliers. Interestingly, in contrast to
an increase in emission loads in India (Dubash et al., 2018; Krotkov et al., 2016; Rao et al., 2016), a decreasing
trend of PM is investigated at MUK, as discussed above, which corresponds to a decrease in the interannual
tendency of ABL (using modeled mixing layer depth) air transport to MUK from IGP (supporting information
Figure S4). However, in-depth assessment of its reasons and linkages with aerosol variability could be a
future task.

On trend analysis in India, CPCB (2012) showed varying trends for PM10 across 46 cities (population 1 million
plus) based on their long-term (2000–2012) monitoring, while HEI (2017) indicated an increase in air pollution
(PM2.5) levels since 2010. Both these results have their own limitations in terms of a robust trend analysis
approach and representation of monitoring locations for all of India.

3.2. Factors Driving the Aerosol Variability
3.2.1. Diurnal Cycle
The seasonal-diurnal plots in Figure 2 show a clear increase in all extensive aerosol parameters during late
afternoon outside of the monsoon season. Raatikainen et al. (2014) identified similar patterns in aerosol
patterns at MUK and used a modeled mixing depth in the plains to infer the transport of polluted air from
IGP to MUK. It has previously been shown that convective mixing can transport polluted air from valleys
and plains to high-altitude mountain sites (Baltensperger et al., 1997; Poltera et al., 2017; Raatikainen et al.,
2014). It is known, however, that modeled mixing layer depths have uncertainties (supporting information
Figure S3), especially in the mountain environment (Lehner & Rotach, 2018; Rotach et al., 2015); thus, here,
due to the absence of direct measurements (Eresmaa et al., 2006) of the mixing layer depth, we use observed
surface meteorological variables to determine the likely influence of boundary layer transport.

Figure 5 presents the monthly and diurnal median values in selected meteorological parameters at MUK:
wind direction, wind speed, specific humidity, and solar irradiance. Outside of the monsoon season, the
median wind direction (Figure 5a) has a very strong diurnal cycle, being predominantly NE-E (with 45% total
contribution) during the day and N-NW (with 37% total contribution) at night. These wind directions are
consistent with the alignment of the mountain ridges (Gohm et al., 2009; Pal et al., 2014; supporting
information Figure S1). Figure 5 also presents the variability in winds and specific humidity, with a high
variability indicating turbulence and hence an actively mixing boundary layer. The variability in wind speed
and direction (Figures 5b and 5d) as well as specific humidity (Figure 5f) is much higher during the day, a
consequence of the daytime convectively driven turbulent boundary layer (Stull, 1988). Strongly turbulent
periods are associated with a reduction in horizontal wind speeds (Figure 5c). The strength of the turbulent
mixing, indicated by the variability in each parameter, is determined by the sensible heat fluxes arising from
solar irradiance (Figure 5g); good agreement between high solar irradiance and high variability in winds and
specific humidity is the result of high solar irradiance generating high surface sensible heat fluxes and
associated turbulent boundary layer. Note that the timing of maximum solar irradiance is, as expected,
around solar noon on clear days whereas the maximum variability in winds and specific humidity is generally
later in the afternoon (Prabha et al., 2012). The wind speed displays more variability than wind direction
earlier in the day; however, and it is known that the boundary layer in mountainous regions has a more
complex structure due to the interaction between flows at different scales (synoptic flow, valley wind, and
slope flows; De Wekker & Kossmann, 2015; Ball, 1960; Tennekes, 1973; Serafin et al., 2018; Stull, 1973,
1988). At night, the variability is much lower since, in the absence of any thermal convection, any turbulent
production is the result of wind shear (Serafin et al., 2018).

During the monsoon season, the diurnal pattern is heavily suppressed. In the night time the wind direction is
SE (Figure 5a) since the summer monsoon circulation in India is more synoptic in scale (Kaskaoutis, Houssos,
et al., 2014), and there is also more night time variability in wind speed and direction compared to other
seasons. The solar irradiance at the surface is much reduced, producing weaker, surface-driven convective
mixing; hence, the daytime variability in the winds and in specific humidity is not as strong as in the
premonsoon and postmonsoon seasons. An additional source of turbulent mixing during the monsoon
period is cloud-driven turbulence (Mehta et al., 2017).
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However, the relative strength of boundary layer mixing alone is not sufficient to infer the mixing layer depth
and thereby determine whether aerosol measurements at MUK are influenced by transport from the plains
(IGP). The parameter Фq shown in Figure 6a is a much clearer indicator, as this uses the property that specific
humidity is a conserved variable and is usually locally well mixed. Elevated values ofФq correspond very well
with the observed 1.5–2 times increase in all extensive aerosol parameters at MUK seen in the early to late
afternoon in Figure 2.

A weak peak in the morning is attributed to transport of air from the local valley, while the boundary layer is
still growing, and the strong peak in the late afternoon relates to daytime transport of moist air masses from
lower altitudes, mixed with the valley air (Figure 6a). Furthermore, themixing layer influence is evaluated with
different threshold values of Фq (0.25, 0.5, and 0.75) and compared to the maximum mixing depth (model
based) in terms of the fraction of the days when MUK is under the influence of air from the plains

Figure 5. The diurnal-monthly median cycle of meteorological parameters at MUK: (a) wind direction, (b) wind direction
variability (average of the absolute differences in wind direction from 1 min to the next during the given hour and
represented as δWD), (c) wind speed, (d) wind speed variability (same way as δWD, but in the end divided by the average
wind speed of that hour and represented as δWSr), (e) diurnal-monthly median of specific humidity, (f) diurnal median
alone (subtracting the minima of eachmonthly cycle from all values of the respective cycle and represented as ∂q), (g) solar
irradiation. The sunrise and sunset time is shown with the white lines.
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(Figure 6b), indicating the mixing of air masses dominantly in premonsoon and postmonsoon. This is in
agreement with previous findings that high regional pollution can be seen in dry months at elevated sites
when the boundary layer is deep enough (Collaud Coen et al., 2013).
3.2.2. Seasonal and Interannual Variability
Broadly, the differentiation of seasons (premonsoon and postmonsoon) in India is based on the arrival and
withdrawal phases of the classified precipitation level, and that might differ across the years. One of the
suggested reasons is El Niño, which delays the onset of monsoon rains by inducing enhanced subsidence,
persistent during the preonset phase, and advances the withdrawal by intensifying the horizontal cold air
advection (Krishna Kumar et al., 2006; Xavier et al., 2007). The months of June and September, a mix of dry
and rainy periods with transitional synoptic weather conditions and synoptic scale circulation, impeded a
weaker diurnal aerosol cycle (Figure 2).

Figure 4 shows exceptionally high aerosol concentration in 2009 and 2012. A delay in onset of monsoon in
2009 might be due to El Niño event (Table 2), resulting relatively high aerosol concentration. Previously,
Hyvärinen, Raatikainen, Brus, et al. (2011) and Hyvärinen, Raatikainen, Komppula, et al. (2011) examined
the influence of monsoon on PM and BC concentrations along with optical and physical properties at MUK
and identified less of a decrease in aerosol concentration during 2009 than 2006 and 2007. The air mass
trajectories in anomaly month during 2009 (supporting information Figure S7) are typical of a dry and wet
period and show a seasonal corroboration to that in other years. Although, 2012 has a negative rainfall
anomaly, it is below the line for drought (IITM, 2017), suggesting the anomaly was not driven primarily due

Figure 6. (a) Diurnal influence of atmospheric boundary layer (each hourly q value at Mukteshwar subtracted from the
respective hourly q at Gual Pahari (in Indo Gangetic Plains) and divided by values at 5 a.m., represented as Фq), (b) mix-
ing layer influence as the average monthly fraction of days affected by air from Indo Gangetic Plains illustrated with
maximum mixing depth and Фq with three threshold values (0.25, 0.5, and 0.75) shown as blue thick line in middle (0.5),
and as upper (0.25), and lower (0.75). The sunrise and sunset time in (a) is shown with the white lines.

Table 2
Year-Wise Details of ENSO Phase, Onset, and Withdrawal of Monsoon, and Cumulative Rainfall at MUK

Year
ENSOa

phase
SW monsoon

onsetb
SW monsoon
withdrawalb

Cumulative rainfall (mm) in parenthesis (%)c
Annual cumulative

rainfall (mm)dJJAS JA

2005 — 16 June 28 Sept 990 (74) 580 (43) 1,330
2006 El Niño 30 June 27 Sept 680 (75) 455 (50) 910
2007 La Niña 18 June 02 Oct 785 (60) 450 (34) 1,320
2008 — 16 June 28 Sept 1,380 (91) 775 (51) 1,510
2009 El Niño 29 June 28 Sept 900 (68) 540 (41) 1,315
2010 La Niña 05 July 28 Sept 1,490 (88) 830 (49) 1,700
2011 La Niña 20 June 26 Sept 1,220 (82) 850 (57) 1,490
2012 — 05 July 25 Sept 920 (82) 660 (60) 1,115
2013 — 15 June 15 Oct 1,190 (74) 500 (31) 1,610
2014 El Niño 01 July 04 Oct 1,000 (64) 870 (55) 1,575

Note. ENSO = El Niño–Southern Oscillation; MUK = Mukteshwar.
aAll India Summer Monsoon Rainfall: http://www.tropmet.res.in/~kolli/mol/Monsoon/frameindex.html. bIndia Meteorological Department, monsoon report.
cBased on daily rainfall data (IMD, 2016; surface chemistry station at Mukteshwar); dashes refers to not classified; JJAS = June, July, August, and September (south-
west SW monsoon period); JA = July and August. dSum of JJAS (SW); and northeast (NE) monsoon (November–March); monsoon transition periods (April and
May for the winter-to-summer transition, and in late September to October for the summer-to-winter transition).
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to less rain. The air mass trajectories, however, are NW centered (supporting information Figure S7) and are
short, with an average height above 4,000 m (range 2,500–7,500 m, not shown here; Komppula et al., 2009)
along the Himalayan ridges. Therefore, for such altitudes where the aerosol layers are commonly associated
with increases in sulfur dioxide (SO2) and CCN (cloud condensation nuclei; Clarke et al., 2013), notably when
SO2 levels had been documented with increased emissions over the region (Li et al., 2017; Lu et al., 2013), this
is likely to establish a linkage of the transport of such layers to MUK. However, this remains a future task for
in-depth analysis. The ECHAM-HAM simulations also show an increasing pattern in Ntot (Figure 8).
Notwithstanding, a plausible explanation of high Ntot and relatively low PM2.5 values in 2012 could not be
interpreted satisfactorily through the present analysis, even though PM10 values are also noticed to be
relatively high in March 2012 (not shown here).

In contrast to 2009 and 2012, year 2010 and 2011 have La Niña events (Table 2), hence the highest annual
cumulative precipitation, suggesting the lowest aerosol concentration. In monsoon, GMD shows a dip
(Figure 3) that corroborates well with earlier findings of an efficient cleansing process of particles at MUK
and GP (Hyvärinen, Raatikainen, Brus, et al., 2011, Hyvärinen, Raatikainen, Komppula, et al., 2011). This is
attributed to nonuniform removal of particles due to cloud processes and wet scavenging by rain, which
are more efficient for larger particles scavenging.

Outside the monsoon, the IGP suffers from intense dust storms originated from the arid and desert regions of
southwest Asia (Iran, Afghanistan), Arabia, and the Thar desert blanketing IGP and the Himalayan foothills
(Carrico et al., 2003; Duchi et al., 2014; El-Askary et al., 2006; Kaspari et al., 2009). Figure 7 shows normalized
frequency of air mass origin before arriving at MUK and traveling over large regional population centers in

Figure 7. Normalized frequency of the trajectories, (a) dry period (October to May) and (b) monsoon (July and August).
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the IGP region (Komppula et al., 2009) carrying a considerable amount of windblown dust and agricultural
burning aerosols (Dumka et al., 2015; Kumar, Kotlarski, et al., 2015). In the dry seasons (premonsoon and
postmonsoon and winter), the trajectories show air masses arriving at MUK from the northwest and
southwest sectors, but in general dominated by westerly air masses (Figure 7a). In the monsoon, the air
masses originate from the Arabian Sea and Bay of Bengal and arrive at MUK by moving parallel to the
Himalayas (Figure 7b). The air masses ascend such that the average altitude of the trajectory is lower than
the end point altitude (not shown here). The humid marine air masses travel above IGP before reaching
MUK. As the wet air mass rises to the altitude of MUK, the moisture condenses and rains down, effectively
removing a lot of the particles (Figure 7b). The prevailing meteorological conditions and the marine humidity
are the factors that differentiate the air masses, along with the fact that during premonsoon; there is a large
amount of dust at middle and upper levels of the troposphere that is also transported over MUK.

Anthropogenic emissions, both local and distant are found to lead to significant climate impacts over India
(Guo et al., 2016). The emissions of SO2 (IIASA, 2011; Li et al., 2017), NOx (Li et al., 2017), and PM2.5

(Guttikunda & Jawahar, 2014; HEI, 2017; Rao et al., 2016) are increasing trends in India. The SO2 and NOx emis-
sions are mainly released from the energy sector, road transport, and industries (IIASA, 2015). In the case of
PM2.5, the combustion of biomass for cooking (HEI, 2017) and emissions from coal-fired power plants
(Guttikunda & Jawahar, 2014) are predominant. The emissions of BC and OM (organic matter) from the
domestic sector in India show a slight decreasing or stable trend post-2010, and sulphates mainly from
energy production and industries show a steep increasing trend after 2007 (IIASA, 2015).

The absolute emission strength at MUK is small in comparison to emissions over the Delhi region (supporting
information Figure S6). The MUK area is often under the influence of long-range transported air masses from
the IGP region, as discussed in the previous section, which results in long-range transported biomass burning
aerosols (Dumka et al., 2015; Komppula et al., 2009; Kumar et al., 2011) and aged combustion-derived
aerosols (Komppula et al., 2009; Raatikainen et al., 2017). The size-segregated correlation analysis reveals
eBC mass contribution significantly in the size range> 90 nm (supporting information Figure S9) and to that
in 200–300 nm of the submicron aerosol mass spectra, suggesting attribution of aged combustion aerosol at
MUK. The results are in corroboration with those observed in Hanle (Gogoi et al., 2014), a site in the western
Himalayas at a higher altitude than MUK and potentially a receiver of aerosol aged further than that at MUK.
Previously, Raatikainen et al. (2017) observed a similar eBC size distribution at MUK which is dominated by a
mode at 210 nm during premonsoon season. The 5-day back air mass trajectories (Figure 7) also indicate
long-range transported aerosol plumes at MUK. However, local anthropogenic emissions, although on a weak
scale (domestic cooking and space heating), are also important. The local traffic emissions did not lead to a
large aerosol load at MUK as we found no statistically robust cycle in weekday-weekend variability of
extensive aerosol parameters. The values are within 1σ (standard deviation) across the months, confirming
MUK to be located away from any high traffic density roads or cities. But the remote traffic emissions from
the plains cannot be ruled out.

Besides mineral dust, another major source of MUK aerosol load is crop residue burning. The increased PM2.5

and eBC concentrations in the afternoon hours during February–March and October–November (Figures 2e
and 2g) agree with the seasonality of crop-residue burning at IGP (Kumar et al., 2011; Venkataraman et al.,
2006). Domestic heating and cooking, which are also major sources of biomass burning aerosol in India
(Bond et al., 2013), could have a similar signature to crop-residue burning with simultaneously increasing
PM2.5 and eBC. However, as the observed peaks in PM2.5 and eBC (Figures 2f and 2h) occur during the har-
vesting months but not during the coldest months (December and January), we attribute these peaks to
open crop-residue burning’s impact on the air masses being transported from the plains to MUK. Dumka
et al. (2015) observed a similar seasonality in scattering and absorption coefficients at Nainital, which was also
attributed to long-range transported biomass burning aerosols. In northern India, rice residue burning is the
main source of biomass burning aerosols in November, while in March, wheat residue burning prevails.

We observe a clear difference in SSA during the March and November eBC peaks. In March, the mean SSA
decreases from 0.85 to 0.81 as the BC-rich aerosol reaches MUK (Figure 3c). However, in November a small
increase is seen in SSA in the afternoon hours (Figure 3c). This is surprising, considering that in March, toward
the end of the dry period, the amount of wind-blown dust is increasing and thus one would expect more scat-
tering aerosol and higher SSA than in November.
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A higher BC fraction in PM emissions from wheat residue burning compared to rice residue burning could
explain the lower SSA in March. However, near-fire measurements (Ni et al., 2015; Zhang et al., 2015) do
not indicate conclusive differences between the crops but report highly variable BC and PM2.5 emissions.
Another factor that may contribute to higher SSA in November is SOA formation. In November, biogenic
emissions of SOA precursors are probably higher than in March. Additionally, SOA formation in crop residue
burning plumes (Vakkari et al., 2018; Yokelson et al., 2009) may make a larger contribution in November than
in March. Rice is cultivated mostly >200 km from MUK (Kaskaoutis, Kumar, et al., 2014), but wheat is grown
also within 50–200 km of MUK; the longer transport would allow more time for in-plume SOA formation.
However, this cannot be verified without further studies closer to the sources.
3.2.3. Modeled Aerosol Variability
In addition to observations, simulations are undertaken using two climate models with the same
anthropogenic emissions but different spatial resolutions (ECHAM-HAMMOZ with a ~1.9° resolution and
the regional model REMO-HAM with a 0.22° resolution). These simulations are used to evaluate the models’
ability to capture the observed aerosols variability (refer to section 3.1) at MUK. In both models, the model
level closest to the station altitude is chosen for the comparison following Pietikäinen et al. (2012). It should
be mentioned that comparing a mountain station against models with terrain following hybrid pressure
based coordinates is problematic unless the model spatial resolution is very high (approximately some
kilometers). In this coordinate system, the horizontal transport of aerosols is too efficient in the lowest model
layers—even at times when in reality there is no transport in the layer below the MUK station. This causes
overestimation in the lowest model levels of mountainous areas and is the reason why we use the
height-matched level (Li et al., 2014; Zou et al., 2016, and references therein). However, the height-matched
level also has some errors as the terrain following vertical coordinate levels combined with the hydrostatic
model does not produce enough vertical transport at mountainous regions. This causes some artificial
dilution of the concentrations, but the error is much smaller than with the lowest level approach.

Figure 8 shows the monthly mean and 6-month moving mean of Ntot at MUK over the period 2005–2014 in
the ECHAM-HAM simulations and the observations. The anomalies are compared for the different months of
the years 2005–2014. The modeling results are comparable to the corresponding observational result of
anomalies of Ntot (Figure 4). However, since the station stays within the ABL in the model and the artificial
dilution does not allow the pollution load to build up sufficiently over the plain, the height-matched model
level of MUK does not receive a strong enough pollution pulsewhen the ABL starts to grow and encompasses
MUK in the premonsoon months. We do see that the later years of the period from 2005–2014 in general
have higher Ntot concentrations with both observational and modeling results. Additionally, many of the
interannual and interseasonal variability features—for example, the peaks in early 2009 and 2012 and the
low values in late 2010 and late 2011—are captured reasonably well.

On the other hand, ECHAM-HAM overestimates the measured eBC values almost throughout the analyzed
period and shows a reversed seasonality with the lowest concentrations during the premonsoon. A
comparison of the modeled and measured eBC concentrations at MUK with the ECHAM-HAM and

Figure 8. Monthly anomaly of Ntot in ECHAM-HAM simulations and in situ measurements at Mukteshwar.
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REMO-HAMmodels, using the same emission inventory, is shown in Figure 9. The modeled overestimation is
likely due to the coarse resolution of ECHAM-HAM, which flattens the orography and seems to artificially
delay modeled precipitation so that it takes place at higher altitudes than MUK (analysis not shown). But
the variability observed in measurements is captured reasonably well with the higher-resolution regional
model REMO-HAM (Figure 9), apart from underestimating the measured peak concentrations during
premonsoon and very slightly overestimating eBC during monsoon.

Notably, both models are able to capture the observed eBC concentrations over the IGP much more reliably
(a comparison to GP is shown in supporting information Figure S11), indicating that the emission inventory
does not have significant biases. This finding further indicates that transport and representation of the valley
wind influence to ABL might be the main reason for the poor performance of ECHAM-HAM in modeling eBC
at the mountainous MUK. Further issues include uncertainties in subgrid processes (like orographic thermal
circulation) manifested in typical diurnal variation patterns, errors in model-predicted meteorology, aerosol
processes, numerical model errors, and uncertainty in boundary conditions (Kumar, Barth, et al., 2015;
Seibert et al., 2000). Moreover, inaccuracies in the local emissions estimations (Saikawa et al., 2017) are
also possible.

4. Summary and Conclusions

We present the longest time series for in situ aerosol observations at a mountain site in India. The annual and
seasonal values of aerosol extensive properties at MUK show high aerosol concentrations with respect to
mountain sites worldwide, but still low in comparison to rural and urban sites elsewhere in India.

Typically, the strongest variability takes place over several consecutive months, indicating a seasonal
phenomenon. The interannual variability of PM2.5 and Ntot is ±20%, and we attribute the variability mostly
to meteorology and climate changeability, and longer-term variations in emissions. Trend analysis shows
statistically significant decreasing trends of �2.3 μg m�3 year�1 and �2.7 μg m�3 year�1 for PM2.5 and
PM10, respectively. A decreasing interannual tendency for ABL air from IGP reaching MUK suggests a
decrease in transport of pollution-laden air from the plains. However, investigating further this decreasing
interannual tendency will be within the scope of future work.

All extensive aerosol parameters have 1.5–2 times higher values in early to late afternoon than in the night.
Aerosol number concentration has a clear peak in the late afternoon and a minimum at 5:00 in the morning.

Figure 9. Daily median measured and modeled black carbon (BC) ground concentrations at Mukteshwar. The modeled values are from the height-matched levels.
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The seasonal variability is modulated due to fluctuations in different anthropogenic and natural sources, air
mass flows, and/or wet scavenging. The long-range transported plumes of dust are pronounced in
premonsoon, while stubble burning contributes in both premonsoon and postmonsoon. In premonsoon,
notably the atmospheric NPF contributes in elevating total number concentration. The wet scavenging
process in monsoon has significant influence on both extensive and intensive parameters of aerosols.

In this study, we used observed surface meteorological variables in the absence of direct measurements of
the mixing layer depth to determine the likely influence of boundary layer transport to MUK. The results
present the variability in winds and specific humidity, with a high variability indicating turbulence and hence
an actively mixing boundary layer; however, during the monsoon season, the diurnal pattern is
heavily suppressed.

But the relative strength of boundary layer mixing alone is not sufficient to infer the mixing layer depth and
hence determine whether aerosol measurements at MUK are influenced by transport from the plains (IGP).
Thus, in determining that variable, we use each hourly specific humidity both at MUK and GP (IGP), and
referred as (Фq): the fraction of MUK air originating from the plains. The parameter Фq is a much clearer
indicator, as this uses the property that specific humidity is a conserved variable and is usually locally well
mixed. Elevated values of Фq correspond very well with the observed 1.5–2 times increase in all extensive
aerosol parameters at MUK seen in the early to late afternoon. It concludes that the water vapor proxy
matches reasonably well with aerosol variability over the course of the day and across the seasons.
Further, it suggests that a weak peak in aerosol concentration in the morning could be due to air from the
local valley, and the strong peak in the late afternoon may be dominantly related to daytime transport of
moist air masses from lower altitude, mixed with the valley air. In summary, it suggests that the mixing of
air masses via vertical and horizontal transport is significant in premonsoon and postmonsoon. The monsoon
season is not captured well either with water vapor proxy or modeled mixing layer depth.

The global model ECHAM-HAM simulation with nudged meteorology reproduces the interannual,
interseasonal, and long-term variability of Ntot reasonably well. The global model is struggling with modeling
eBC concentrations in the mountainous region at MUK, while the regional model REMO-HAM managed to
reproduce some of the main features of the variability. Both models reproduce the concentrations well over
the IGP region (e.g., GP), indicating that emissions are not highly biased in the twomodels. This highlights the
need of sufficient resolution and correct descriptions of transport processes when investigatingmountainous
regions. Efforts to increase resolution and improve process descriptions ought to improve the match
between observational and modeling results further in future work.
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Abstract. We have measured black carbon properties by
using a size-selected single-particle soot photometer (SP2).
The measurements were conducted in northern India at two
sites: Gual Pahari is located at the Indo-Gangetic Plain (IGP)
and Mukteshwar at the Himalayan foothills. Northern India
is known as one of the absorbing aerosol hot spots, but de-
tailed information about absorbing aerosol mixing state is
still largely missing. Previous equivalent black carbon (eBC)
mass concentration measurements are available for this re-
gion, and these are consistent with our observations show-
ing that refractory black carbon (rBC) concentrations are
about 10 times higher in Gual Pahari than those at Muk-
teshwar. Also, the number fraction of rBC-containing par-
ticles is higher in Gual Pahari, but individual rBC-containing
particles and their size distributions are fairly similar. These
findings indicate that particles at both sites have similar local
and regional emission sources, but aerosols are also trans-
ported from the main source regions (IGP) to the less pol-
luted regions (Himalayan foothills). Detailed examination of
the rBC-containing particle properties revealed that they are
most likely irregular particles such as fractal aggregates, but
the exact structure remains unknown.

1 Introduction

Absorbing aerosols are warming the global climate, but un-
certainties are still significant partly due to the lack of de-
tailed experimental data on aerosol spatial and temporal dis-
tributions and their physical properties (Stocker et al., 2013;

Bond et al., 2013). Broadly defined, black carbon (BC) is typ-
ically the main absorbing aerosol component in submicron
aerosols and its radiative effects depend on absolute concen-
trations and mixing state, which describes how BC is dis-
tributed within the aerosol particles (Bond and Bergstrom,
2006; Petzold et al., 2013; Lack et al., 2014). Although
BC mass concentrations are often measured, the information
about the mixing state is currently limited. For some sources
the freshly emitted BC can be almost pure black carbon,
but rapid atmospheric processing leads to mixed particles
containing significant mass fractions of other typical aerosol
species such as sulphate and organics. The inclusion of non-
absorbing components may cause an increase to BC absorp-
tion by a so-called lensing effect, but this also depends on
the structure of the particle (e.g., Adachi et al., 2010; Cappa
et al., 2012; He et al., 2015; Peng et al., 2016). In addition
to the direct radiative effect, aerosol water uptake depends
on the volume fraction of soluble aerosol species as pure BC
is hydrophobic. Some absorbing aerosol particles can act as
a cloud condensation nuclei (CCN), which means that BC
can have an effect on cloud properties (an indirect climate
effect). Therefore, knowing the mixing state is highly impor-
tant when assessing the climate effects of BC.

Recent development of single-particle instruments capa-
ble of detecting BC (e.g., Cross et al., 2010; Lack et al.,
2014) has provided detailed information about the BC mix-
ing state. One widely used instrument for this purpose is
the single-particle soot photometer, SP2 (Stephens et al.,
2003; Schwarz et al., 2006; Moteki and Kondo, 2007), devel-
oped by Droplet Measurement Technologies (Boulder, CO,
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USA). This instrument uses the laser-induced incandescence
technique to detect so-called refractory black carbon (rBC),
which is the fraction of the absorbing carbonaceous mate-
rial that has boiling point close to 4000 K and emits visible
light when heated to that temperature (Petzold et al., 2013;
Lack et al., 2014). The rBC mass can be detected accurately
for most particle types (e.g., Slowik et al., 2007; Cross et al.,
2010), while determining the size of the particle containing
both rBC and non-refractory material requires significant as-
sumptions about the particle properties (e.g., Taylor et al.,
2015). These uncertainties dealing with determining the par-
ticle sizes are further reflected in calculations of mixing state
parameters such as the rBC volume fraction in each particle
and the number fraction of rBC-containing particles.

Due to the significant local and regional emissions and
prevailing meteorological conditions, northern India is one
of the global absorbing aerosol hot spots (Ramanathan et al.,
2007). The low frequency of rainfall during the winter and
spring months allows the accumulation of aerosol pollution,
which can be observed as a brown cloud (Ramanathan et al.,
2001, 2007). Although the absorbing dust aerosol is mainly
from natural origin, anthropogenic emissions such as biofuel
burning and road traffic produce large amounts of black car-
bon. Aerosol concentrations are decreased significantly when
the monsoon rains arrive (typically between mid-June and
July in northern India). However, it has been suspected that
the increased aerosol absorption could have an effect on the
monsoon (e.g., Menon et al., 2002; Bollasina et al., 2008,
2011; Gautam et al., 2009; Lau et al., 2010; Ganguly et al.,
2012; D’Errico et al., 2015; Boos and Storelvmo, 2016),
which has great importance for the whole of South Asia. In
spite of the potential importance of the absorbing aerosol, lit-
tle information has been published about the BC mixing state
in India.

The main purpose of this study is to provide new and
detailed information about the rBC mixing state in north-
ern India, focusing on two different environments: pol-
luted Indo-Gangetic Plain and relatively clean Himalayan
foothills. Comparing these observations gives us additional
experimental information about processes affecting the trans-
port and uplift of absorbing aerosol from the plains to-
wards Himalayan foothills. Observations are made with a
new measurement system where differential mobility ana-
lyzer (DMA) is used to size-select ambient particles before
measuring rBC properties with an SP2. This system provides
size-resolved information about rBC mixing state parameters
including rBC number fractions and rBC mass in each par-
ticle. Also, comparing the DMA-selected particle size with
that measured by the SP2 gives additional information about
particle morphology.

2 Methods

2.1 Measurement sites

Mixing state of the rBC aerosol was measured in north-
ern India in Mukteshwar, Nainital (29.47◦ N, 79.65◦ E;
2180 m a.s.l. (above sea level)), and Gual Pahari, Gurgaon
(28.43◦ N, 77.15◦ E; 243 m a.s.l.), during the spring and pre-
monsoon season 2014. Figure 1 shows the station locations.
The measurements were started in Mukteshwar (9 February–
31 March 2014) and then the instruments were moved to
Gual Pahari (3 April–14 May 2014). Mukteshwar is a rel-
atively clean site at the foothills of the central Himalayas
about 2 km above the Indo-Gangetic Plain (IGP), and Gual
Pahari station is located at the plains close to Delhi, where
aerosol concentrations are significantly higher (e.g., Hyväri-
nen et al., 2009, 2010; Komppula et al., 2009; Panwar et al.,
2013; Raatikainen et al., 2014; Hooda et al., 2016).

2.2 Measurement setup

Refractory black carbon (rBC) concentrations and mixing
state parameters were measured by an SP2 (Revision C*
with eight channels), manufactured by the Droplet Measure-
ment Technologies (Boulder, CO, USA), which was con-
nected to a differential mobility particle sizer (DMPS). De-
tails of the DMPS-SP2 measurement setup, data analysis and
a series of consistency tests are given in the Supplement.
Briefly, the DMPS is composed of a differential mobility an-
alyzer (DMA) and a condensation particle counter (CPC).
The DMA selects narrow particle mobility size ranges from
dried (RH ≈ 25 %) polydisperse ambient particles (sampled
through PM10 inlet line) and the CPC measures their number
concentrations. Particle number concentrations are recorded
for 30 logarithmically spaced mobility diameters (from about
20 to 650 nm) during a 32 min scan (60 s in each mobility di-
ameter and 120 s between scans). The actual ambient particle
number size distribution is then inverted from the CPC ob-
servations by the user defined routines (Wiedensohler et al.,
2012). The inversion routines account mainly for the effects
of the DMA transfer function and particle charging efficien-
cies, including multiply charged particles.

The SP2 (see, e.g., Stephens et al., 2003; Schwarz et al.,
2006; Moteki and Kondo, 2007) was connected in parallel
to the CPC to the outlet of the DMA. The SP2 measures
number concentrations of particles with and without rBC for
each mobility diameter. Any particle can be identified from
the scattered laser light, while only the rBC-containing par-
ticles emit visible light (incandescence). It is expected that
the incandescence is originating from rBC, because clear ev-
idence of other refractory species such as mineral dust was
not observed (e.g., varying ratios between wide and narrow
band incandescence signals). Scattering and incandescence
signal peak heights are proportional to the particle-scattering
cross section and rBC mass, respectively. The measured
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Figure 1. Locations of Gual Pahari (red marker) and Mukteshwar (blue marker) measurement stations.

single-particle rBC masses (0.3–380 fg quantification range)
were converted to rBC volume equivalent diameters (briefly
just rBC core diameter) by using 1800 kgm−3 density (70–
740 nm diameter range). These diameters are used even when
it is well known that the ambient rBC is not necessarily
spherical or compact (e.g., Bond and Bergstrom, 2006; Peng
et al., 2016). Number and volume mean rBC core diame-
ters, average rBC mass concentration, and average number
concentration of particles with and without rBC were calcu-
lated from the single-particle data for each mobility diame-
ter. In addition, the number fraction of particles containing
rBC was calculated from the number concentrations of parti-
cles with and without rBC. Number (with and without rBC)
and rBC mass size distributions were calculated from the
corresponding mobility bin average number and mass con-
centrations using an applied inversion method. The DMPS
inversion method is not directly suitable for SP2 data, be-
cause noise from mobility size bins close to the SP2 detec-
tion limit would have propagated to the relevant size bins.
Therefore, we used the DMPS inversion results (number size
distributions calculated from the CPC concentrations) to cal-
culate size-dependent scaling factors that convert SP2 con-
centrations to corresponding size distributions (see the Sup-
plement). Briefly, the size- and scan-dependent scaling factor
is the inverted size distribution divided by the original CPC
concentrations, but we have calculated the mode of the scal-
ing factor for each mobility size bin to reduce the variability

and to make the SP2 results less dependent on the availability
of the CPC data. This correction accounts for the effects of
the DMA transfer function and particle charging efficiencies
including multiply charged particles based on a typical par-
ticle size distribution. Multiply charged particles also have a
small effect on the number and volume mean rBC core diam-
eters, but these have been ignored based on visual examina-
tion of the rBC core size distributions (see Sect. 3.2).

Current measurement setup has some similarities with
those used by Zhang et al. (2016), Liu et al. (2013) and
McMeeking et al. (2011), who coupled a SP2 with a volatility
tandem differential mobility analyzer (VTDMA) and hygro-
scopicity tandem differential mobility analyzer (HTDMA).
The VTDMA measures particle size distributions after ex-
posing size-selected (200, 250, 300 and 350 nm) particles
to 300 ◦C temperature (Zhang et al., 2016). The same size-
selected particles are also measured by the SP2, allowing
comparison between rBC core size distributions and those
measured by the VTDMA. In the HTDMA-SP2 setup used
by McMeeking et al. (2011) and Liu et al. (2013), size-
selected particles (147, 193 and 286 nm in the first study
and 163 and 259 nm in the second study) are exposed to a
high RH (∼ 90 %) and then measured by the SP2. There are
also studies where the SP2 has been placed behind different
types of classifiers such as the aerosol particle mass (APM)
analyzer or the centrifugal particle mass analyzer (CPMA)
(e.g., Ohata et al., 2016). The main advantages of the current
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DMPS-SP2 setup is that the mobility size resolution is better
(30 logarithmic size bins from about 20 to 650 nm) and this
allows the calculation of rBC mass and number size distribu-
tions.

Consistency tests showed that the SP2 over counted par-
ticles compared with the parallel CPC measurements, which
is a known issue for this specific SP2 (Supplement). Mul-
tiplying all SP2 concentrations by a factor of 0.82 caused
the SP2 and CPC number concentrations levels to be sim-
ilar, with just noise-like variability. Consistency tests also
showed that the DMA-selected mobility sizes are in good
agreement with those measured by the SP2 (particles with-
out rBC) although a weak dependency on the SP2 temper-
ature was observed (known issue for all SP2s). Compari-
son between rBC mass concentration with the optically de-
tected (Aethalometer) equivalent BC (eBC) mass concentra-
tion from Mukteshwar showed a strong correlation between
mass concentrations (absolute values are not directly compa-
rable) and that their ratio was independent of the SP2 tem-
perature. Finally, laser power analysis showed that the aver-
age scattering signal was 93 and 41 % from the original cal-
ibration value at Mukteshwar and Gual Pahari, respectively.
Especially the latter drop in scattering signal could indicate
critical drop in laser power. However, additional calculations
showed that the reduced laser power is high enough for de-
tecting rBC from particles with mobility sizes above 200 nm.
These consistency tests show that the instrument setup and
the data analysis methods provide accurate size-resolved rBC
size distributions and mixing state parameters.

3 Results

Any SP2 can measure rBC core mass distributions (i.e., rBC
mass concentration as a function of rBC core volume equiva-
lent diameter) with high time resolution; however, the cur-
rent size-selected measurements give this information for
each DMA-selected mobility diameter. Knowing the particle
(mobility) size simplifies the calculations especially for rBC-
containing particles, which evaporate when traveling through
the laser beam. For those particles, leading-edge-only (LEO)
methods (e.g., Gao et al., 2007; Metcalf et al., 2012; Laborde
et al., 2012) can be used to calculate the optical size from
the scattered laser light, but the calculations require addi-
tional particle position information and the results depend
on the assumed particle structure and optical parameters. In
the following calculations particle size is represented by the
DMA-selected mobility diameter. However, optical and mo-
bility sizes are compared in Sect. 3.6 to obtain additional in-
formation about particle morphology.

Size-selected measurements allow the detailed examina-
tion of the rBC homogeneity, i.e., the variability in the rBC
core size within each mobility size bin (Sect. 3.2). Since this
level of detail is not typically needed, we will focus on the
particle properties averaged for each DMA-selected mobility

size bin. These values are used to calculate rBC number and
mass size distributions and size-dependent rBC mixing state
parameters (number fraction of particles containing rBC and
the average rBC core size in those particles) for each size
scan. Their average values are described in Sects. 3.3 and 3.4
and diurnal cycles in Sect. 3.5. First, we give an overview of
the measured parameters and their time variations using the
total rBC mass concentration as an example (Sect. 3.1).

3.1 Total rBC mass concentration time series

As an example of the measured parameters and their time
variations, the total rBC mass concentration time series from
the site at the polluted Indo-Gangetic Plain (Gual Pahari) and
the relatively clean site at the Himalayan foothills (Muktesh-
war) are shown in Fig. 2. Time series of the other parameters,
which will be described below, are shown in the Supplement.
The average rBC mass concentrations and their standard de-
viations are 11 ± 11 and 1.0 ± 0.6 µg m−3 for Gual Pahari
and Mukteshwar, respectively. Figure 2 shows that the rBC
mass concentrations are highly variable, which is the reason
for the high standard deviations (absolute measurement un-
certainties are close to 20 % (e.g., Laborde et al., 2012), and
the variability is dominated by their diurnal cycles. Statis-
tically significant long-term trends or weekly cycles cannot
be found. Detailed examination of the diurnal variations in
the total rBC mass and the other measured rBC mixing state
parameters will be given in Sect. 3.5.

3.2 Size-selected rBC homogeneity

Examining size-selected rBC core size distributions can
show how homogeneous these rBC-containing particles are.
The selected mobility size must be large enough so that the
thickly coated rBC can be detected but still small enough to
represent the accumulation-mode particles. Examination of
the available mobility sizes showed that the 360 nm mobility
diameter is optimal for this purpose (the limits are shown in
the Supplement). Figure 3 shows the campaign-average rBC
core number size distributions from particles with 360 nm
DMA-selected mobility diameter (variability shown in the
Supplement). When Gual Pahari rBC core size distribution
is mostly unimodal (mode at about 180 nm), that at Muk-
teshwar is clearly bimodal, where the smaller mode is lo-
cated at about 110 nm and the other dominating mode is at
about 210 nm. Changing the DMA-selected diameter to a
larger or smaller value does not reveal any additional modes
and the same larger mode is always dominating. The modes
are relatively wide mainly due to the width of DMA transfer
function (the full width at half maximum is about 45 nm for
the 360 nm mobility size). The tails of the size distributions
are related to the instrument noise (below 85 nm and above
300 nm) and multiply charged particles (above 300 nm), but
they have small contributions to the mobility size bin mean
values that are used in the following sections (86 and 92 %
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Figure 2. Total rBC mass concentration time series from Mukteshwar (a) and Gual Pahari (b).

of the particles between 85 and 300 nm in Gual Pahari and
Mukteshwar, respectively). In general, the modes at about
200 nm seem to be quite similar for Gual Pahari and Muk-
teshwar, while the smaller mode at about 110 nm is clearly
seen only at Mukteshwar.

Figure 3 shows the campaign-average core size distribu-
tions for the 360 nm mobility diameter, but we have also cal-
culated those for each size scan. Mukteshwar rBC core num-
ber size distribution seems to be bimodal most of the time.
The number fraction of the larger rBC particles (those larger
than 140 nm from the 85–300 nm core size range) varies be-
tween 0.5 and 0.8. The fluctuations are irregular, covering
several days, and mainly for this reason there are no signifi-
cant diurnal variations (not shown). Since rBC homogeneity
within a DMA-selected mobility size bin is information that
is too detailed for most practical applications, the following
calculations are based on rBC properties averaged for each
mobility size bin in each scan.

3.3 Average rBC size distributions

Figure 4 shows the campaign-average rBC core mass and
number size distributions from the both measurement sites.
The gap at about 300 nm is caused by discontinuous high-
and low-gain rBC mass calibration parameterizations. Due
to the significant diurnal variations, which will be discussed
later, the average mass and number size distributions have
standard deviations (not shown) that are proportional to the
observed size bin mean values. It is evident from Fig. 4 that
the number size distributions are not fully resolved due to
the about 70 nm rBC core size detection limit. Therefore, we
will focus on the rBC mass size distributions. These have
similar shapes except that the concentrations at Gual Pahari
are about 10 times higher than those at Mukteshwar. Both
mass distributions peak at around 210 nm, but these have rel-
atively high concentrations of larger particles, especially at
Gual Pahari. Large particles are also observed in the number
and mass size distributions measured by the DMPS (shown
in the Supplement). Bimodal lognormal distributions fitted
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Figure 3. Campaign average rBC core number size distributions
for the 360 nm DMA-selected mobility diameter (indicated by the
vertical gray line) from Mukteshwar (multiplied by a factor of 10)
and Gual Pahari. Standard deviations are approximately equal to the
average concentration values when concentrations are larger than
1 cm−3, while smaller concentrations mean increasing standard de-
viations.

to the mass distributions are shown with three (both modes
and the total) thin blue (Mukteshwar) and green (Gual Pa-
hari) lines in Fig. 4. The fits show that the peak diameters
of the main modes are 195 and 202 nm, and the main modes
cover 76 and 93 % of the observed rBC mass in Gual Pa-
hari and Mukteshwar, respectively. Because only the tails of
the modes with larger particles are seen (their peak diameters
are larger than the rBC core detection limit, 740 nm), it is not
possible to quantify their contributions to the total rBC mass.

Figure 4 shows the campaign-average distributions, but we
have also calculated those for each mobility scan. Although
the mass distributions are somewhat skewed, these can be
described relatively well by lognormal distributions. We have
therefore calculated the time series of total rBC mass concen-
trations (shown in Fig. 2) and geometric mass mean diame-
ters and standard deviations (shown in the Supplement). The
average size distribution parameters and their standard devia-
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Figure 4. Campaign average rBC mass (black, right axis) and num-
ber (red, left axis) size distributions for Mukteshwar (lines with cir-
cles) and Gual Pahari (lines with crosses). The thin lines are bi-
modal lognormal fits including both modes and the total fitted mass
(blue line for Mukteshwar and green line for Gual Pahari). Muktesh-
war number and mass size distributions have been multiplied by a
factor of 10. Standard deviations are approximately 80 % (Muktesh-
war) or 100 % (Gual Pahari) of the bin mean number and mass. The
gap at about 300 nm is caused by discontinuous high- and low-gain
rBC mass calibration parameterizations.

tions from both measurement sites are shown in Table 1. The
diurnal variations in the key rBC size distribution and mixing
state parameters are shown in Sect. 3.5.

Previous SP2 studies have reported rBC core size distribu-
tion parameters from various environments (e.g., summary in
Huang et al., 2012), but to our knowledge there are no previ-
ously published results from India. However, equally high
rBC concentrations are observed in China, and there SP2
studies have shown that rBC core peak diameters are close to
220 nm (Huang et al., 2011, 2012; Wang et al., 2014), which
is in good agreement with the current observations (peaks at
about 210 nm). Huang et al. (2011) and Wang et al. (2014)
have also observed bimodal rBC size distributions, but the
larger particles (> 400 nm) have significantly higher contri-
bution in India. In general, mass mean diameters are rela-
tively similar at least compared with concentrations which
vary by several orders of magnitude, depending heavily on
local and regional emission sources.

3.4 Average rBC mixing state

Mixing state can be described by two parameters that are di-
rectly measured by the SP2: number fraction of particles con-
taining rBC (NrBC/Ntotal) and rBC mass in these particles,
which is here represented by the rBC core diameter (volume
equivalent diameter based on 1800 kgm−3 rBC density). Be-
cause core diameters showed some variability (Fig. 3), we
have calculated both number and volume mean rBC core
diameters (DrBC,N and DrBC,V ). We also present their ra-
tios with the mobility diameters (Dm). Since these particles
may not be spherical (some indirect evidence is given in

Table 1. Campaign average values (±standard deviations) describ-
ing rBC mass size distributions (total mass and geometric mass
mean diameter and standard deviation) and mixing state (number
and volume mean core diameters, those normalized by the mobility
size (Dm), and number fraction of particles containing rBC). The
mixing state parameters are calculated for the 360 nm mobility size
bins.

Parameter Gual Pahari Mukteshwar

Total rBC (µg m−3) 11 ± 11 1.0 ± 0.6
GMD dm/dlogDrBC (nm) 249 ± 30 217 ± 13
GSD dm/dlogDrBC 0.246 ± 0.014 0.221 ± 0.014
DrBC,N (nm) 185 ± 8 178 ± 12
DrBC,N /Dm 0.51 ± 0.02 0.50 ± 0.03
DrBC,V (nm) 221 ± 14 205 ± 16
DrBC,V /Dm 0.61 ± 0.04 0.57 ± 0.04
NrBC/Ntotal 0.46 ± 0.12 0.31 ± 0.05

Sect. 3.6), rBC core to mobility diameter ratios should not be
taken as an exact measure of the rBC volume fraction. These
parameters depend on mobility size and time, but the time
series are correlated. Therefore, conclusions can be made us-
ing only one time series and mean values for each mobility
size. Again, we use the 360 nm mobility size to represent the
typical accumulation-mode particles.

The campaign-average mixing state parameters and their
standard deviations for the 360 nm mobility size are shown
in Table 1. As expected, the rBC number fraction is some-
what larger in Gual Pahari (polluted region) than in Muk-
teshwar (regional background), but the rBC-containing par-
ticles seem to have similar rBC core diameters. It could have
been expected that rBC core size decreases when secondary
aerosol species such as organics and sulfate condense to ex-
isting particles during their transport to Mukteshwar, but this
effect is not clearly seen, although it may contribute to the
observed bimodal rBC core size distribution seen in Fig. 3.
It seems that the observed rBC properties are common for
the whole region due to the similar emission sources and rel-
atively short times for aging (more likely hours than days).
For example, air masses in the upper troposphere or in re-
mote regions can have spent several days without any contact
to rBC sources.

There are some previous studies that describe the rBC mix-
ing state with this level of details. It is evident that most par-
ticles do not contain detectable amounts of rBC anywhere
(e.g., Kondo et al., 2011; Reddington et al., 2013; Dahlköt-
ter et al., 2014; Raatikainen et al., 2015), but the current
number fractions of rBC-containing particles (46 and 31 %
for the 360 nm mobility size at Gual Pahari and Muktesh-
war, respectively) seem to be the highest so far. For ex-
ample, our previous results from the Finnish Arctic show
that 24 % of the particles from 350–450 nm optical diame-
ter range contain rBC and this is already a relatively large
fraction (Raatikainen et al., 2015). In India, the high num-
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ber fraction of rBC-containing particles is resulting from the
significant regional black carbon emissions. The observed
rBC core to particle diameter ratios (DrBC,V /Dm ∼ 0.6 and
DrBC,N/Dm ∼ 0.5 from Table 1), whose cube is rBC volume
fraction in a spherical compact particle, are larger than those
observed for aged aerosol (e.g., Raatikainen et al., 2015;
Dahlkötter et al., 2014), but match with the lowest values
found for fresh emissions (e.g., Kondo et al., 2011; Schwarz
et al., 2008; Sahu et al., 2012; Metcalf et al., 2012). For ex-
ample, Metcalf et al. (2012) found thickly coated rBC from
an urban plume with rBC core to particle diameter ratios
ranging from about 0.51 to 0.59 (145 nm rBC cores with 50–
70 nm coating thicknesses). Although the agreement is good,
it should be noted that our particle size is based on the mo-
bility diameter, while most other studies use the optical di-
ameter from the LEO method. We will show later (Sect. 3.6)
that mobility sizes are larger than optical sizes, which means
that our rBC core to particle (optical) diameter ratios actually
represent fresh emissions.

Mixing state parameters are somewhat size-dependent and
this can be parameterized using the size-selected measure-
ments. Figure 5 shows the averaged size-dependent mixing
state parameters (number- and volume-based rBC core diam-
eters and number fractions of particles containing rBC) and
simple parameterizations. The lowest particle sizes where the
SP2 detection limit has a significant effect on the results have
been excluded from the fits (indicated by the smaller marker
below ∼ 200 nm particle size). Also, the largest particle size
in Mukteshwar has also been excluded due to the low number
of observed particles. In general, the trends in the rBC mixing
state parameters are similar for Gual Pahari and Mukteshwar,
which indicates fairly similar local and regional rBC sources.

3.5 Diurnal cycles

Figure 6 shows the diurnal cycles of the rBC mass distri-
bution (total mass and geometric mass mean diameter and
standard deviation) and mixing state (rBC core to mobil-
ity diameter ratio and the number fraction of particles con-
taining rBC for the 360 nm mobility size) parameters. The
number-based diameter ratios and size distribution parame-
ters are not shown, because these have similar diurnal varia-
tions with the mass- and volume-based parameters. The total
rBC mass concentrations have significant diurnal variations,
while those for the mean diameter and distribution width are
modest. From the rBC mixing state parameters, which are
not directly related to the mass distribution, only the rBC
particle number fractions have clear diurnal cycles, while the
rBC core to mobility diameter ratio is practically constant.
The strong diurnal variability in the rBC mass concentra-
tions is in good agreement with those of equivalent black
carbon observed in our previous studies and by others (e.g.,
Komppula et al., 2009; Hyvärinen et al., 2009, 2010; Pan-
war et al., 2013; Raatikainen et al., 2014). Increased vertical
mixing is the main reason for the daytime decrease in rBC
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Figure 5. Size dependent rBC mixing state parameters for Gual Pa-
hari and Mukteshwar. Panel (a) shows the number mean rBC core
volume equivalent diameters and (b) shows those based on the rBC
volume. Panel (c) shows rBC particle number fractions. Solid lines
are the fits to the data (ignoring bad data points indicated by the
smaller marker size). Error bars indicate ±1 standard deviation lim-
its.

mass in Gual Pahari and this can also explain the decrease in
rBC number fraction. In general, Gual Pahari and Muktesh-
war rBC aerosols are relatively similar except that the Gual
Pahari aerosol has an order of magnitude higher concentra-
tion and the number fraction of particles containing rBC is
about 50 % larger compared with those from Mukteshwar.

3.6 Morphology of rBC-containing particles

Black carbon or soot particles are initially aggregates com-
posed of several primary BC particles, which diameters are in
the order of a few tens of nanometers (e.g., Sorensen, 2001).
These fresh aggregates can contain some amounts of a non-
refractory material, but the fraction increases with time when
atmospheric vapors condense to the soot particles and when
the particle grows by coagulation. Increasing non-refractory
fraction makes these particles more spherical. In addition, ag-
gregates can be compacted when particles absorb water vapor
and become droplets (e.g., Zhang et al., 2008; Pagels et al.,
2009). As a result, core–shell structure can be a valid approx-
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Figure 6. Diurnal cycles of rBC core mass size distribution param-
eters (total mass concentrations and geometric mass mean diameter
and standard deviation), rBC core to mobility diameter ratios and
fractions of particles containing rBC. The diameter ratios and frac-
tions are calculated for the 360 nm mobility size. Error bars indicate
±1 standard deviation limits. Mukteshwar total rBC mass concen-
tration and its standard deviation have been multiplied by a factor
of 10.

imation for the aged aerosol, but it is not clear whether this
is the case in India, where the aerosol is relatively fresh. The
SP2 can provide some information about the morphology of
the rBC-containing particles.

First, the SP2 can detect if a particle disintegrates in the
laser beam into rBC and non-rBC fragments. This can hap-
pen if the rBC core is close to the particle surface or when
rBC is attached to the surface of another particle (Sedlacek
et al., 2012; Moteki et al., 2014). However, our measure-
ments show that such disintegrating particles have negligible
concentrations.

There are also studies reporting bare rBC particles (e.g.,
Huang et al., 2012), but the current rBC core volume equiv-
alent diameters are always well below mobility diameters.
However, it is possible that the rBC particles have low den-

sities or that the particles are irregular aggregates. At least
qualitative information about the particle shape can be ob-
tained by comparing the DMA-selected mobility and SP2-
derived optical sizes. Optical size is based on the measured
or reconstructed (see below) intensity of the scattered laser
light and a theoretical correction to the scattering accounting
for the difference between calibration (ammonium sulfate)
and ambient aerosol structures and optical properties. Accu-
rate sizing requires information about particle structure, but
clear differences (e.g., much larger than the typical ±20 %
sizing uncertainty) between optical and mobility sizes indi-
cate non-spherical particles such as aggregates.

Optical size based on a LEO method

Optical sizes are estimated using LEO methods (e.g., Gao
et al., 2007; Metcalf et al., 2012; Laborde et al., 2012). In
earlier studies, the authors use the leading edge of the scat-
tering signal, which is still unaffected by the evaporation of
the non-refractory material, to reconstruct the unperturbed
scattering signal. Current method is the same as the method
used in our previous study (Raatikainen et al., 2015): here
the leading edge is the part of the signal where laser beam in-
tensity is 0.07–3 % of the maximum, and the Gaussian scat-
tering (laser beam) profile and peak position are calculated
by averaging those from 100 previous particles that do not
have detectable incandescence signal. Scattering signal peak
height is solved by fitting the Gaussian profile to the signal
from the leading edge (e.g., Gao et al., 2007). The scatter-
ing cross section is calculated from the signal peak height by
using the scattering calibration, and optical particle size is
calculated from the scattering cross section by using the Mie
theory (linear interpolation between the limits of pure am-
monium sulfate (refractive index m = 1.48−i0) and a mixed
particle (m = 1.715 − i0.395) with rBC core to particle di-
ameter ratio of 0.6).

The current LEO analysis suffered from a systematic noise
signal, which increased the variability in the results and
seemed to cause a systematic bias when the instrument tem-
perature was below 30 ◦C (see the Supplement). Also, the
decrease in laser power when the SP2 was transported from
Mukteshwar to Gual Pahari decreased the success rate of the
LEO fits from 98.6 to 90.9 % (for rBC-containing particles
from the 360 nm mobility size bin). Due to these uncertain-
ties, we focus on the 360 nm mobility size bin and use data
from instrument temperatures between 30 and 35 ◦C. These
results seem to be reliable, but potential biases cannot be
fully ruled out.

For the 360 nm mobility size and when the instrument
temperature is between 30 and 35 ◦C, the campaign-average
LEO-derived optical particle diameters for rBC-containing
particles are 245 ± 10 and 234 ± 20 nm for Mukteshwar and
Gual Pahari, respectively. For reference, corresponding sizes
for particles without rBC are 360 ± 25 and 359 ± 17 nm,
which are in good agreement with those without the LEO
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method (356 ± 7 and 361 ± 11 nm) and the selected mobility
diameter (360 nm). It is clear that the average optical size is
significantly smaller than the mobility size, which shows that
the rBC-containing particles are not spherical. Further exam-
ination of the single-particle data can reveal additional details
about individual particles. Figure 7 shows the dependency of
the optical size on the rBC core size by means of a proba-
bility density map (normalized by the maximum probability
density). The rBC core size population is clearly bimodal in
Mukteshwar (see Sect. 3.2), and it seems that the smaller rBC
cores are thickly coated (core to optical diameter ratio ap-
prox. 0.4), while the larger rBC cores are thinly coated (core
to optical diameter ratio close to unity). The only clear rBC
mode in Gual Pahari seems to be thinly coated. The red mark-
ers and error bars show the effect of refractive index on the
calculated optical size; the upper limit is based on ammo-
nium sulfate refractive index (m = 1.48 − i0) and the lower
limit is based on that of pure rBC (m = 2.26 − i1.26 from
Moteki et al., 2010). Additional uncertainties arise from the
particle morphology (e.g., He et al., 2015) and scattering
model (e.g., He et al., 2016). Even when considering these
large potential uncertainties, the optical sizes are smaller than
the mobility sizes, which show that rBC-containing particles
are not spherical. Especially the thinly coated particles are
most likely highly fractal soot aggregates. Such aggregates
typically have low volume fractions of non-refractory ma-
terial, but the exact fractions cannot be determined without
detailed information about particle morphology and optical
properties (e.g., He et al., 2016).

Zhang et al. (2016) used similar measurement setup
(VTDMA-SP2) in northern China about 60 km from Beijing.
They have found closely matching LEO-calculated optical
and mobility sizes, which indicates spherical particle shape,
and internally mixed particles with low rBC volume fraction
(161 nm mass equivalent rBC core size for 350 nm mobility
size). Although the rBC concentrations have similar magni-
tudes in northern China and India, rBC-containing particles
seem to have different properties most likely due to different
sources.

4 Conclusions

Refractory black carbon (rBC) mass distributions and mix-
ing state parameters were measured using a size-selected
single-particle soot photometer (SP2) in northern India dur-
ing spring 2014. The size-selected results were obtained by
connecting a SP2 to the outlet of a differential mobility an-
alyzer (DMA), which classifies particles according to their
mobility size. The measurements were made in a relatively
clean regional background site at the Himalayan foothills
(Mukteshwar) and at a relatively polluted site close to Delhi
(Gual Pahari). To our knowledge, this is the first publica-
tion showing size-selected rBC mass distributions and mix-
ing state parameters for this region.
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Figure 7. Distributions of single-particle optical and rBC core di-
ameters for the 360 nm mobility size and 30–35 ◦C instrument tem-
perature range (probabilities normalized by the maximum values).
The blue lines indicate equal rBC and optical diameters. The red
markers represent the mode center points and the error bars are
based on calculations using different optical constants (ammonium
sulfate and rBC).

The measurements show that 46 ± 12 and 31 ± 5 % of the
accumulation-mode particles contain observable amounts of
rBC in Gual Pahari and Mukteshwar, respectively. Just as the
absolute rBC concentrations (11 ± 11 and 1.0 ± 0.6 µg m−3

in Gual Pahari and Mukteshwar, respectively), the rBC par-
ticle number fraction is higher at the source region (repre-
sented by Gual Pahari) and lower at elevated altitudes (Muk-
teshwar). Although literature data about rBC mixing state are
limited (e.g., Raatikainen et al., 2015; Dahlkötter et al., 2014;
Reddington et al., 2013), the observed number fractions of
particles containing rBC are the highest reported so far.

The observed rBC particles are likely to contain non-
refractory materials such as sulfate and organics, but the ex-
act volume fractions could not be quantified, because these
particles are not spherical. Current rBC volume equivalent
to mobility diameter ratios (number mean DrBC,N/Dm are
0.51 ± 0.02 and 0.50 ± 0.03 for Gual Pahari and Muktesh-
war, respectively) would mean that spherical particles have
lower rBC volume fractions than expected for fresh parti-
cles (e.g., Schwarz et al., 2008; Sahu et al., 2012). However,
optical sizes determined using a leading-edge-only (LEO)
method were significantly smaller than the mobility diam-
eters, which indicates that the rBC-containing particles are
highly irregular ones such as fractal aggregates. The rBC di-
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ameter to optical size ratios (∼ 0.8 at Gual Pahari and ∼ 0.7
at Mukteshwar) are closer to value expected for fresh aerosol,
but these calculations are also limited by the fact that the opti-
cal size is based on assumed optical parameters and spherical
core–shell structure. The exact calculation of particle compo-
sition is not possible without additional details about particle
structure.

Although individual particles seem to be quite similar in
Gual Pahari and Mukteshwar, the total rBC concentrations
are about 10 times higher at the more polluted site, Gual Pa-
hari, than those at the regional background site, Mukteshwar.
Also, a larger fraction of the particles contain rBC in Gual
Pahari than in Mukteshwar. One explanation for the similar-
ity is that some aerosol sources are common for the whole
region (e.g., crop residue and biofuel burning and cooking).
The other is that a significant fraction of the rBC seen in
Mukteshwar can be originating from the densely populated
Indo-Gangetic Plain represented by Gual Pahari (Raatikainen
et al., 2014).

Detailed information about the black carbon mixing state
is needed for assessing and improving the performance of
climate models in simulating their evolution and radiative
effects. SP2 is one of the few instruments that can provide
detailed information about the rBC mixing state. The accu-
racy of the mixing state parameters can be further improved
by size-selecting the particles before measurements with the
SP2; this method is especially suitable for polluted areas,
where good counting statistics are guaranteed.

5 Data availability

Data are available upon request from the contact author,
Tomi Raatikainen (tomi.raatikainen@fmi.fi).

The Supplement related to this article is available online
at doi:10.5194/acp-17-371-2017-supplement.
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