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ABSTRACT:  
With the natural variability in emissions, atmospheric circulation patterns 

and the current changes brought about by the anthropogenic activities, the 

distribution and chemical properties of mineral aerosols and their direct/indirect 

effects on climate are the focus of present-day scientific issues. This thesis study 

presents a first comprehensive data set on the chemical composition of size-

segregated aerosols (PM10 and PM2.5) collected from a high-altitude site located in a 

high-dust semi-arid region (Mt. Abu, 24.6 oN, 72.7 oE, 1680 m asl) of western India. 

The principle objective is to asses the temporal variability in the atmospheric 

abundance of mineral dust, its chemical composition and to assess the chemical 

transformation processes occurring during the long–range transport from source 

regions. The chemical data reveals a uniform and dominant contribution (60 – 80 %) 

of mineral dust in the coarse mode (PM10-2.5) over the annual seasonal cycle. During 

summertime (March-June), the Fe/Al weight ratio averages around 0.5, quite similar 

to their ratio in the crustal material. However, enriched Ca/Al and Mg/Al ratios 

suggest significant contribution from carbonate minerals in the coarse fraction. The 

impact of anthropogenic sources is significantly pronounced in the fine mode 

(PM2.5), during wintertime (Nov-Feb), as evident from the increase in concentrations 

of nss-SO4
2- and NH4

+ as well as high enrichment factors of Cd and Pb. A 

significant increase in the fractional solubility of aerosol iron with a concomitant 

decrease in the mass fraction of mineral dust further suggest the dominant role of 

combustion products (emissions from biomass burning and fossil-fuel). The water-

soluble ionic composition (WSIC) constitutes 50 % of the PM2.5 mass with a 

dominant contribution from SO4
2- and NH4

+. In the coarse mode, contribution of 

WSIC is consistently low (average ~ 20 %) with predominance of Ca2+ and HCO3
-. 

The neutralizing capacity of mineral dust for acidic species (SO4
2- and NO3

-) is near 

quantitative (95 %) in the coarse mode; whereas NH4
+ is a major neutralizing 

constituent in the PM2.5.  

To sum up, this thesis study provides useful parameters on the atmospheric 

transport of mineral dust and chemical transformation in order to validate regional 

models for forecasting climate-state and climate-change.  

 

(Keywords: Aerosol Chemistry, Mineral dust, Acid uptake, Aerosol iron solubility, 

Deposition fluxes, Marine atmosphere) 
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CChhaapptteerr--11  

  

IINNTTRROODDUUCCTTIIOONN  

  
 

 

1.1 Introduction: 

Aerosols play an important role in various physico-chemical processes 

occurring in the atmosphere by scattering and absorbing incoming solar radiation. 

They also provide active sites for the uptake of several chemical species and trace 

gases, thereby undergoing phase changes and hence modify the chemical, optical 

and atmospheric radiative properties (Twomey, 1977, Charlson et al, 1991, 

Ramanathan et.al., 2001a, 2001b). The atmospheric mineral dust, representing 

largest component of continental aerosols by mass (1000  - 2150 Tg yr-1
; accounts 

for nearly 35% of the global emissions) (Zender, 2004), has potential to impact 

atmospheric chemistry, cloud properties and precipitation development (Dentener 

et al, 1996; Levin et al, 1996; Tegen et al, 1996, Arimoto, 2001; Tang et al, 

2004a, b; Rastogi and Sarin, 2005a; Rastogi and Sarin, 2006). The mineral 

aerosols derived from disturbed soils encompass wide range of sizes and shapes, 

ranging from less than 0.1 µm to 100 µm diameter (Seinfeld and Pandis, 1998). 

The environmental consequences of this mineral dust have been found not only in 

their source areas but also in the downwind regions as well as across the marine 

atmospheric boundary layer through the long-range transport (Matsumoto et al, 

2004; Kumar et al, 2008a, b). A unique feature of mineral dust particles is 

reflected from their ability to link land, atmosphere and ocean, the three 

fundamental domain of the Earth climate system. In comparison to other types of 

tropospheric aerosols, these particles originate over land, entrained into the 

atmosphere and finally get deposited over the ocean. The atmospheric significance 

and related properties of mineral aerosols are summarized in this Chapter. 
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1.1.1 Chemical composition of atmospheric mineral dust 

The mineral dust, also referred as ‘mineral aerosols’, derived from surface 

soils get mobilized by the action of strong winds and get entrained into the 

atmosphere. In their pristine phase (in the vicinity of source region), chemical 

composition of mineral aerosols is similar to that of the soil from the source 

region. The soil particles are mainly dominated by silicon and aluminium oxides 

(McLennan, 2001), and hence similar abundance ratio is observed in the mineral 

aerosols. Approximately, 60 % SiO2 and 10-15 % Al2O3, have been reported in 

the literature (Goudie and Middleton, 2001) from various location around the 

world based on the elemental composition of windblown dust. In general, mineral 

aerosols comprise of quartz, feldspar, micas, illite, smectite, calcite, dolomite, 

gypsum, haematite among the most common minerals. Quartz is one of the most 

abundant mineral in the atmospheric aerosols owing to large occurrence of SiO2 in 

the continental rocks. The mineralogical composition is also dependent on the size 

fraction of the mineral aerosols. For example, coarser particles are typically 

composed of quartz, feldspar and carbonates, whereas, fine particles usually 

consist of clays and micas. As a result, overall composition of mineral dust gets 

enriched in clays during long-range transport via gravitational settling of coarser 

particles. These mineral aerosols are expected to have differences in the mineral 

content at a regional scale in comparison to the source region. 

Mineral dust derived from the Asian region will have different elemental 

composition from that originating from northern Africa (Sahara Desert). These 

differences have been also observed based on the physical appearance (colour) of 

the collected dust particles. Asian dust is observed more greyish in contrast to the 

more brown, yellow and red colour is observed for the dust coming from African 

regions (Sokolik and Toon, 1999). The pronounced regional variation in 

mineralogy as a function of latitude is observed within North Africa (Chester et al, 

1972). The concentrations of crustal elements (e.g. Al, Fe, Ca, Mg, Sc and Si) 

have a general limitation to resolve the source regions of atmospheric mineral dust 

as none of the elements serve as a unique diagnostic tracer for a specific region; 

however, ratios of elements are more appropriate in decoupling the source 

regions. Thus, elemental ratios can be used for the characterization of mineral dust 

as well as to decipher the temporal variability in the source region. A similar 
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approach has been used for the characterization of source regions of dust in Africa 

(Chiapello et al, 1997) and in Asia (Zhang et al, 1996).   

 

1.1.2 Evolution of dust, transport and deposition 

The entrainment of dust into the atmosphere is one of the complex 

processes regulated by various environmental factors. This causes high variability 

of dust emission on temporal as well as spatial scale. Various factors which decide 

injection of dust in the atmosphere includes wind velocity, physical properties of 

the regional soil i.e. soil moisture content, particle cohesiveness as well as particle 

size distribution, and the morphology of the surface (e.g. surface roughness and 

vegetation coverage). By the action of strong wind, particles start moving and 

gain kinetic energy, however, because of large size, they bounce back and 

dislodge smaller particle (~ 10-20 µm diameter) which can be lifted in the air 

parcel (Usher et al, 2003).  

The dust events predominantly originate in arid and semi-arid regions, 

which accounts for ~33% of total world land area. The northern hemisphere 

generates c.a. 90% of the global mineral dust, where it is also deposited (Duce, 

1995). These dust events are quite large and reduces visibility to a large extent. 

These (dust events) are populated in the tropical region starting on the west coast 

of North Africa and extend through the Middle East and Central Asia. One of the 

most prominent features of these dust events is the transport of suspended dust 

particles to the remote locations. This extensive transport often occurs in 

horizontally layered plumes and can persist for days to a week over thousands of 

kilometres. Saharan dust has been transported in extreme westerly, northerly, and 

easterly directions and detected in south America (Formenti et al, 2001), northern 

Europe (Franzen et al, 1994) and the Middle East (Alpert and Ganor, 2001) 

respectively. The transport of Saharan dust to North America via Atlantic Ocean 

is one of the well known phenomena and documented in the literature (Perry et al, 

1997; Prospero, 1999; Prospero et al, 2001). In addition, evidences have been 

found for the transport of Asian dust to the continental North America (Jaffe et al, 

1999; Husar et al, 2001; McKendry et al, 2001; Jaffe et al, 2003) and Hawaii 

(Parrington et al, 1983; Holmes and Zoller, 1996; Perry et al, 1999; Kurtz et al, 

2001). The long-range transport of dust particles have been also observed in the 
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downwind regions as well as across the marine atmospheric boundary layer of 

Arabian Sea and Bay of Bengal (Kumar et al, 2008a, b). 

The atmospheric lifetime of dust ranges from a few hours (for particles 

larger than 10 µm) to several weeks (for sub-micrometer sized particles). The 

lifetime of dust particles depends on the precipitation efficiency, vertical 

distribution of dust and particle properties (hydrophilic or hydrophobic) which 

may change during long-range transport. The two major pathways of dust removal 

are (1) dry deposition and (2) wet deposition. The first one relates to the 

deposition of dust under the influence of gravitational force. In this process, large 

particles are removed more quickly than the smaller particle, which leads to the 

shift in particle size distribution towards smaller size during transport. The dry 

deposition is the dominant deposition mechanism near the source region. The 

latter mechanism links to the removal of dust via precipitation. In general, 

aerosol-cloud interaction is not well understood and hence different assumptions 

are considered for cloud-dust interactions. Mineral aerosols, being hydrophilic in 

nature, have leaded many researchers to assume that dust do not interact with 

clouds directly, however, they are scavenged via sub-cloud removal mechanisms. 

A large uncertainty in the wet removal process further leads to discrepancies in 

the life-time of mineral aerosols. Recent observations have suggested that wet 

deposition is more important than dry deposition over oceanic region (Rastogi and 

Sarin, 2006a; Hand et al, 2004).  

 

1.1.3 Impact of dust on regional environment and climate 

The influx of mineral dust, from the dust events and long-range transport 

from arid and semi-arid region, into the troposphere suggests that mineral aerosol 

interact with many atmospheric, terrestrial and marine environments. The 

potential role played by mineral aerosols in the Earth’s climate system has been 

discussed in the following sections. 

 

1.1.3.1 Earth’s radiation budget: 

Similar to the other atmospheric aerosols, mineral aerosols have a 

potential to affect the regional and global climate through the absorption and 

scattering of solar radiation (Sokolik and Toon, 1996; Tegen et al, 1996; 
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Haywood and Boucher, 2000; Satheesh and Ramanathan, 2000; Sokolik et al, 

2001; Satheesh and Krishnamoorthy, 2005). The radiative forcing [Def: the 

change in net (down minus up) irradiance (solar plus longwave; in W m–2) at the 

tropopause after allowing for stratospheric temperatures to readjust to radiative 

equilibrium, but with surface and tropospheric temperatures and state held fixed at 

the unperturbed values] is termed as direct when aerosol particles absorb and 

scatter radiation themselves, whereas if the particles influence the optical 

properties of cloud, then it is termed as indirect. Positive forcing result in 

warming effect and conversely, negative forcing has cooling effect. Dust aerosols 

contribute significantly to radiative warming below 500 mb due to shortwave 

absorption (Miller and Tegen, 1999; Prospero et al, 2002; Prospero and Lamb, 

2003). Typically it (mineral dust) doubles (approximately) the shortwave radiation 

absorbance under clear sky condition (Tegen and Miller, 1998; Tanare et al, 

2003). It has been shown by Tegen and Fung (1994) that dust causes net cooling 

at the surface along with an increase in atmospheric heating. This effect has been 

found pronounced over the desert region (Mohalfi et al, 1998; Haywood et al, 

2001, 2003; Tanare et al, 2003; Zhang and Christopher, 2003). Recently 

Intergovernmental Panel on Climate Change (IPCC, 2007) has reported a “low 

level of scientific understanding” about the effect that mineral aerosol particles 

have on the radiative fluxes within the atmosphere (range: +0.09 to -0.46 Wm-2; 

Haywood and Boucher, 2000). Such large uncertainty arising from dust aerosols 

is mainly attributed to the lack of understanding of varying nature of dust from 

one region to another, the transport and removal processes and the chemical and 

physical properties of particles (Sokolik et al, 2001). It has been shown in recent 

studies that the global radiative flux are significantly linked to the cloud 

microphysical processes and subsequently related to the earth climate system 

(Baker et al, 1997). 

 

1.1.3.2  Atmospheric chemistry 

Over the last one decade there has been growing interest in heterogeneous 

and multiphase chemistry (i.e. reactions that are mediated by liquid and solid 

aerosol particles) of atmospheric aerosols which can substantially perturb the 

composition of atmosphere (Molina et al, 1996; Ravishankar, 1997; Grassian, 
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2001; Usher et al, 2003; Abbatt, 2003; Cwiertny et al, 2009). Mineral dust, one of 

the most abundant components in the troposphere, provides a surface with 

reactive site on which reaction can occur. Consequently, these particles (mineral 

dust) may act as one of the important sink for various atmospheric chemical 

species as well as sources of others. These dust particles can undergo long-range 

transport during which they encounter reactive gas-phase species (including 

ozone, nitrogen oxides, sulphur dioxides and organics) and react with these trace 

species. As a result of these surface reactions, they have potential to change the 

gas-phase concentration of important atmospheric constituents and subsequently 

change the physico-chemical properties of the aerosols. Such type of changes in 

aerosol particle properties e.g. size, shape, composition and hygroscopicity, will 

alter aerosol optical properties and can impact both the direct and indirect climate 

forcing of mineral dust (Dentener et al, 1996; Levin et al, 1996; Tegen et al, 1996, 

Arimoto, 2001; Kruger et al, 2003; Tang et al, 2004a, b; Laskin, 2005; Rastogi 

and Sarin, 2005a; Rastogi and Sarin, 2006). 

The south Asian region is currently undergoing rapid industrialization, 

thus, making this region a hot spot for anthropogenic emissions (Arimoto et al, 

1996; Streets et al, 2003). Moreover, mineral aerosols produced from land-use 

changes and disturbed soils are the important constituents of the atmosphere, 

especially those originating from the arid and semi-arid region of Asia (Dentener 

et al, 1996; Song and Carmichael, 2001; Rastogi and Sarin, 2006). The 

atmospheric mineral dust plays a vital role in the removal of anthropogenically 

derived acidic gases (e.g. SO2 and NOx); in addition to their removal mechanism 

via interaction with NH3 (Zhuang et al, 1999; Jordan et al, 2003; Krueger et al, 

2003; Bates et al, 2004; Tang et al, 2004a, b; Arimoto et al, 2004, Maxwell-Meier 

et al, 2004; Ooki and Uematsu, 2005; Rastogi and Sarin, 2005 a, b; 2006). A 

modelling study conducted for the east-Asian region had reported that natural 

aerosols (e.g. mineral dust and sea-salts) play an important role in the abundance 

pattern and size-distribution of inorganic constituents (Song and Charmichael, 

2001). Furthermore, they have potential to alter the size distribution of particulate 

SO4
2- and NO3

-, shifting their atmospheric distribution from fine to coarse size 

particles (Dentener et al., 1996; Rastogi and Sarin, 2006). 
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The abundances and atmospheric reactivity of acidic components (e.g. 

nitrate and sulphate); as well as their wet and dry removal processes depend 

critically on the composition of mineral aerosols (e.g., carbonate versus silicate 

content) and their size dependent distribution (Sullivan et al, 2007). Thus, one of 

the major limitations of current models relate to the lack of real-time data on size 

dependent chemical composition of atmospheric mineral dust at regional scale.  In 

addition, owing to their relatively short lifetime, concentration and composition of 

aerosols vary on a regional scale. It is thus, essential to have long term regional 

scale studies as well as observational campaign pertaining to the aerosol 

composition which provides most comprehensive and direct information about 

aerosol characteristics and regional scale changes. Moreover, studies near to the 

source regions of mineral dust (originating from arid and semi-arid regions) are 

required to constrain and test the models. 

 

1.1.3.3  Atmospheric deposition and marine biogeochemical cycle 

In addition to the direct and indirect effects of mineral dust on atmospheric 

processes and climate, they can impact on biogeochemical cycles via global 

transport and deposition to the ocean surface. The atmospheric transport and 

deposition of mineral dust is considered as one of the major sources by which iron 

is supplied to the ocean surface (Duce and Tindale, 1991; Fung et al., 2000; 

Mahowald et al, 2005, 2009; Jickells et al, 2005). Also, iron is hypothesized as a 

limiting factor in controlling the phytoplankton production in the high nutrient 

low chlorophyll (HNLC) regions (Martin et al, 1991). These are recognized as 

potential regions in modulating the CO2 uptake due to the increase in 

phytoplankton productivity and thus, affecting the global carbon cycle and climate 

(Jickell et al, 2005; Meskhidze et al, 2003; Solmon et al, 2009). On average, dust 

aerosols contain 3.5% of iron mainly existing in the form of aluminosilicate (Duce 

and Tindale, 1991; Zhu et al, 1997). The aerosol Fe associated with mineral dust 

remains insoluble at pH conditions typical of sea-water (Stumm and Morgan, 

1981; Zhu et al, 1997). However, a finite fraction of the aerosol Fe [referred as 

dissolved iron], is used by phytoplanktons. Several field based studies, 

incorporating different analytical techniques, have documented large variability 

(0.01 to 80 %) in the water-soluble fraction of aerosol iron and continues to 
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remain a major source of uncertainty in assessing the impact of atmospheric 

supply of iron to the marine ecosystem and the biogeochemical cycle (Hand et al, 

2004; Chen and Siefert, 2004; Mahowald et al, 2005; Baker et al, 2006).  

One of the proposed mechanisms for the enhanced solubility of iron is the 

chemical processing of aerosol particles, during long-range transport, mediated by 

the presence of acidic components (e.g. SO2 and its oxidation products) and 

sunlight (Zhuang et al, 1992; Johansen et al, 2000; Meskhidze et al, 2003). On the 

contrary, some of the field experiments have indicated that the soluble iron can be 

enriched as a result of direct emission from fossil-fuel combustion and biomass 

burning (Chuang et al, 2005; Sedwick et al, 2007; Sholkovitz et al, 2009). Baker 

and Jickells, (2006), have argued that the increase in aerosol iron solubility is 

influenced by the decrease in particle size (i.e. increase in surface area to volume 

ratio) during atmospheric transport rather than differences in the composition of 

aerosols. On the contrary, Buck et al, (2008) have demonstrated that there is no 

such obvious correlation and that aerosol composition from the source region is a 

dominant factor in controlling the iron solubility. 

It, thus, emerges from the above discussion that long-term regional studies 

of chemical composition of mineral dust are essential to asses their impact on 

regional climatology. It is also important to understand the atmospheric transport 

as well as transformation processes caused by the interaction with 

anthropogenically derived chemical species (SO2, NOx, organics and their 

derivatives) over arid and semi-arid regions (source region of dust aerosols) as 

well as over marine regions. Also, the measurements based on bulk-aerosols are 

inadequate to constrain the model scenario made in recent years. In this context, 

the present study on the chemical composition of fine (PM2.5; particles less than 

2.5 µm) and coarse (PM10-2.5; particles between 10 and 2.5 µm) mode aerosols is 

most relevant from a high-altitude site (Mt.Abu; 24.6 oN, 72.7 oE, 1680m asl) 

located in a semi-arid region (near to the Great Thar Desert in western India). The 

sampling strategy from a high-altitude station is advantageous to study the long-

range transport of mineral dust across western India and its role in modifying the 

atmospheric chemistry of acidic species. In addition, the transformation of mineral 

dust over marine region (Arabian Sea) downwind of the source (western India), 
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has been also assessed based on bulk-sampling during spring-intermonsoon 

season. 

 

1.2 Objectives of thesis study 

A comprehensive study in improving our understanding of the regional and 

seasonal characteristics of the mineral aerosols and associated chemical 

transformation processes has been undertaken involving chemical composition of 

coarse (PM2.5-10, particulate matter less than 10 and greater than 2.5 μm 

aerodynamic diameter) and fine mode (PM2.5, particulate matter less than 2.5 μm 

aerodynamic diameter) aerosols. 

 

The specific objectives of my thesis study are: 

1. To characterize regional-scale mineral dust, its atmospheric 

transport, particle size, chemical composition & temporal 

variability. 

2. To examine & quantify uptake of acidic species (SO4
2- and NO3

-) 

on mineral aerosols (chemical transformation) in high-dust 

regions. 

3. To characterize & quantify solubility of iron (Fe3+ Fe2+) 

from mineral dust vis-à-vis anthropogenic sources. 

 

These regional scale studies of atmospheric aerosols are important in 

understanding several atmospheric processes as well as effect of aerosols on 

climate. In the present study from high-altitude remote site and marine 

atmospheric boundary layer of Arabian Sea provide an important data set on 

chemical composition of aerosols. These data sets can also be used as inputs to 

various global and regional scale climate models. The objectives of the present 

study are similar to those of several international programs such as International 

Global Atmospheric Chemistry (IGAC), Deposition of Biogeochemically 

Important Trace Species (DEBITS), Surface Ocean Lower Atmosphere Study 

(SOLAS) and International Commission on the Atmospheric Chemistry and 

Global Pollution (iCACGP). 
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1.3 Thesis outline: 

This thesis consist of seven chapters as summarized below: 

 Chapter 1 provides a brief introduction on mineral aerosols and their role 

in the troposphere. It also provides a review of the work done in this field; 

rationale and specific objectives of the study. 

 Chapter 2 describes the geographical site, sampling protocol and detailed 

analytical procedures adopted for the chemical analyses of coarse (PM10-

2.5) and fine (PM2.5) mode aerosols. 

 Chapter 3: The analytical data, results and discussions on dust 

composition (elemental ratios); their temporal variations and comparative 

characteristics of dust from other sampling locations are given in this 

chapter. 

 Chapter 4: This chapter describes the temporal variability and 

relationships among various water-soluble ionic constituents in coarse and 

fine aerosols. This chapter also highlights the role of alkaline mineral dust 

in scavenging the acidic component in different size fraction. 

 Chapter 5: This chapter highlights the chemical composition of aerosols 

over marine region adjoining Indian subcontinent. It also deals with 

various transformation processes occurring within marine atmospheric 

boundary layer.  

 Chapter 6: This chapter deals with one of the important aspect of iron-

solubility over semi-arid region (source region of dust). The factors 

affecting the aerosol iron solubility (atmospheric processing or direct 

emission from anthropogenic sources) at high-dust region will be 

presented in this chapter. 

 Chapter 7: This chapter summarizes the important findings of the study 

and their implications in assessing the impacts of aerosols on climate as 

well as scope for future research. 

 



CChhaapptteerr  22  
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2.1 INTRODUCTION 

In order to achieve the specified objectives (Chapter 1), a systematic 

sampling strategy was designed for the collection of aerosol samples from a high-

altitude site (Mt. Abu, 24.6 oN, 72.7 oE, 1680m above sea level) representing a 

very diverse meteorological conditions and the source strength of aerosols. A well 

conceived analytical scheme was an integral part of this study wherein aerosol 

samples in two size-ranges (PM2.5 and PM10) were simultaneously collected onto 

tissuquartz filters using high-volume air samplers fitted with different inlets. The 

geographic location of the study site, in the Aravali range of mountains, is most 

ideal for the characterization of mineral aerosols and chemical species derived 

from anthropogenic emission sources. The sampling site also acts as a natural 

laboratory for studying the interaction between mineral dust and anthropogenic 

components. The sampling was also carried out in the oceanic region where we 

expect substantial gradient in the aerosol constituents, such as urban plume 

advecting into the non-polluted marine boundary layer (MBL). Towards this, a 

cruise was undertaken in the Arabian Sea for aerosol sample collection from 

MBL. Relevant details of the selected site, sampling protocols for aerosols and 

analytical procedures adopted for the measurements of mineral dust and chemical 

species in aerosol samples have been described in the following sections: 

 

2.2. Site Description and Meteorological Parameters: 

2.2.1 Mt. Abu: 

The sampling site (shown in Fig. 2.1) for the synchronous collection of 

PM2.5 and PM10 aerosols was located on the terrace of Aeronomy laboratory (~5m 
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above ground level) at Gurushikhar (commonly known as Mt Abu, 24.6 oN, 72.7 
oE, 1680m asl). Gurushikhar is a highest peak in the southern end of Aravali range 

of mountain in the semi-arid western India. The proximity of the site to the great 

Thar Desert (~300 km) provides an ideal opportunity to study the long-range 

transport of mineral aerosols and their temporal variability over western India. 

The sampling location is characterized as a remote site with almost negligible 

movement of vehicular traffic within the immediate vicinity. The main town of 

Mt. Abu (about 10 km from sampling site) is situated at an altitude of 1220 m 

with a population of about 40,000. Therefore, the Guru Shikhar site provides an 

ideal setting for sampling in a relatively clean environment in a semi-arid region. 

A number of small scale marble quarries are located in the plain region. 

The annual rainfall at Mt. Abu averages around 600-700 mm, mainly 

spread over the period of July-September (SW-monsoon). The site represents 

free-tropospheric conditions during winter months (Oct-Feb) when the boundary 

layer is relatively lower than the sampling altitude. The meteorological parameters 

(wind speed, wind direction, relative humidity, and air temperature, Fig. 2.2) were 

recorded by automatic weather station located close to the experimental site 

except for two months (Jan and Feb) when NCEP (National Centre for 

Environmental Prediction) reanalysis data (http://www.cdc.noaa.gov/) has been 

used. Based on the prevailing meteorology of this semi-arid region, the annual 

seasonal cycle has been referred as summer (Mar-Jun), monsoon (Jul-Sep) and 

winter (Oct-Dec; Jan and Feb). During wintertime (Oct-Feb), average daily 

temperature ranged from 7.3 to 20.6 oC and that during summer months (Mar-Jun) 

varied as 10.3 to 26.3 oC. The relative humidity was less than 40% for most time 

of the year except in the monsoon season when the humidity levels close to 100% 

were recorded when the prevailing winds (Fig. 2.2) bring substantial amount of 

moisture to the sampling location. The representative average wind patterns from 

Jan-Dec are depicted in Fig. 2.3. 

A noteworthy meteorological feature of the sampling site relates to 

complete reversal of wind regimes, a shift from south-westerlies during 

summertime to north-easterly winds during winter months. The contrasting wind 

pattern during wintertime (Fig. 2.3), favours long-range transport of pollutants 
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and chemical species derived from large scale anthropogenic activities in northern 

India. The near surface wind speed at the sampling location were high during 

monsoon season (13.5 m/s). However, winds were usually weak during winter 

months, except for a few days in the month of Jan and Feb. 

 

 

 
Fig. 2.1 Map of India showing the sampling site Mt. Abu located in a semi-arid region of 

western India. (Image taken from Google earth). 

 

 

2.2.2 Arabian Sea 

The Arabian Sea (Fig. 2.1) is one of the ideal locations, confined by land 

from three sides, to study the impact of continental aerosols transported to marine 

environment. This region is largely affected by the winds originating from 

north/north-western region of Indian subcontinent as well as from Central Asian 

countries (Oman, Yemen e.t.c). The aerosol sampling was carried out onboard 

ORV Sagar Kanya (cruise No. SK 223B) from 18th April to 11th May 2006. The 

Bay of Bengal

Mt Abu

 Arabian Sea 
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prevailing winds were north-westerly during initial days of the cruise and changed 

to south-westerly towards the end of the cruise. Figure 2.4, shows the cruise track 

during the campaign, making several transects between 9 °N to 22 °N and 58 °E 

to 75 °E.  The meteorological parameters such as wind speed, relative humidity, 

air temperature were measured onboard at a height of 15 m from the sea level on 

hourly basis. The relative humidity varied from 59 to 95 %, with mean of about 

80% during the campaign period. The prevailing winds were corrected for the 

ship’s motion and found to vary between 0.5 to 10 ms-1, whereas surface-level 

pressure variations were recorded in the range of 1005 to 1016 mb. The winds 

were generally strong (~10 m s-1) during the sampling transect in the central 

Arabian Sea and relatively moderate (~8 m s-1) in the Northern Arabian Sea. 

Details of meteorological parameter and boundary layer dynamics during this 

campaign are described in Alappattu et al., (2007). 

 

2.3 Aerosol sampling 

 The aerosol samples (PM2.5 and PM10) were collected by simultaneously 

operating two separate Hi-vol samplers (Thermo Andersen) fitted with inlet 

having 50% cutoff size for 10µm and 2.5 µm aerodynamic diameter particles. The 

Hi-vol samplers were equipped with volume flow controller to maintain a 

constant flow rate. However, periodic calibration of samplers was performed 

(once in every 2-3 week) to check on variation, if any, in the flow rate; typically 

the flow rate varied from 1.07-1.18 m3min-1 with an uncertainty of 5%. Ambient 

aerosols were filtered through pre-combusted PALLFLEXTM tissuquartz filters 

(20x25 cm2). The sampling was carried out for ~ 18 months, starting from May-

2006 till December-2007. The sampling was done in campaign mode during 2006, 

in which no samples were collected during monsoon period. However, a uniform 

sampling frequency was maintained throughout in year 2007, by collecting a 

sample every fifth day (5th, 10th, 15th, 20th, 25th and 30th of every month). On 

average 800 m3 of air was filtered in each case; Table 1 provides relevant details 

on collection dates, number of samples and the sampling frequency.
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Fig. 2.2 Daily average temperature, RH, wind speed and wind direction during 2007 measured 
at the sampling site, Mt.Abu. 
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Figure 2.3 Monthly average wind patterns for the study site at Mt Abu. Southwesterly winds 
dominate during May-Aug while northeasterly winds prevail during Nov-Feb. 
During Mar-Apr and Sept-Oct, transition between the major wind patterns takes 
place. The length of arrows represents the magnitude (m s-1) of wind speed (Data 
adopted from http://www.arl.noaa.gov/ready). 
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Table 2.1: Details of sample collected from high-altitude site (Mt.Abu) during 

2006 and 2007. 

Sample 

Collected 

Sampling Date 

Month 

(n) (Day of Year-2006) (Day of Year-2007) 

Jan 9 - 3,4,7,10,11,12,16,20,29 

Feb 7 - 32,39,42,47,48,57,58 

Mar 5 - 64,69,74,79,84 

Apr 9 - 91,95,99,102,107,111,113,115,119

May 19 121-131 123,127,131,135,137,139,144,148 

Jun 12 161-166 152,156,160,165,169,172 

Jul 3 - 182,205,212 

Aug 3 - 232,237,240 

Sep 17 256-269 255,260,268 

Oct 12 300-304 276,281,286,291,296,298,301 

Nov 9 305-308 306,311,314,324,331 

Dec 11 344-348 337,342,347,352,357,362 

 

 

In the MABL of Arabian Sea, bulk-aerosol samples were collected, onboard ORV 

SagarKanya, on PALLFLEX™ tissuquartz filters (200x250 mm2) by operating a 

high-volume sampler at a flow rate of 1.5 m3 min-1. The sampler was set up on the 

upper deck, 15 m asl, in front of ship’s navigation room. Each sample was 

collected over a time period ranging from 15 to 22 hrs when ship was cruising at a 

speed ~10 knots/hrs or above conforming to the protocol that the relative wind 

direction is from the bow, thus avoiding the contamination from ship’s exhaust. 

 

2.4. Analytical Techniques 

All aerosol samples collected from Mt. Abu and marine atmospheric 

boundary layer of Arabian Sea, were analyzed for crustal constituents (Al, Fe, Ca, 

and Mg) and water-soluble chemical species (NH4
+, Na+, K+, Mg2+, Ca2+, Cl-, 
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NO3
-, SO4

= and HCO3
-). Also, carbonaceous species (EC and OC) were measured 

in the samples collected from MABL of Arabian Sea. In addition, trace elements 

(Cd and Pb) as well as water-soluble Fe (WS-Fe) have been also measured in the 

PM2.5 samples collected (during winter and summer) from Mt. Abu. The sampling 

and analytical scheme adopted for aerosol study is outlined in Fig. 2.5 and 2.6 for 

Mt. Abu and Arabian Sea respectively. 
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 Fig. 2.4 The cruise transects carried out in the Arabian Sea for collection of bulk-aerosol 
samples during spring inter-monsoon (April-May’06). 

 

2.4.1 Aerosol mass Concentration: 

 The aerosol mass concentrations in the PM2.5, PM10 and bulk aerosols 

were ascertained gravimetrically (with a precision of 0.1 mg) by weighing the full 

filters on a large pan (pan size 8.2” x 10.4”) filter balance (Sartorius, model 

LA130S-F) before and after the sampling. Prior to weighing, all filters were 

conditioned at a relative humidity of 40±5 % and temperature of 22±1 oC for 5-6 

hrs. The repeat measurement of the filter weights provide an uncertainty of ±1mg 
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which corresponds to an overall error of ~15% in the aerosol mass concentrations. 

The precision of measurements for filter weights were assessed and results are 

shown in Fig. 2.7 

 

2.4.2 Sample preparation: 

In the laboratory, filters were cut into 1/4th section under a clean flow 

bench (Class 100) and were soaked in 50 ml of Milli-Q water (resistivity = 18.2 

MΩ cm) for 10-12 hrs following the initial ultrasonic treatment for 15 min in 

teflone bombs. Subsequently, water extract was centrifuged using a centrifugation 

system (8000 r.p.m) and supernatant fraction was transferred to pre-cleaned 

polypropylene bottles (previously soaked in Milli-Q water for ~72 hrs) and 

analyzed for water-soluble ions (Na+, NH4
+, K+, Mg2+, Ca2+, Cl-, NO3

-, SO4
2-, and 

HCO3
-).  

The concentrations of crustal elements (Al, Fe, Ca, and Mg) were analyzed 

using ICP-AES (JobinYovn, ULTIMA-2). In the analytical protocol used 

throughout this study, one-eighth portion of filter was taken in a silica crucible 

(pre-cleaned) heated in an oven at 400 0C for ~3 hours to decompose the organic 

coating (if any). Subsequently, the filter was digested in Sevillex vial (15 mL 

capacity) in presence of 0.5 mL HF and 3 mL HNO3 by microwave heating 

(Temp = 210 0C; Pressure = 100 bars); thus ensuring complete dissolution of 

aerosol sample and filter. The acid-extract was finally made to 25 mL with Milli-

Q water. A commercial standard (Merck®, 23 elements) was used for the 

instrument calibration and making linear analytical curves between element 

concentrations and emission intensities measured on ICP-AES. The 

concentrations of crustal elements were corrected for procedural blanks 

(comprising of blank filters and analytical reagents). Several (n = 13) blank filters 

were also digested along with several batches of sample filters in order to assess 

the filter and procedural blank contribution to aerosol chemical data. 

In the adopted analytical protocol, for measurement of water-soluble 

fraction of Fe, about 15 cm2 section of the sample filter (equivalent to 5-circular 

punches area = 3.14 cm2) was treated with 10 mL Milli-Q water in a 50 mL 

Savilex Teflon vial followed by an ultrasonic treatment for 15 min. Subsequently, 
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water extract was filtered through 0.4 µm PTFE filter into a low density 

polyethylene vials and immediately acidified to pH < 2 using double distilled 

HNO3. The selection of Milli-Q water for WS-Fe, instead of seawater, is based on 

the rationale that Milli-Q water provides a consistent and reproducible leaching 

solution (Buck et al, 2006; Sedwick et al, 2007). The ultrasonic treatment during 

the water-extraction helps in disintegrating the aerosol particles from the filter 

substrate, thus achieving uniformity in the extraction procedure. The WS-Fe data 

reported in this study represent relative amount of soluble Fe (also referred as 

“operational solubility”) as compared to ‘absolute’ or ‘true’ solubility. It is rather 

difficult to reproduce the in-situ conditions that aerosol particles undergo 

subsequent to their deposition to the ocean surface.  

 

 

 
 
Fig. 2.5 Analytical scheme for the sampling and analysis for bulk-aerosol samples collected over 

Arabian Sea. 
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Fig. 2.6 Analytical scheme for the sampling and analysis for size-segregated aerosol samples 

collected over Mt. Abu. 
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Fig. 2.7 Repeat measurements of the mass concentration of aerosols (gravimetrically; mg) on 

Tissuquartz filters. Solid lines represent 1:1 correspondence between the data. 
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In this study, Cd and Pb were also measured in the same aerosol samples 

in order to asses the impact of anthropogenic sources on the solubility of iron. 

Towards this, filter punches (ca. area = 3.14 cm2) were treated with HF and HNO3 

in Teflon vials and digested in a microwave oven (ca. 100 bar pressure and ca. 

250 oC). The acid extract was made to a final volume of 15 mL and the 

concentration of Cd and Pb were measured on Heated-Graphite Furnace-Atomic 

Absorption Spectrophotometer (HG-GF-AAS). 

 

2.4.3. Sample Analysis: 

2.4.3.1 Water-Soluble ions: 

The anions (Cl-, NO3
- and SO4

2-) and cations (Na+, NH4
+, K+, Mg2+, and Ca2+) 

were analyzed on DIONEX® Ion-Chromatograph equipped with suppressed 

conductivity detector. The anions were separated on AS-14 analytical column and 

AG-14A guard column, in conjunction with an anion self-regenerating suppressor 

(ASRS) in recycle mode. The samples were injected through 25 µL loop and a 

combination of 1.8 mM Na2CO3 and 1.7 mM NaHCO3 was used as an eluent 

maintained at a flow rate of 1.0mL min-1. The precision estimated from the 

standard deviation of repeat measurements of standards and samples, was better 

than 3% for Cl-, NO3
- and SO4

2-. Analysis of cations were performed on CS-12A 

column, using 20 mM methanesulphonic acid as an eluent at a flow rate of 1 ml 

min-1, coupled to a CSRS suppressor (cation self-regenerating suppressor) 

operated in recycle mode. In addition, field blanks (blank filters leached with 

Milli-Q water along with the aerosol samples) were also analyzed and 

concentrations of all ionic species were corrected for procedural blanks 

(comprising of blank filters and analytical reagents). Typical chromatograms for 

anions and cations are shown in Fig. 2.8. The concentrations of all anions and few 

cations (NH4
+, K+ and Mg2+) in the filter blanks were found to be below their 

detection limits, as given in Table 2.2. Based on blank concentrations and average 

volume of air filtered (~800 m3), the detection limits for the water-soluble ionic 

species in aerosols were ascertained (18, 8, 20, 4, 15, 15, 8 and 20 ng m-3 for Na+, 

NH4
+, K+, Mg2+, Ca2+,Cl-, NO3

- and  SO4
2-  respectively).  
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Fig. 2.8 Typical chromatogram obtained for separation of anions and cations in water-

soluble extract of aerosol samples. 
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Fig 2.9 Repeat measurements of the chemical species (mg L-1) in water-extract of aerosol 

samples. Solid lines represent 1:1 correspondence between the data. 
 

 

The precision of measurements for all major ions analyzed in the water-extract of 

aerosol samples was assessed and results are shown in Fig. 2.9. 

 

 

Table 2.2 Average concentration and standard deviation (sd) of ionic species 

in blank tissuquartz filter (for n = 13) including procedure blank. 

 Na+ NH4
+ K+ Mg2+ Ca2+ Cl- NO3

- SO4
2- HCO3

-

Avg (µg/filter) 10.8 8.0 12.9 4.0 9.7 13.5 8.0 32.7 73.2 

sd (µg/filter) 6.0 - 6.6 - 5.0 5.0 - 6.7 - 
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Bicarbonate (HCO3
-) was measured by acid (~0.001 N HCl) titration using 

Auto-titrator system (Metrohm 702 SM Titrino) in combination with a glass 

electrode and fixed pH (4.3) end point method. Prior to measurement, the system 

was calibrated with freshly prepared buffer solutions of pH 4.00 ± 0.05, 7.00 ± 

0.05 and 9.20 ± 0.05. Based on repeat analysis of a number of samples and 

standards, the reproducibility of bicarbonate measurements is ~2%. The precision 

of measurements for HCO3
- is shown in Fig. 2.9. 

For all major ions, calibration curve was established using standard 

solutions prepared in the laboratory by dissolving analytical grade NH4Cl (for 

NH4
+), Na2CO3 (for HCO3

-), NaCl (for Na+ and Cl-), KNO3 (for NO3
-), KCl (for 

K+), Na2SO4 (for SO4
=) and CaCO3 (for Ca2+). Pure Mg metal was dissolved in 

HCl to prepare stock solution for Mg2+. The stock solutions (1000 mg L-1) were 

suitably diluted for the analysis so that concentration/absorbance was in the linear 

analytical range. Along with the laboratory standards, commercial standards 

(Merck®) were also analyzed to ascertain the accuracy of the measurements. The 

results showed that accuracy was better than 5% for all measured elements. 

 

2.4.3.2 Charge balance between cations and anions:  

The quality and validity of the analytical data for water-soluble ions has 

been ascertained based on the charge balance (in equivalent units) between the 

measured cations (Σ+) and anions (Σ-), as presented in Fig. 2.10. In the PM10 

aerosols, ionic ratio (Σ+/ Σ-) varied from 0.78 to 1.22 (Av = 0.91; s.d. = 0.09) and 

that in PM2.5, from 0.79 to 1.10 (Av = 0.94; s.d = 0.07), suggesting that maximum 

deviation from charge neutrality is no more than 20%. It can be argued that the 

observed deviation is well within the combined analytical uncertainties in taking 

the summation of all cations and anions. Looking from a different perspective, the 

anion deficiency could be attributed to the lack of consideration of water-soluble 

organic ions in the charge-balance. However, some of the organic acids (e.g. 

formic and oxalic acid), measured in the water extracts were close to the detection 

limits. Hence, contribution from water-soluble organic ions to the anion 

deficiency is expected to be insignificant. Earlier studies reporting chemical data 

from the Indian region have attributed the anion deficiency to the lack of 
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measurement of bicarbonate (HCO3
-) ion in the chemical composition 

(Kulshreshtha et.al, 1998; Momin et.al, 1999; Venkatraman et.al, 2002).  

 

PM2.5

0 50 100 150 200 250 300

Σ 
A

ni
on

s (
ne

q 
m

-3
)

0

50

100

150

200

250

300 Summer
Monsoon
Winter 1:1 Line

PM10

Σ Cations (neq m-3)

0 100 200 300 400
0

100

200

300

400

1:1 Line

 

Fig. 2.10. Charge balance between ΣCations and ΣAnions in the PM2.5 and PM10 representing 
the quantitative characterization of water-soluble-ionic-composition (WSIC) during 
the three sampling seasons 
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In the present study, HCO3
- ion was independently measured in the water extracts 

of aerosols and included in the summation of anions for the charge balance. The 

measurement of HCO3
- ion is very important for the study of aerosols collected 

from semi-arid region as it contributes significantly to water-soluble extract 

(Rastogi and Sarin, 2005b). Contributions from F- and NO2
- to the anion budget 

have been observed at few locations (Li, S.M., 1994; George et al, 2008), 

however their concentrations were found to be below detection limits in our 

analysis. 

 

2.4.3.3. Crustal elements: 

The concentrations of crustal elements (Al, Fe, Ca, and Mg) were analyzed 

using Inductively Coupled Plasma – Atomic Emission Spectroscopy (ICP-AES). 

The newly procured ICP-AES (JobinYovn, ULTIMA-2) was successfully 

installed during this thesis study. It is used for the detection of major and trace 

metals in environmental samples (e.g aerosols, ground water, sediments). The 

ICP-AES instrument consisting of a high temperature (~ 10,000 K) excitation 

source (Ar plasma) that efficiently desolvates, vaporizes, excites and ionizes 

atoms generates atomic and ionic emission lines of specific wavelength. Detailed 

descriptions about the various components have been described in Potts, (1992). 

A brief description of the ICP-AES system used in this study is as under.  
 

(a) Torch Assembly:  The glass torch is in the form of three concentric 

glass tubes, upper part of which is surrounded by the radiofrequency (rf) work 

coil. The torch assembly is designed to deliver gases so that, a stable argon plasma 

is formed at the open end through which sample aerosol can be injected. Being 

chemically inert, Argon has been selected as plasma gas, as it suppresses the 

chemical interferences when sample solutions are atomized in the plasma. It is 

optically transparent in the uv-visible region and having low thermal conductivity 

(17.72x10-3 W·m−1·K−1 at 300 K) and high ionization energy (15.75 ev), makes 

Argon as a suitable choice to be used as a plasma source. In this study, Fassel 

torch has been used with outer tube having an internal diameter of 18mm. Argon 

is also used as a carrier gas and sample aerosols are injected into the plasma 
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through the intermediate tube. A small flow of argon is used (1.5 L/min) to lift the 

plasma off the injector, preventing overheating of the glass capillary. The Fassel 

torch is designed to form stable toroidal plasma through the centre of which 

sample aerosols can be injected. 

 (b) Work coil radiofrequency: The work coil consists of three turns of 

copper tube down the centre of which passes cooling water. The copper coil is 

wrapped around the outer tube of the torch and connected to an rf power 

generator. The argon gas is seeded with electrons from a Tesla coil which are 

subjected to intense oscillation by the radiofrequency magnetic field generated by 

the work coil. The free electrons collide with argon atoms causing further 

ionization. The charged particles under the influence of magnetic field travel in 

closed annular paths causing ohmic heating of the gas. Consequently, plasma 

temperature rises rapidly to a maximum of 10,000K. The efficiency with which 

power is delivered to the plasma depends on the electrical coupling between work 

coil and argon gas. The impedance between the two is carefully matched so that 

the electrical oscillator properties of plasma and work coil are tuned to ensure 

maximum power transfer. The radiofrequency at which the torch operates is also 

an important parameter in sustaining plasma operation. The instrument used in 

present study is equipped with crystal-controlled rf generator operating at 27.12 

MHz delivering a power up to 1 KW to the plasma. 

(c) Monochromator system: The ICP-AES ULTIMA-2 used in this study 

is equipped with a Czerny-Turner monochromator of 1 m focal length and 3600 

grooves/mm holographic grating. The incident light from the plasma source are 

collimated by a concave mirror (the collimator), and the diffracted light is focused 

by a second concave mirror (the camera). Ideally, since the grating is planar and 

classical, and used in collimated incident light, no aberrations are expected to be 

introduced into the diffracted wavefronts. The spectrum is scanned by rotating the 

grating (mounted on a stepper motor). The grating is moved to normal relative to 

the incident and diffracted beams, which changes the wavelength diffracted 

toward the second mirror. As the light incident on and diffracted by the grating is 

collimated, the spectrum remains at focus at the exit slit for each wavelength, 

monitored by a photomultiplier detector. 
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The analyses of major crustal elements (Al, Fe, Ca and Mg) were 

performed by sequential scanning of the emission lines at 396.152, 240.488, 

393.366 and 279.553 nm respectively. The emission signal recorded for these 

elements are shown in Fig. 2.11. 
 

 

 
 

 

 
Fig. 2.11 (a) Emission intensities measured for the elements (Al and Fe) during sequential 

scanning of emission lines. 
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Fig. 2.11 (b) Emission intensities measured for the elements (Ca and Mg) during sequential 
scanning of emission lines. 

 
 
The optical resolution, assessed based on full width half maximum (FWHM) of 

the emission spectrum of Cobalt line at 228.616 nm, was found to be less than 

0.004 nm. In addition, the optical resolutions have been also calculated using the 

emission spectrum of four elements (Al, Fe, Ca and Mg) based on FWHM 
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observed for these elements as summarized in Table-2.3. The resolutions for all 

the elements at different wavelength are better than 0.006 nm suggesting the high 

sensitivity of the instrument to separate the two close-by emission lines. 

Independently, Mg was also measured on Flame-AAS to check the accuracy of 

analytical measurements with those of ICP-AES.  

 

Table 2.3 Optical resolution of acid-soluble species on ICP-AES. 

Element Wavelength (nm) Optical resolution* 

Al 396.152 0.006 

Fe 240.488 0.006 

Ca 393.366 0.006 

Mg 279.553 0.005 
*Optical resolution is assessed based on FWHM of emission lines of each elements 

 

A commercial standard (Merck®, 23 elements) was used for the instrument 

calibration and making linear analytical curves between element concentrations 

and emission intensities measured on ICP-AES (Fig. 2.12). The concentrations of 

crustal elements were corrected for procedural blanks (comprising of blank filters 

and analytical reagents; Table-2.4). Based on blank concentrations and average 

volume of air filtered (~800 m3), the detection limits for the elements were 

ascertained (90, 90, 25, and 40 ng m-3 for Al, Ca, Fe and Mg respectively). The 

reproducibility in the analytical data for the measured concentration is within 10% 

based on the repeat analysis of a number of samples and standards. The precision 

of measurements for all acid-soluble species in aerosol samples was assessed and 

results are shown in Fig. 2.13. 

 

Table 2.4 Filter blanks (including procedure blanks) for acid-soluble species. 

 

  Al Fe Ca Mg Cd Pb 

Avg (µg/filter) 653.0 113.0 210.0 98.6 17.0 0.5 

sd (µg/filter) 30.0 16.2 8.3 13.3 14.0 0.1 



                                                                                                               Chapter-2 

 32

 

 
 

 

 

 
 
Fig. 2.12 (a) Calibration plot between emission intensities and concentrations for Al and Ca 

to calculate concentration of unknown samples. 
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Fig. 2.12 (b) Calibration plot between emission intensities and concentrations for Fe and Mg 
to calculate concentration of unknown samples.  
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Fig 2.13 Repeat measurements of the crustal component (mg L-1) in complete digested (acid 

soluble) aerosol samples. Solid lines represent 1:1 correspondence between the data. 
  

 

2.4.3.4 Water-soluble Fe and Trace-elements: 

 The water-soluble iron (WS-Fe) and trace elements (Cd and Pb) 

were measured on Graphite Furnace-Atomic Absorption Spectrometer (GFAAS, 

Perkin-Elmer AAS, AAnalyst 100 coupled to a Graphite Furnace, HGA 800). The 

basic components of an atomic absorption spectrophotometer consist of light 

source, atomizer, photometer, monochromator and detector. An atom absorbs 

light of a specific wavelength (referred as resonance wavelength). In order to 

measure this narrow light absorption with maximum sensitivity, it is necessary to 

use a line source, which emits the specific wavelengths to be absorbed by an 

atom. The two most common line sources used in atomic absorption are the 

hollow cathode lamps (HCL) and electrodeless discharge lamps (EDL). In the 

present study, HCL is used as light source in GF-AAS in conjunction with a 

double-beam photometer configuration. In this configuration, single light beam 

from lamp is divided into a “sample beam” (directed through the sample cell) and 
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a “reference beam” (through the graphite tube). The reference beam serves as a 

monitor of lamp intensity and response characteristics of common electronic 

circuitry. Therefore, the observed absorbance, determined from a ratio of sample 

beam and reference beam readings, is free from effects due to drifting lamp 

intensities and other electronic noise. The Czerny-Turner Design is used as a 

standard monochromator to avoid excessive light loss. Light from the source 

enters the monochromator at the entrance slit and is directed to the grating where 

dispersion takes place. The diverging wavelength of light is then directed toward 

the exit slit. The high dispersion gratings are most widely used in the commercial 

atomic absorption instrument. 

In atomic absorption graphite furnace, a small volume of sample solution 

is quantitatively placed into the tube, through a sample injection hole located in 

the centre of the tube wall. The tube is heated through a programmed temperature 

sequence until finally the analyte present in the sample is dissociated into atoms 

for the atomic absorption to occur. As atoms are created and diffuse out of the 

tube, the absorbance rises and falls in a peak shaped signal. The peak height or 

integrated peak area is used as the analytical signal for quantification. The volume 

of sample placed into the furnace and heating parameters can be controlled and 

optimized for each step. These steps include: 1) drying; 2) pyrolysis; 3) cool 

down; 4) atomization; 5) clean out; 6) cool down. A typical graphite furnace 

program is illustrated in Fig. 2.14. During the measurement of all three species 

(WS-Fe, Cd and Pb), recommended analytical and instrument settings were used. 

The detailed analytical settings and wavelength used for three elements have been 

tabulated in Table-2.5.  

 

Table- 2.5: Analytical conditions for the analysis of elements in GF-AAS. 

Element Wavelength 
(nm) 

Drying 
Temp (oC) 

Ramp 
(Sec) 

Charring 
Temp (oC) 

Atomization 
Temp (oC) 

Cd 228.8 120 120 700 1600 

Pb 283.3 120 100 800 1800 

Fe 248.3 120 100 1200 2300 
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Fig. 2.14 A graphite furnace typical temperature programme. 

 

 Commercial standards (Merck®, 23 elements) were used for calibration of 

Fe, Cd and Pb. Based on repeated analyses of number of samples and standards, 

reproducibility of Fe, Cd, and Pb are 5%. In addition, standard addition method 

was adopted for the determination of Fe, Cd and Pb on GFAAS to further 

ascertain the accuracy of the measurements. The difference between the expected 

and measured concentrations of Cd and Pb were found to be within the analytical 

uncertainty limits as shown in Fig. 2.15. Filter blanks (inclusive of procedure 

blanks) were also ascertained for these species as tabulated in Table 2.4. These 

values are less than 5% of the minimum concentration collected on filters for all 

species. Pb concentrations in filter blank were very low (~5 ng mL-1) or below 

detection limit (0.3 ng mL-1). 
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Fig 2.15 Standard addition method to check the matrix effect on the concentrations of Pb and 

Cd on GF-AAS. 
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3.1. Introduction:  

The atmospheric mineral dust, representing largest component of 

continental aerosols by mass (1000-2150 Tg yr-1) (Zender, 2004), has potential to 

impact global atmospheric chemistry, cloud properties and precipitation 

development (Dentener et al, 1996; Levin et al, 1996; Tegen et al, 1996, Arimoto, 

2001; Tang et al, 2004a, b; Laskin et al, 2005; Rastogi and Sarin, 2005a; Rastogi 

and Sarin, 2006). The soil derived particles encompass wide range of size, ranging 

from less than 0.1 µm to 100 µm diameter (Prospero et al, 1983). The coarser 

particles get deposited near the source regions, whereas long-range transport of 

fine mode particles (0.1 to 10 µm) is of utmost relevance in the marine 

atmospheric boundary layer (Arimoto et al, 1995, Kumar et al, 2008a, b). Mineral 

dust is typically considered as having a “coarse mode” type of distribution, 

contributing significantly to the total mass of global aerosols; however, dust 

particles are also found in the accumulation mode (<2.5 µm) which provides 

conducive surface area for the heterogeneous phase atmospheric chemistry.  

The fine mode dust particles on interaction with atmospheric gaseous and 

secondary species undergo changes in chemical composition and can, thus, alter 

the optical and radiative properties of aerosols. For example, alteration of calcium 

carbonate mineral increases the hygroscopicity of dust through chemical reactions 

with HNO3 and H2SO4 ; subsequently enhancing its ability to act as cloud 

condensation nuclei (CCN) and, thus, influencing the indirect climate forcing. The 

atmospheric dust has potential to enhance precipitation formation over continents 
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by accumulating coarse CCN, forming large size droplets with high coalescence 

efficiency (Yin et al, 2002). On the contrary, mineral aerosols could suppress 

precipitation efficiency through increase in the number density of CCN, further 

leading to formation of small size droplets with poor coalescence efficiency 

(Rosenfeld et al, 2001). The mineral aerosols also exhibit large temporal and 

spatial variabilities in the chemical composition giving rise to varying degree of 

physical and chemical interactions with variety of gaseous pollutants and organic 

species (Usher et al, 2003). For example, the kinetics of the oxidation of SO2 and 

NO2 in the atmosphere may be enhanced by mineral surfaces mediated via coating 

of organic material. Recently, Sullivan et al, (2007), have reported their 

observation on the preferential accumulation of nitrate on calcium rich dust 

compared to sulphate accumulation on alumino-silicate rich dust. Furthermore, 

mineral dust in different size fractions has characteristically different chemical 

composition. The regional and temporal scale studies are, thus, essential to asses 

the physico-chemical properties of mineral aerosols and their potential role in 

atmospheric chemistry and the direct/indirect impact on climate. 

In this chapter, a comprehensive data set on temporal variability of mineral 

dust in coarse and fine mode fractions and its elemental composition based on 

samples collected from a high-altitude site (Mt. Abu) located in a high-dust semi-

arid region of western India has been discussed. The detailed study involving use 

of elemental ratios as diagnostic tracers, in conjunction with meteorological 

parameters, is very timely and by far such data are poorly documented in the 

literature, especially for south-Asian region.  

 

3.2. Results and Discussions:  

3.2.1 Temporal variability in fine and coarse mode aerosol mass concentrations:  

The temporal variation in the mass concentration of coarse and fine mode 

aerosols is shown in Fig. 3.1(a); each data point represents the aerosol mass 

abundance on a particular day of sample collection. The analytical data has been 

split into three seasons, summer (Mar-Jun; Day of Year [DOY]: 59-181), 

monsoon (Jul-Sep; DOY: 182-273) and winter (Oct-Feb; DOY: 182-273, 1-58), 

based on the prevailing meteorological conditions over the study site. The 
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maximum, minimum, mean and median concentrations of aerosol mass along with 

elemental composition in coarse and fine mode have been summarized in Table 

3.1. Over the annual seasonal cycle, concentration of coarse mass (PM10-2.5) varied 

from 2.3 to 102 µg m-3 (Table 3.1); the relatively low concentration occurring 

during the winter and monsoon seasons and higher abundance in the summer 

months. Under the influence of moderately high winds and convective mixing 

during summer, mineral dust derived from the disturbed soils is lifted in the 

atmosphere. The sampling site, being located in a semi-arid region, the evolution 

of dust in the atmosphere is perennial and influences the coarse mass. The well 

marked transition period between north-east and south-west winds, during March 

and April (beginning of summer season), exhibits relatively high abundance of 

aerosol mass (33.1±18 and 37.7±13 µg m-3; Fig. 3.2a). With advancement of 

summer, coarse mass further increases to 52.1±19 and 41.4±34 µg m-3 (Fig. 3.2a) 

in May and June respectively. The back trajectory analysis suggests that winds 

during summer time transport dust from the Thar Desert located in the western 

India and as far as from coast of Oman. 

The fine aerosol mass (PM2.5) ranged from 1.6 to 46.1 µg m-3 over the 

annual seasonal cycle (Fig. 3.1a; Table 3.1). During winter months, the prevailing 

north-easterly winds transport anthropogenically derived chemical species from 

the northern India to the sampling site. A variety of small scale industries (leather, 

textile, and sugar mills), wide-spread biomass burning (wood fuel, cow dung and 

agricultural waste) and fossil fuel combustion make the northern region an 

important source of anthropogenic sulphate, nitrate, ammonia, soot and organics. 

The abundance of fine aerosol mass is relatively low compared to the coarse 

mass; however, somewhat comparable in winter season. During monsoon season 

(Jul, Aug and Sep), atmospheric aerosol abundance is influenced by the two 

processes: 1) wet removal, and 2) hygroscopic growth of particles in presence of 

high moisture conditions. The former favours the removal of coarser particles 

leading to enhancement of fine aerosol concentration. The second process 

facilitates the fine particles to grow and, thus, enhances the number density of 

coarse particles. The comparative mass concentrations of both fine and coarse 



                                                                                                                Chapter-3 

 41

mode aerosols, during monsoon, could be explained in terms of these two 

processes.  

The temporal variability in mass fractions of fine and coarse mode 

particles (expressed as ratio of fractional mass concentration of respective size to 

total PM10 mass) at the high altitude sampling site, together with the average wind 

speed on a particular sampling date, is summarized in Fig. 3.1 (b), (c). It is 

noteworthy that during the winter months (Jan, Feb, Nov and Dec), characterized 

by moderate wind speed, relative contribution of each mass fraction to the total 

aerosol abundance is comparable. In contrast, during summer months, 

contribution of coarse mass fraction is characteristically significant (Fig. 3.1 b). 

This is interpreted in terms of enhanced contribution of mineral dust particles 

from desert regions of Thar and Oman associated with favourable winds during 

summer. During wintertime, the long-range advective transport of aerosols from 

polluted regions of northern India increases the mass abundance of fine fraction 

(PM2.5). In general, mass fraction of submicron aerosols shows dependence on the 

wind speed during wintertime (Fig. 3.1 b). These observations further support our 

contention that the selection of a high altitude site is advantageous to study the 

long-range transport of aerosols and their regional climatic impacts. 

 

3.2.2 Temporal variability of mineral dust over western India: 

 The temporal changes in wind regimes (Fig 2.3; chapter 2) at the sampling 

site suggest the predominance of dust sources from the Thar and Arabian deserts 

during summer months and from the Indo-Gangetic Plain during winter months. 

In order to characterize and quantify the abundance of atmospheric mineral dust, 

we have used Al as a diagnostic tracer of crustal origin. It is implicit in such an 

approach that contribution of Al from anthropogenic sources (metal industries) is 

insignificant compared to its crustal source. The linear-regression analyses among 

the crustal elements (Al, Fe, Ca, and Mg) have been discussed in later section. 

Using abundance of Al as an index of mineral dust, its mass fraction in the 

ambient aerosols has been estimated (assuming 8.04 % of Al as a composition of 

upper continental crust; [McLennan, 2001; Rastogi and Sarin, 2006]). Fig. 3.2 (b) 

summarizes the results on the mass fraction of dust in the fine (PM2.5) and coarse 
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(PM10-2.5) mode. It is evident that coarse fraction is dominated by crustal dust 

through out the year; with fractional contribution varying from 60 to 80 %. The 

lowest value is observed during the month of June, when prevailing winds are 

south-westerly (maritime air-mass) leading to the increased abundance of sea-salts 

in the coarse mode. In contrast, abundance of dust in fine mode shows a large 

variation ranging from 11 to 75 %. The contribution of fine dust is maximum 

during April and steadily decreases through the monsoon and post-monsoon 

months (Sep-Dec; Fig 3.2 b).  
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Fig. 3.1 (a) Temporal variability of aerosol mass concentration in coarse (PM10-2.5) and fine 

mode (PM2.5), (b) Contribution of coarse and fine mass to total (PM10) mass loading, 
(c) Daily average wind speed on sampling dates. 
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Table 3.1: Minimum, maximum, mean and median concentrations (μg m-3) of crustal elements in fine (PM2.5) and coarse (PM10-2.5) mode aerosols in Summer 

(March - June), Monsoon (July – September) and Winter (October –February) seasons in 2007. 

 

Fine Summer Monsoon Winter 

 Min Max Mean Median Min Max Mean Median Min Max Mean Median 

Mass 6.8 34.5 16.2 15.3 9.4 31.7 18.7 17.3 1.6 46.1 16.9 16.3 

Al <0.09* 1.45 0.61 0.53 <0.09 0.82 0.31 0.28 <0.09 0.54 23.0 0.21 

Fe <0.02 0.91 0.40 0.37 0.03 0.49 0.19 0.20 <0.02 0.40 0.16 0.15 

Ca <0.09 1.30 0.51 0.44 <0.09 0.68 0.20 0.16 <0.09 0.57 0.20 0.18 

Mg <0.04 0.52 0.21 0.16 <0.04 0.32 0.14 0.13 <0.04 0.17 0.07 0.04 

Coarse                         

Mass 6.9 101.9 41.8 36.2 13.1 49.7 22.1 19.7 2.3 45.5 23.0 23.5 

Al 0.16 6.04 2.4 2.01 0.47 3.96 1.37 1.10 0.09 3.28 1.38 1.31 

Fe 0.11 3.56 1.46 1.25 0.32 2.35 0.80 0.64 0.10 1.98 0.86 0.84 

Ca 0.16 9.94 3.34 2.81 0.25 5.42 1.66 1.50 <0.09 3.29 1.59 1.55 

Mg <0.04 2.91 0.96 0.76 0.13 1.45 0.44 0.39 <0.04 0.96 0.44 0.41 

                  *Detection limit for Al, Fe, Ca, and Mg are 0.09, 0.02, 0.09, and 0.04 μg m-3 respectively. 
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Fig. 3.2 (a) Monthly average mass concentration of PM2.5 and PM10-2.5 at sampling site during 
2007. (b) Contribution of dust in coarse and fine mode indicating the dominance of 
dust in coarse mode throughout the year. 
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Fig. 3.3 Temporal variation of Al content (representative of dust) in PM2.5 and PM10-2.5 over the 

study site. 
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During winter months, dust contribution in the fine mode is also relatively low; 

indicating that ambient atmospheric aerosol loading is dominated by long-range 

transport of anthropogenic species under favourable NE-winds. 

Rastogi and Sarin, (2006), had documented temporal variability in the 

abundance of dust (Range: 57 to 81 %) based on the bulk samples collected from 

an urban site, (Ahmedabad, 23.0 oN, 72.6 oE, 49 m asl) located in a semi-arid 

region of western India. A significant covariance among TSP and the abundance 

of dust is a conspicuous feature of the data from this urban location. However, 

such relationship is not observable for the size-segregated samples collected from 

Mt. Abu (Fig 3.2). The temporal variability in the abundance of Al in coarse mode 

(range: 0.09 to 6.04 µg m-3) and fine mode (range: <0.09 to 1.45 µg m-3) is 

presented in Fig. 3.3. During summer a synchronous increase or decrease is 

observed in the Al abundance of PM2.5 and PM10-2.5 fractions. However, during 

winter season (Jan, Feb, Oct-Dec); Al abundance is relatively low in both the size 

fractions; with concentrations approaching close to detection limit in the PM2.5. In 

general, Al in coarse mode (Alc) is consistently higher than that in the fine (Alf) 

aerosol; except on 25th March (DOY: 84) when Alf (0.72 µg m-3) exceeds the Alc 

(0.20 µg m-3). The ratio of Alf/Alc ranged from 0.07 to 0.49 over the annual 

seasonal cycle (except on 25th March when the ratio = 3.56); with relatively 

narrow range of 0.11 to 0.40 during the summer season.   

 

3.2.3 Elemental composition of atmospheric mineral dust over western India: 

The concentrations of crustal elements (e.g. Al, Fe, Ca, Mg, Sc and Si) 

have general limitation to resolve the source regions of atmospheric mineral dust 

as none of the elements serve as a unique diagnostic tracer for a specific region; 

however, ratios of elements are more appropriate in decoupling the source 

regions. In this study, we have used a suit of crustal elements (e.g. Al, Fe, Ca and 

Mg) and their ratios for characterization of mineral dust as well as to decipher the 

temporal variability in the sources. A similar approach has been used for 

characterization of dust source regions in Africa (Chiapello et al, 1997) and in 

Asia (Zhang et al, 1996).  
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3.2.3.1 Iron:  

 On average, desert dust aerosols contain 3.5% iron (Duce and Tindale, 

1991) primarily as insoluble ferric iron [Fe (III)] in the form of alumino-silicates 

(e.g. Zhu et al, 1997). At the sampling site, Fe concentration in the fine and coarse 

mode aerosols varied from 0.03 to 0.91 and 0.11 to 3.57 µg m-3 (Table 3.1), 

respectively. The variability of Fe concentration in both the size ranges is linked 

to the prevailing meteorology (i.e. wind speed and direction); relatively high 

values occurring during summer and lower abundance in the winter season. The 

chemical alteration of insoluble Fe (III) to soluble Fe (II) in mineral aerosols, 

during long-range transport, is increasingly recognized as an important process 

(Jickells and Spokes, 2001; Mahowald et al, 2005; Luo et al, 2005; Fan et al, 

2006). In addition to its dominant contribution from mineral dust, fossil-fuel 

combustion processes and biomass burning could serve as potential sources of 

atmospheric soluble iron (Chuang et al, 2005; Guieu et al, 2005; Luo et al, 2008).  

 The linear regression analyses performed on the abundances of Fe and Al 

in PM2.5 and PM10-2.5 (Fig. 3.4) reveals characteristic Fe/Al ratio in the mineral 

dust over western India. A significant positive correlation in the coarse (r2 = 0.98) 

and fine (r2 = 0.96) mode aerosols, during all seasons, suggest their conservative 

atmospheric transport. However, Fe/Al ratio varied from 0.47 to 1.21 and 0.45 to 

1.13 in coarse and fine mode respectively. During their study over Canary Island, 

Bergametti et al, (1989), had reported an increase in Si/Al and Fe/Al ratios for the 

dust associated with source from Sahelian region compared to that originated 

from Morocco. Abundance of aerosol silica has not been measured in this study 

because of our choice of using tissuquartz filters for sample collection. Instead, 

Fe/Al ratio, derived for the annual and seasonal data provides useful information 

on source regions of mineral dust. The ratios of Fe/Al in PM2.5 and PM10-2.5 are 

presented in Fig. 3.5 as a scatter plot against the mass of mineral dust (derived 

based on Al abundance in respective size fractions). In majority of coarse mode 

samples (~ 90%), the Fe/Al ratio exhibit a narrow range (0.5 to 0.7) and seasonal 

variability is not significantly pronounced; except in few samples collected during 

winter months. In contrast, relatively large variation in Fe/Al (0.45 to 1.13, Fig. 

3.5) ratio is observed for PM2.5 samples. This large variability is associated with 
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characteristic lower abundance of dust (Fig. 3.2). Several of the PM2.5 samples in 

wintertime, under favourable north-easterly winds, exhibit higher Fe/Al ratio 

(greater than 0.70). These observations suggest that enriched Fe/Al ratios are 

characteristic of the fine mode aerosols from the source regions in northern India. 

The Fe/Al ratio in the surface soils of (as inferred from composition of river 

sediments) north Indian Plains ranges from 0.55-0.63 (Sarin et al, 1979). Such an 

observation suggests that contrary to the dust sources from northern India, 

dominant contribution of Fe from advective transport of pollutants (derived from 

fossil-fuel combustion processes and biomass burning) is a plausible mechanism 

for the relatively enriched Fe/Al ratio in PM2.5 during wintertime. In a recent 

study, Majestic et al, (2006), have indicated that combustion of fossil-fuel (in 

automobiles) releases iron in the fine mode (less than 1 µm; PM1). The enriched 

Fe/Al mass ratio has been also reported for fuel oil fly ash and exhaust particle 

produced by diesel combustion (Desboeufs et al, 2005). Likewise, Chuang et al, 

(2005), has also demonstrated the significant contribution of particulate soluble Fe 

concentration from anthropogenic activity rather than atmospheric processing of 

aerosols during long-range transport in the East Asian outflow. 

 

3.2.3.2 Abundances of calcium and magnesium in mineral dust:  

 The abundance of calcium and magnesium in mineral dust is typically 

represented as 2.9 and 1.3 %, respectively (Wedepohl, 1995). These elements are 

present as carbonate component of dust (e.g calcite (CaCO3) and dolomite (Ca Mg 

(CO3)2)) which are relatively more reactive towards acid neutralization than 

alumino-silicate phase. Depending on the source region these carbonate 

components can comprise as much as 30% of total mineral aerosols (Claquin et al, 

1999). The aerosol abundances of these two elements in the coarse and fine mode 

ranged as Ca: 0.11 to10.04 and <0.09 to 1.31 µg m-3 and, Mg: <0.04 to 3.22 and 

<0.04 to 0.61 µg m-3 (Table 2), respectively. Their measured concentrations have 

been corrected for the contribution from sea-salts based on water soluble sodium 

abundance in the samples (Kumar et al, 2008b). The sea-salt contribution is found 

to be less than 5% and 15% for Ca and Mg respectively, except during monsoon 

seasons, when it is enhanced to 10% and 25% respectively. The linear regression 
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analysis of Ca and Mg, with Al in the two size fractions is shown in Fig 3.4. The 

Ca abundance in coarse fraction exhibits relatively high correlation (r2 = 0.85) 

with Al than its abundance in fine fraction (r2 = 0.78). Similar to abundance of Fe, 

a large scatter is observed in fine fraction (Fig. 3.4) due to relatively low 

abundance of dust during winter and monsoon seasons. Furthermore, chemical 

composition of aerosols shows an enrichment of calcium (Fig. 3.4) in contrast to 

crustal ratio of Ca/Al = 0.38 (Upper continental crust; McLennan, 2001). The 

linear regression plots of Mg with Al (Fig. 3.4) shows similar feature as Ca; with 

relatively high correlation with Al (r2 = 0.94) in coarse mode than fine mode (r2 = 

0.86). 

The scatter plots of Ca/Al and Mg/Al with abundance of dust (Fig. 3.5) 

provides further insight in to the temporal characteristics of mineral aerosols and 

their source regions. In coarse mode, (Ca/Al) ratio (for more than 80% of data) 

show significant scatters ranging from 0.6 to 1.5 (Fig. 3.5). However, in the fine 

mode, Ca/Al ratio is relatively low (0.38 to 1.2); and shows large scatter in 

samples with low abundance of dust. This comparison suggests relative 

enrichment of carbonate dust in coarse fraction compared to the fine mode; with 

higher values (Ca/Al = 0.79 to 2.19; Table 3.1) characteristics of summer months. 

Similar to Ca, enrichment of Mg is observed in the coarse fraction versus fine 

fraction (Fig. 3.4 and 3.5). A similar study on the enrichment of carbonates in 

coarse size fraction has been reported in the literature (Usher et al, 2003). 

 

3.2.4 Inter-annual variability of elemental ratios 

 In the source region, intense dust storm activities are occurring and the 

dust particles are sustained in atmosphere for several days. This dust storm can 

induce significant changes in the dust characteristics and subsequently introduce 

large uncertainties in climate forcing (Christopher and Wang, 2004). In this 

section, the PM10 elemental ratios have been discussed in two subsequent years. A 

comprehensive comparison has been done for the elemental ratios during high 

dust (April-June) and low dust conditions (September – December). The temporal 

variability of crustal element ratio (Fe/Al, Ca/Al and Ca/Mg) during high and low 

dust condition (shaded region) is shown in Fig. 3.6. The Fe/Al ratio for PM10 is  
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Fig. 3.4 Scatter plot of concentration of crustal elements Fe, Ca, and Mg with respect to Al in 

coarse and fine mode aerosol. 
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Fig. 3.5 Scatter plot of different elemental ratio against estimated dust concentration (based on 

Al) in fine and coarse mode. 
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Fig. 3.6 Temporal variability of crustal element ratios in two subsequent years (2006 and 2007). 

The two shaded region are representative of high (April-June) and low dust condition 
(September-December). 

 

 

found to vary in a narrow range of 0.50 to 0.70 with few outliers at ~0.80 in both 

years (2006 and 2007). The ratio is a representative of dust over western India. 

However, a large variability is observed in the Fe/Al ratio during wintertime. 

Based on the elemental ratio discussed in previous section, the enrichment of iron 

is observed from the contribution of Fe from anthropogenic sources. The data in 

2006, during low dust period, also document higher Fe/Al ratios (Fig. 3.6a). 

However, the size-segregated samples give a better representation of elemental 
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ratio in coarse and fine dust. The Ca/Al ratio (Fig. 3.6b) show enriched values 

throughout the year indicating the dominance of carbonate rich dust over western 

India. The ratios are showing large variability in both high as well as low dust 

period. However, the ratios have gone as low as 0.39 during monsoon period, 

when the coarser dust gets efficiently removed by precipitation. It is interesting to 

note the relatively lower ratios were found during May-2006. Such variability in 

elemental ratios is driven by various meteorological parameters e.g. wind speed 

and directions. The Ca/Mg ratio (shown in Fig. 3.6c) observed over the sampling 

site found to vary between 1.14 to 4.32 in high dust and 2.47 to 5.08 in low dust 

condition. The ratios are by and large conservative in two different years (2006 

and 2007) with few spikes observed during wintertime (low dust condition). 

 

3.2.5 Comparison of elemental ratios in mineral dust: 

 The elemental ratios measured in the atmospheric aerosols from a number 

of locations (continental sites, marine boundary layer and coastal locations) have 

been reported in the literature and are summarized in Table 3.2. Although this 

comparison is not comprehensive, however, it illustrates the variation in crustal 

element ratios in different environment. The average Fe/Al ratio over the 

adjoining Bay of Bengal and Arabian Sea has been reported as 0.72±0.37 (range: 

0.47 to 2.28) and 0.51 ± 0.05 (range: 0.40 to 0.59) respectively (Kumar et al, 

2008a, b). The respective Ca/Al ratio (0.81±0.16) and (0.89±0.27) shows 

enrichment of Ca by a factor of 2-3 than upper continent crust (UCC) ratio (0.38; 

McLennan, 2001, Kumar et al, 2008a, b). The desert regions of Thar and Oman 

are the potential source regions of dust which is rich in carbonate minerals 

reflecting a similar enrichment in aerosols collected from the sampling location 

(Table 3.1; Kumar et al, 2008a, b). In the present study, coarse dust shows an 

enrichment of calcium by a factor of 4 and 3 during summer and winter season 

compared to UCC value, a remarkable feature of the dust in Asian region 

compared to other geographical location. The ubiquitous alkaline-nature of 

rainwater in this high-dust semi-arid region (Rastogi and Sarin, 2005c) further 

provides credence to the enriched carbonate content of dust which in turn has 

potential to neutralize acidic species (Rastogi and Sarin, 2006). 
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Table 3.2: Average elemental ratios observed over different geographical locations. Range of the ratio has been given for Mt.Abu (Mean ± standard deviation of 

ratios are given in parentheses). 

Location Sampling Date Type of sample Fe/Al Ca/Al Mg/Al Reference 

Mt.Abu (24.7oN, 72.7oE) Mar-Jun, 2007 #PM10-2.5 
0.51-1.02 

(0.63±0.09) 
0.79-2.19 

(1.36±0.33)
0.31-1.06 

(0.39±0.05) Present study 

 Jul-Sep, 2007 PM10-2.5 
0.47-0.68 

(0.58±0.07) 
0.38-1.82 

(1.12±0.41)
0.17-0.50 

(0.31±0.12) Present study 

 Oct-Dec;Jan-Feb, 2007 PM10-2.5 
0.53-1.21 

(0.66±0.14) 
0.67-1.74 

(1.16±0.24)
0.17-0.45 

(0.31±0.05) Present study 

 Mar-Jun, 2007 @PM2.5 
0.53-1.13 

(0.69±0.14) 
0.51-1.76 

(0.85±0.29)
0.18-0.55 
(0.35±0.1) Present study 

 Jul-Sep, 2007 PM2.5 
0.45-1.05 

(0.67±0.17) 
0.44-1.13 

(0.64±0.27)
0.39-0.63 

(0.47±0.08) Present study 

 Oct-Dec;Jan-Feb, 2007 PM2.5 
0.49-1.00 

(0.72±0.13) 
0.38-1.79 

(0.73±0.33)
0.17-0.45 

(0.30±0.08) Present study 

Arabian Sea (9-22oN, 58-77.3oE) April-May, 2006 TSP 0.51±0.05 0.89±0.27 - Kumar et.al, 2008a 

Bay of Bengal (5.6-20.5oN, 80.4-93.4oE) March-April, 2006 TSP 0.72±0.37 0.81±0.16 - Kumar et.al, 2008a 

Zhenbeitai (38.3oN, 109.7oE) April, 2002 TSP 0.63±0.04 0.79±0.15 0.32±0.03 Alfaro et.al, 2003 

Zhenbeitai (38.3oN, 109.7oE) April, 2001 PM2.5 0.59 1.00 0.35 Arimoto et.al, 2004 

Barbados (13.2oN, 59.4oE) August 1988-1990 TSP 0.51 0.29 0.37 Arimoto et.al, 1995 
Bermuda (32.2oN, 64.9oE) June 1988-1990 TSP 0.61 0.33 0.32 Arimoto et.al, 1995 
Izana (28.3oN, 16.5oE) April 1989-1990 TSP 0.70 0.36 0.30 Arimoto et.al, 1995 
UCC - - 0.44 0.37 0.16 McLennan, 2001 

# Refered as Coarse mode based on difference in mass concentration of PM10 and PM2.5; @ Fine mode 
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It is noteworthy that iron enrichment is relatively enhanced in the fine 

fraction than coarse fraction (Table 3.2); significantly different than the Fe/Al 

ratio reported from Zenbeitai (38.3oN, 109.7oE). The enriched iron content in fine 

mode is attributed to the dominance of anthropogenic sources. This has 

implication to the chemical processing of aerosol particles during the advective 

transport to MABL and increased supply of dissolved iron (bio-available) to 

surface ocean. 

 

3.3. Summary and conclusions: 

 Based on one-year record of aerosol sampling from a high-altitude site, 

this study represents a first comprehensive data set on the characteristics of 

atmospheric mineral dust and its temporal variability over western India. The 

important findings and conclusions are: 

1) The mass concentration of coarse mode (PM10-2.5) aerosols is influenced by 

the uniform contribution of dust (60-80%) all through the year. In contrast, 

dominance of anthropogenic sources in modifying the elemental composition 

of the fine (PM2.5) mode particles is discernible. The enriched abundance of 

Fe in PM2.5 during winter months, as evident from comparison with Fe/Al 

ratio of 0.44 in the upper continental crust, suggests dominant contribution of 

Fe from long-range down-wind transport of combustion products from fossil-

fuel and biomass burning sources in the Indo-Gangetic Plain. This has 

implication to advective transport of pollutants from northern India to the 

MABL of Bay of Bengal under favourable meteorological conditions (Kumar 

et al, 2008a). 

2) The Ca/Al and Mg/Al ratios exhibit enrichment of Ca and Mg in the coarse 

mode indicating their dominant source from carbonate minerals. A ubiquitous 

alkaline-nature of rainwater in this high-dust semi-arid region (Rastogi and 

Sarin, 2005b) further attests to the dominant role of carbonate dust in efficient 

neutralization of atmospheric acidic species.  

To sum up, results from this study provide an important data-base especially for 

the regional-scale models that need to be designed for the high-dust semi-arid 

regions of the sub-tropics in south-Asia. 
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4.1. Introduction:  

It is well recognized that ubiquitous presence of aerosols in the atmosphere, 

derived from natural sources (mineral dust, sea-salts and volcanic emissions), had a 

pronounced impact on the global climate system in the past. With the present-day 

growing anthropogenic activities (contributing to sulphate, nitrate and carbonaceous 

species), the global mean aerosol burden of the atmosphere has been substantially 

altered (both in terms of physical and chemical properties of aerosols). As a result, 

the recent studies on direct effects of aerosols have gained significant importance in 

amplifying/damping climate change on a regional to global scale. In addition, an 

increase in number density of sub-micron size particles and their ability to act as 

cloud condensation nuclei (CCN) have become the basis for studying the indirect 

effects of aerosols (Ramanathan et al., 2001a; 2001b). Recent studies have shown that 

the atmospheric radiative forcing due to anthropogenic aerosols is capable of off-

setting the forcing caused by the greenhouse gases (Intergovernmental Panel on 

Climate Change (IPCC), 2001). However, a large degree of uncertainty in the earlier 

evaluation (IPCC, 2001) has been somewhat better constrained in recent years 

through the availability of emerging data on chemical and physical properties of 

aerosols (IPCC, 2007). From a different perspective, increase in the abundances of 

mineral and anthropogenic aerosols has potential to affect the atmospheric chemistry 
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as well as marine ecosystem in remote oceanic regions (Duce et al., 1991; Jickells, 

1999; Arimoto et al., 2001; Jickells et al., 2005). 

The south Asian region is currently undergoing rapid industrialization, thus, 

making this region a hot spot for anthropogenic emissions (Arimoto et al., 1996; 

Streets et al., 2003). Moreover, mineral aerosols produced from land-use changes and 

disturbed soils are the important constituents of the atmosphere, especially those 

originating from the arid and semi-arid region of Asia (Dentener et al., 1996; Song 

and Carmichael, 2001; Rastogi and Sarin, 2006). The atmospheric mineral dust plays 

a vital role in the removal of anthropogenically derived acidic gases (e.g. SO2 and 

NOx); in addition to their removal mechanism via interaction with NH3 (Zhuang et 

al., 1999; Jordan et al., 2003; Krueger et al., 2003; Bates et al., 2004; Tang et al., 

2004; Arimoto et al., 2004, Maxwell-Meier et al., 2004; Ooki and Uematsu, 2005; 

Rastogi and Sarin, 2005 a, b; 2006). A modeling study conducted for the east-Asian 

region had reported that natural aerosols (e.g. mineral dust and sea-salts) play an 

important role in the abundance pattern and size-distribution of inorganic constituents 

(Song and Charmichael, 2001). Furthermore, they have potential to alter the size 

distribution of particulate SO4
2- and NO3

-, shifting their atmospheric distribution from 

fine to coarse size particles (Dentener et al., 1996; Rastogi and Sarin, 2006). 

The abundances and atmospheric reactivity of nitrate and sulphate; as well as 

their wet and dry removal processes critically depend on the composition of mineral 

aerosols (e.g., carbonate versus silicate content) and their size dependent distribution 

(Sullivan et.al, 2007). Thus, one of the major limitations of current models relates to 

the lack of real-time data on size dependent chemical composition of atmospheric 

mineral dust and the associated spatial-temporal variability. The measurements based 

on bulk-aerosols are inadequate to constrain the model scenario made in recent years. 

In addition, studies near to the source regions of mineral dust (originating from arid 

and semi-arid regions) are required to constrain and test the models. In this context, 

the present study on the chemical composition of fine (PM2.5; particles less than 2.5 

µm) and coarse (PM10-2.5; particles between 10 and 2.5 µm) mode aerosols is most 

relevant from a high-altitude site (Mt.Abu; 24.6 oN, 72.7 oE, 1680m asl) located in a 



  Chapter-4 

 57

semi-arid region (near to the Great Thar Desert in western India). Our sampling 

strategy from a high-altitude station is advantageous to study the long-range transport 

of mineral dust across western India and its role in modifying the atmospheric 

chemistry of acidic species. The chemical data involving water-soluble inorganic 

species has been also used to document the temporal changes over the annual 

seasonal cycle (summer, monsoon and winter). 

 

4.2. Results and Discussions:  

Details regarding abundances the water-soluble constituents in coarse and fine 

fractions and temporal variability have been discussed in section 4.2.1. Section 4.2.2 

describes the relationship among water-soluble constituents in order to asses their 

major sources. Inter-annual variability of some ionic ratios used as diagnostic tracer 

has been discussed in section 4.2.3. The neutralization of acidic species (SO4
2- and 

NO3
-) in the coarse and fine mode and role of mineral dust has been evaluated in 

section 4.2.4. It is relevant to state that PM10 aerosols also include mass of PM2.5. In 

view of the synchronous operation of the two samplers and their frequent calibration, 

contribution of fine fraction (PM2.5) can be subtracted from PM10 mass in order to 

asses the chemical composition of coarser (PM10-2.5) aerosols. Such an approach will 

further incorporate an uncertainty of 7% in the calculation of coarse aerosol mass and 

its chemical composition. In this study, we have referred ‘coarse’ fraction as PM10-2.5 

(difference of PM10 and PM2.5) and ‘fine’ fraction as PM2.5. The scatter plots among 

PM2.5 and PM10 (Fig. 4.1) suggest that coarse aerosol (PM10-2.5) dominate the water-

soluble ionic composition (WSIC) and Ca2+ composition of PM10 aerosols and that all 

of SO4
2- abundance in PM10 is influenced by PM2.5. The above reasoning forms a 

strong basis for subtracting the fine mass aerosols from PM10 for interpretation of the 

chemical data. 

  

4.2.1 Temporal variation in Water-soluble ionic composition (WSIC):  

 The water-soluble ionic composition (WSIC) varied from 1.0 to 19.5 µg m-3 

in the fine (PM2.5, Table-4.1 a) and 0.1 to 24.8 µg m-3 in the coarse mode aerosols 



  Chapter-4 

 58

(PM10-2.5, Table-4.1 b). The abundance of WSIC in coarse mode is relatively high 

during summer months (Av=10.8 µg m-3). It is of comparable magnitude in monsoon 

and relatively low during winter season (Av=4.2 µg m-3) in comparison to the 

abundance pattern of WSIC in fine mode particles (Tables-4.1 a and b). Such an 

observation is consistent with the predominance of insoluble mineral dust in the 

coarse mode during all seasons (Kumar and Sarin, 2009). The temporal data (Tables-

4.1 a and b) suggest that the percentage contribution of WSIC to the fine aerosol mass 

is consistently high during all seasons relative to that in coarse mass fraction. The 

percentage contribution of an individual water-soluble species to the total WSIC is 

represented as pie-charts (Fig. 4.2) for the three different seasons (summer, monsoon 

and winter). In the fine mode, SO4
2- is the most dominant anion followed by minor 

contribution from HCO3
- and NO3

- ions (Fig. 4.2). The dominance of HCO3
- in the 

ionic composition of coarse fraction (PM10-2.5; Fig. 4.2), with minor contribution of 

NO3
- and SO4

2-, supports the earlier inference on relatively higher abundance of 

mineral dust. During winter months, the enhanced mass abundances of sulphate, 

nitrate, and ammonium in the fine-mode, and hence their dominance in the WSIC 

(Fig. 4.2), are attributable to increase in the source strength of anthropogenic 

components and transport from the polluted regions of northern India.  

 

4.2.1.1 Sea-salts (Na+ and Cl-): 

 The water-soluble component of Na+ and Cl- in atmospheric aerosols is 

mainly derived from the marine source, more commonly referred as sea-salts; and the 

abundance of Na+ is used as a proxy for the sea-salts (Quinn et al, 2004; Kumar et al, 

2008a, and b). Also, sea-salt particles are the favoured sites for the uptake of acidic 

species (SO4
2- and NO3

-) followed by the release of HCl (gas), a chemical reaction 

that most commonly occurs over the marine atmospheric boundary layer (MABL). 

The loss of chloride from sea-salt particles ranges from a few percent to 100% 

(Keene et al, 1990; McInnes et al, 1994; Kumar et al, 2008a, b). In this study, the 

abundance of chloride is below the detection limit in PM2.5 aerosols and its detectable 

concentration in the coarse mode makes only a minor contribution to the total anions. 
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Fig. 4.1 Scatter plot among PM10 and PM2.5 for water-soluble ionic composition (WSIC), Ca2+ and  

SO4
2-. 
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Tables 4.1a and b: Minimum, maximum and average concentration (μg m-3) of water-soluble ionic constituents in fine (PM2.5) and coarse (PM10-2.5) 

mode aerosols in Summer (March - June), Monsoon (July – September) and Winter (October –February) seasons. 

PM2.5 
Summer (n = 29) Monsoon (n = 9) Winter (n = 34) Components 

Min Max AMa SDb Min Max AM SD Min Max AM SD 
Mass Load 6.8 34.5 16.2 7.0 9.3 31.7 18.7 6.2 1.6 46.1 16.9 9.0 
WSIC* 3.0 11.3 5.4 1.8 2.1 7.2 5.2 1.8 1.0 19.5 7.8 3.8 
WSIC (%) # 15.8 79.4 39.0 19.4 13.4 73.3 31.4 18.8 22.7 80.0 49.5 13.8 
NH4

+ 0.19 1.94 0.77 0.40 0.29 1.72 0.92 0.44 0.24 4.82 1.83 1.00 
Na+ 0.06 0.92 0.27 0.2 0.06 0.44 0.28 0.1 0.05 0.21 0.09 0.03 
K+ 0.07 0.37 0.14 0.07 0.05 0.25 0.10 0.06 0.07 1.21 0.36 0.30 
nss-K+ 0.06 0.36 0.13 0.07 0.04 0.25 0.09 0.06 0.07 1.21 0.36 0.30 
Mg2+ 0.03 0.15 0.06 0.03 bd 0.08 0.06 0.02 bd 0.05 0.03 0.01 
nss-Mg2+ bd 0.07 0.03 0.02 bd 0.05 0.02 0.01 bd 0.04 0.02 0.01 
Ca2+ 0.10 0.96 0.41 0.20 0.07 0.60 0.19 0.16 bd 0.34 0.18 0.08 
nss-Ca2+ 0.09 0.95 0.40 0.20 0.07 0.59 0.18 0.16 0.04 0.33 0.18 0.08 
Cl- bd 0.13 - - bd bd - - bd bd - - 
NO3

- bd 0.76 0.26 0.16 bd 0.21 - - bd 1.98 0.34 0.48 
SO4

2- 1.85 5.40 3.13 0.95 1.44 5.16 3.56 1.10 0.65 11.8 4.98 2.30 
nss-SO4

2- 1.81 5.30 3.06 0.94 1.42 5.12 3.49 1.10 0.65 11.7 4.96 2.30 
HCO3

- bd 2.41 0.62 0.5 bd 0.85 - - bd 2.41 - - 
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PM10-2.5 
Summer Monsoon Winter Components 

Min Max AM SD Min Max AM SD Min Max AM SD 
Mass Load 6.88 102 41.8 21.5 13.1 49.7 22.1 11.4 2.31 45.5 23.1 9.25 
WSIC 1.31 24.8 10.8 5.53 0.47 19.8 5.52 5.50 0.10 9.29 4.24 2.49 
WSIC (%) 14.0 37.3 26.1 5.8 3.5 39.9 21.0 11.5 4.5 37.7 17.9 7.6 
NH4

+ bd bd - - bd bd - - bd 1.94 - - 
Na+ 0.07 2.56 0.73 0.60 0.12 1.26 0.68 0.37 bd 0.76 0.15 0.14 
K+ 0.02 0.11 0.05 0.02 0.021 0.11 0.05 0.03 bd 0.26 0.04 0.06 
nss-K+ bd 0.05 0.02 0.01 bd 0.08 0.02 0.03 bd 0.27 0.04 0.06 
Mg2+ 0.05 0.43 0.15 0.10 0.04 0.23 0.13 0.06 0.03 0.14 0.08 0.03 
nss-Mg2+ bd 0.19 0.07 0.05 0.01 0.12 0.05 0.04 bd 0.11 0.06 0.03 
Ca2+ 0.12 4.58 2.33 1.30 0.16 3.11 1.08 0.91 0.03 2.12 1.08 0.55 
nss-Ca2+ 0.11 4.48 2.30 1.30 0.15 3.08 1.05 0.91 0.04 2.12 1.07 0.55 
Cl- bd 3.09 0.79 0.80 bd 1.17 0.48 0.36 bd 0.65 - - 
NO3

- 0.19 2.46 1.32 0.51 bd 2.29 0.94 0.84 0.06 2.20 1.10 0.54 
SO4

2- 0.04 2.66 0.65 0.56 0.05 0.93 0.45 0.32 bd 4.37 0.52 0.95 
nss-SO4

2- bd 2.01 0.45 0.48 bd 0.78 0.21 0.30 bd 4.35 0.30 0.77 
HCO3

- 0.29 11.2 5.20 2.95 bd 11.4 2.21 3.7 bd 4.79 1.64 1.33 
bd: below detection limit 
*Water-soluble ionic composition 
#Percentage of total mass load 
aArithmetic mean 
bStandard deviation 
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Fig. 4.2 Fractional contribution (%) of individual ionic species to the total WSIC in the coarse and 

fine mode aerosols during the three seasons. Seasonal average mass abundance of WSIC 
and its percentage contribution in the fine and coarse aerosols is also indicated. In fine 
mode, contribution of Cl- to WSIC is insignificant during all seasons. 
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The abundance of Na+ in the coarse fraction (range: >0.02 to 2.5 µg m-3, Table-4.1 b) 

and its conservative transport has been considered to be of marine origin. The 

conspicuous increase in its contribution to WSIC, during the SW-monsoon (Fig. 4.2), 

further attests the transport of sea-salts with the prevailing winds from the Arabian 

Sea. Thus, the sea-salt contribution to the measured species has been corrected based 

on the abundance of Na+ in the aerosols and its ionic ratio with the other species in 

seawater. It may be argued that a finite fraction of Na+ could originate from soil dust, 

in particular from the samples collected during summertime (high-dust suspension in 

the atmosphere). In such a scenario, our approach of using Na+ as a reference of sea-

salt would lead to over correction of sea-salt contribution and hence lower limit on 

the abundances of water-soluble major ions derived from anthropogenic sources. It is 

noteworthy that due to lower abundance of Na+, during summer and winter season, 

the sea-salt contribution is no more than 5 % in the fine mode aerosols. 

 

4.2.1.2 Anthropogenic components (NO3
-, SO4

2- and NH4
+):  

 The temporal distribution of nitrate (Fig. 4.3) exhibits relatively high 

abundance in the coarse size (PM10-2.5) than in fine mode (PM2.5). Furthermore, 

contribution of NO3
- to total WSIC in coarse aerosols is relatively high during winter 

months (Fig. 4.2), attesting to its dominant and seasonal contribution from 

anthropogenic sources. The neutralization of anthropogenic NO3
- (HNO3) by the 

alkaline dust in the semi-arid region is invoked as a plausible mechanism for 

dominant occurrence of nitrate in the coarse fraction. It has been also shown that 

nitrate is the dominant acidic constituents associated with the mineral dust particles 

rather than nss-SO4
2- (Ooki and Uematsu, 2005). However, aerosol mass 

concentration of NO3
- (µg m-3) is predominant in coarse mode, during summer 

months (Table-4.1 b); suggesting its possible source from the regional dust. Based on 

the chemical data alone, it is difficult to decipher atmospheric abundance of NO3
- 

associated with primary mineral dust and/or via uptake of acidic species by mineral 

aerosols. The mass abundance of SO4
2- varied from 0.65 to 11.8 and <0.02 to 4.4 µg 

m-3 in fine and coarse mode aerosols respectively (Tables-4.1 a and b); and its 
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average contribution to the total WSIC during the three season is summarized in Fig 

4.2.  

During all seasons significantly high abundance of SO4
2- is observed in the 

fine fraction compared to that in the coarse aerosols. The accumulation of SO4
2- in the 

fine mode is attributed to gas-to-particle conversion of SO2 gas (Hering and 

Friedlander, 1982; Venkatraman et.al, 2002) and its subsequent growth under humid 

conditions. The conversion of SO2 to sulphate, in the presence of oxidizing species 

(e.g. H2O2 or O3), is the dominant pathway for sulphate formation. The atmospheric 

abundance of SO4
2- is also derived from sea-salt and regional soils. The contribution 

of SO4
2- from sea-salts has been estimated based on the abundance of Na+ measured 

in aerosols (Tables-4.1 a and b) and found to be less than 5 % in fine aerosols. 

However its sea-salt contribution in the coarse fraction is significant, increasing up to 

as much as 50 % during the monsoon season. The temporal variability in the 

abundance of nss-SO4
2- (non-sea-salt sulphate corrected for sea-salts) in the two size 

fractions is depicted in Fig 4.3; suggesting that more than 90% of nss-SO4
2- exists in 

the fine mode and that its contribution in PM10-2.5 (coarse) is insignificant. 

Furthermore, a two-fold increase in the abundance of nss-SO4
2- during wintertime, 

relative to that in summer months (Fig. 4.3), is attributable to its dominant 

contribution from anthropogenic sources in northern India and meteorological 

conditions favouring the long-range transport under the influence of prevailing NE-

winds. In fine mode, contribution of SO4
2- from regional dust is relatively 

insignificant as inferred from decrease in the nss-Ca2+/nss-SO4
2- ratio of 0.32 in 

summer to 0.10 during wintertime. However seasonal variability of SO4
2- in coarse 

mode is nowhere pronounced. The sulphate is one of the non-volatile secondary ions 

that makes the aerosols acidic in the absence of alkaline species (such as HCO3
- for 

efficient neutralization) and further leads to the removal of volatile anions e.g. Cl- and 

NO3
-. 

 The temporal variation of NH4
+ mass concentration (in µg m-3) in the fine 

mode is very similar to that of sulphate (Fig 4.3), implying that the formation of NH4
+ 

salt is controlled by the SO4
2- abundance. The atmospheric abundance of NH4

+ is 
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primarily derived from the decomposition of animal waste as well as from the 

regional practices of its use in fertilizers (in the form of ammonia/urea). Being 

volatile in nature, it is emitted from the ground sources, and neutralizes the 

atmospheric acidic species to form particulate ammonium salt. The water-soluble 

particulate NH4
+ is relatively concentrated in the fine mode (PM2.5). Thus, the 

contribution of ammonia to the total WSIC is relatively high (22.7%) in the fine 

mode during winter months compared to that in summer season (Fig. 4.2). It is 

noteworthy that contribution of particulate ammonia in the coarse fraction (PM10-2.5) 

is insignificant all through the annual seasonal cycle (Table-4.1 b, concentration of 

NH4
+ below detection in the coarse fraction implies that all of NH4

+ occurring in 

PM10 size are contributed by PM2.5).  

 

4.2.1.3 Biomass burning component (K+): 

 It has been suggested that abundance of potassium (K+) in fine mode aerosols 

can serve as a diagnostic tracer for biomass burning source (Andreae, 1983; Andreae 

et al, 1998). However, its contribution from sea-salts and dust sources is highly 

variable for regional case studies with its dominance in the coarse fraction. In this 

study, the temporal variability of nss-K+ (0.02 to 1.21 µg m-3) is significantly 

pronounced in PM2.5 fraction, with enhanced abundance during wintertime (Fig 4.3). 

The dominance of regional biomass burning sources and boundary layer dynamics are 

the possible causes for the large variability over the annual seasonal cycle. As a 

result, contribution of K+ to the total WSIC is relatively high in fine mode aerosols 

compared to that in the coarse mode. 

 

4.2.1.4 Dust components (Ca2+, Mg2+ and HCO3
-): 

In coarse mode, significant contribution of Ca2+, Mg2+ and HCO3
- to WSIC (Fig. 4.2) 

establishes their dominant and uniform contribution from mineral dust. The temporal 

distribution of non-sea-salt-Ca2+ (nss-Ca2+ corrected for sea-salts), HCO3
- and nss-

Mg2+ in the coarse and fine fractions is shown in Fig 4.4. It is noteworthy that nss-
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Ca2+ and HCO3
- abundances in coarse particles, during summer, increases by a factor 

of two or more than those observed in monsoon and winter season (Table-4.1 b). 
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Fig. 4.3 Temporal variation of (a) NO3

- , (b) nss-SO4
2-, (c) NH4

+, (d) nss-K+ and (e) NH4
+/nss-SO4

2- 

in the two size fractions (All concentrations are in µg m-3). 
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Fig. 4.4 Temporal variation of nss-Ca2+, HCO3

- and nss-Mg2+ in the coarse and fine aerosols. 

Relatively high abundances observed during summer months in both size fractions indicate 

dominance of dust. 

 

In fine fraction, during summer, nss-Ca2+ abundance is also significantly 

higher (more than two times) than that in monsoon and winter months (Table 4.1 a). 
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This is also evident from its enhanced contribution to WSIC during summer (Fig. 

4.2). A significant co-variation of nss-Ca2+ and HCO3
- in the coarse mode with 

relatively higher abundances in summer season (Fig. 4.4) is attributed to the regional 

source region of dust from the Thar Desert under the influence of prevailing strong 

winds. The abundance of water-soluble Mg2+ and its dominant occurrence in coarse 

fraction is attributed to its source from the mineral dust and sea-salts. The scatter plot 

between Na+ and Mg2+ (Fig. 4.5) reveals that most of the data points fall away from 

the sea-water line suggesting dominant contribution of Mg2+ from crustal sources; 

and that the sea-salt contribution of Mg2+ is less than 15% and does not exceed more 

than 25% during the monsoon season. 

 

4.2.2 Inter-relationship among water-soluble ionic constituents 

 The abundances of nss-SO4
2- and NH4

+ (equivalent units) in fine mode 

aerosols exhibit significant linear correlation (r2 = 0.92, Fig 4.6) over the study 

location, indicating the predominance of nss-SO4
2- as ammonium salt in the fine 

mode. A similar observation has been reported from the coastal (Zhuang et al, 

1999a), urban (Xiaoxiu et al, 2003; Rengarajan et al, 2007), and marine regions 

(Matsumoto et al, 2004). In contrast, relatively low abundance of nss-SO4
2- in coarse 

mode is associated with the regional dust transported from the Thar Desert. The 

NH4
+/nss-SO4

2- ratio (in equivalence units) in PM2.5 shows pronounced temporal 

variability (varying from 0.19 to 1.5, Fig 4.3), with higher ratios during winter 

months compared to those in summer and monsoon season. The lower ratios in fine 

(PM2.5) size range, during summer, are associated with parallel increase of dust 

enriched in carbonate content (as evident from WSIC; Fig. 4.2) and act as a substrate 

for efficient neutralization of SO4
2-. For such an inference, it is implicit that nss-SO4

2- 

is not completely neutralized by NH4
+ in summer months. This further supports near 

absence of particulate ammonium nitrate, an observation similar to that made by 

Matsumoto and Tanaka, (1996). It is, thus, suggested that neutralization of nitrate is 

favoured by its uptake on the coarse dust particles, leading to relatively high 

abundance of NO3
- in the coarse mode (Fig. 4.3).  
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Fig. 4.5 Scatter plot for water-soluble Mg2+ and Na+ to assess the source of Mg2+ (sea-salt vs dust). 

The data points falling away from the sea-water line suggest dominant contribution of 
Mg2+ from the crustal source. 
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Fig. 4.6 A linear relationship between abundances (in equivalent units) of nss-SO4

2- and NH4
+ in 

the fine (PM2.5) aerosols during the three seasons suggesting their dominant contribution 
from anthropogenic sources. 
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Both NO3
- and nss-SO4

2- are mainly formed as secondary aerosols during the 

process of coal combustion, biomass burning and vehicular emissions (Senfield and 

Pandis, 1998). Therefore, depending upon the abundances of gaseous and particulate 

phase nitrogen and sulphur from local emissions and long-range transport, a large 

scatter in the data is expected, especially during the monsoon season when both 

species are efficiently scavenged from the ambient atmosphere by the wet 

precipitation. As discussed in section 4.2.1, the abundance of SO4
2- in coarse mode 

and that of NO3
- in fine mode is considerably low, resulting in large scatter of data 

point in the NO3
- vs nss-SO4

2- plot for both size fractions. Nevertheless, the scatter 

plot of nss-SO4
2- versus NO3

- in PM10 aerosols (Fig 4.7) shows somewhat meaningful 

linear relationship for the data from summer and winter seasons compared to a large 

scatter observed during the monsoon. The linear regression analysis between these 

two acidic components suggests some degree of similarities in their sources and sinks 

during a particular season. Within the reasonable degree of scatter, the data set for 

winter and summer seasons show distinct slope for the linear regression (winter: m = 

0.21; summer: m = 0.39; Fig 4.7). These differences clearly address to the different 

source regions of atmospheric sulphur and nitrogen as well as their distinct sinks. The 

nss-SO4
2-/NO3

- weight ratio for PM10 varied from 1.5 to 10.5 (Av=2.7, sd: 0.13) in 

the summer and 1.6 to 17.1 (Av=4.4, sd: 0.12) during the winter season. Furthermore, 

the nss-SO4
2-/NO3

- weight ratios have been evaluated in both coarse (PM10-2.5) and 

fine (PM2.5) mode aerosols during winter months, when regional pollution sources in 

northern India are predominant. The nss-SO4
2-/NO3

- ratios exhibit extreme variability, 

with values ranging from 2.7 to 101 in PM2.5 and 0.001 to 2.7 in coarse (PM10-2.5) 

mode aerosols. Rastogi and Sarin, (2005a), have documented nss-SO4
2-/NO3

- weight 

ratio varying from 1.2 to 4.4 in samples collected from an urban location 

(Ahmedabad) in western India. Arimoto et al (1996) had reported that the differences 

in the nss-SO4
2-/NO3

- ratios at different sites could arise from the regional differences 

in the pollution component of aerosols. Yao et al (2002) had used SO4
2-/NO3

- ratios 

as an indicator of the relative dominance of stationary (coal combustion, biomass 

burning) versus mobile (vehicular emissions) sources of sulphur and nitrogen in the 
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atmosphere and attributed higher ratios to the dominance of stationary pollutant 

sources and lower ratios to that of mobile sources. The higher ratios observed over 

the sampling site can be explained on the basis of long-range transport of sulphate 

aerosols (associated with ammonia) in the fine mode and that of NO3
- (associated 

with dust) in the coarser mode particles. 
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Fig. 4.7 Scatter plot between NO3
- and SO4

2- in PM10 aerosols in the high-dust region. 

 

The coarse fraction is dominated by the mineral dust all through the year in contrast 

to the fine mode that is enriched in dust during summer months (Fig. 4.2). A scatter 

plot between HCO3
- and nss-Ca2+, for the PM2.5 and PM10-2.5 data during summer 

months, exhibits a significant linear relationship (Fig 4.8, for coarse mode: r2=0.92 

and fine mode: r2=0.75). In contrast, relatively large scatter is observed during winter 

months (r2 = 0.63) in the coarse mode (PM10-2.5). The significant correlation, during 

summertime, is attributed to the strong source strength and enhanced dust 

contribution compared to lower abundance of dust during winter, and hence large 

scatter in Ca2+ and HCO3
- (Fig. 4.8).  



  Chapter-4 

 72

0 10 20 30 40 50
-10

0

10

20

30

40

50

nss-Ca2+ (neq m-3)

0 50 100 150 200 250

H
C

O
3-  (n

eq
 m

-3
)

0

50

100

150

200

Summer
Monsoon
Winter

PM2.5

PM10-2.5

m = 0.72; r
2  = 0.92

m = 0.63; r
2  = 0.64

m = 0.69; r
2  = 0.75

 
 

Fig. 4.8 Linear regression plot between nss-Ca2+ and HCO3
- in the fine and coarse mode aerosols 

suggests their major source from mineral dust. ‘m’ represents slope of the best-fit lines 

drawn through summer (m=0.72) and winter (m=0.63) seasons in the coarse mode (PM10-

2.5). In fine mode, data for summer season has been presented (as discussed in the text). 

 

In addition, increased abundances and neutralization of anthropogenic constituents 

(NO3
- and nss-SO4

2-) further contribute to large scatter during wintertime. In the fine 
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mode (PM2.5), HCO3
- abundance in several of the samples collected during winter and 

monsoon season is close to detection limit (Table 4.1 b, Fig. 4.4 b).  

The abundance of nss-Mg2+ and its contribution to WSIC is found to be an 

order of magnitude lower than that of nss-Ca2+.  A large scatter observed between 

nss-Ca2+ and nss-Mg2+ (in equivalence units) for coarse mode (r2 = 0.50) compared to 

fine mode (r2 = 0.64) is observed (Fig. 4.9), indicates that contribution of water-

soluble nss-Mg2+ from dust sources is independent of higher abundance of water-

soluble nss-Ca2+ (dominant in coarse fraction) arising from the enhanced solubility of 

calcium carbonate through neutralization reaction with the acidic species. The nss-

Mg2+/nss-Ca2+ ratio (in equivalent units) in coarse fraction ranged from 0.02 to 0.14 

(Av=0.06, sd: 0.03) in summer and from 0.05 to 0.26 (Av=0.10, sd: 0.04) in winter 

months. In comparison, their ratio in fine aerosols varied from 0.04 to 0.25 (Av=0.14, 

sd: 0.04) during summer and from 0.02 to 0.20 (Av = 0.12, sd = 0.05) in winter.  
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Fig. 4.9 Scatter plot between sea-salt corrected water-soluble Mg2+ and Ca2+ in equivalence unit. 
 

4.2.3 Inter-annual variability of various ionic ratios 

 In this section, comprehensive comparisons of weight ratio of different ionic 

species have been discussed for the PM10 collected during two different years (2006 
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Fig. 4.10 Temporal variability of diagnostic ionic ratios in two subsequent years (2006 and 2007). 

The two shaded region are representative of high (April-June) and low dust condition 
(September-December). 
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and 2007). The sample collection done during 2006 were campaign mode, however, a 

regular sampling frequency (every 4th or 5th day) have been maintained during 2007. 

The temporal variability of diagnostic ionic ratios (nss-Mg2+/nss-Ca2+, nss-K+/nss-

Ca2+, NO3
-/nss-SO4

2- and nss-Ca2+/HCO3
-) have been shown in Fig. 4.10. The annual 

seasonal cycle has been divided into two different conditions (shown as shaded 

portion in Fig. 4.10); 1) high dust (April, May and June) and 2) low dust (September 

– December) based on the dust loading during these two periods. The low dust season 

is mainly post monsoon period, and lower loading of dust is due to washing out of 

particles via precipitation. In addition, during wintertime, the winds are from 

north/north-eastern part of India, which brings air parcel rich in anthropogenic 

species via long-range transport.  

 The characteristics nss-Mg2+/nss-Ca2+ ratios are found to vary from 0.006 to 

0.15 with higher values shown during monsoon season (July-August). A large 

variability is observed during wintertime compared to summer (high dust). This is 

largely caused by strong source strength in high dust period, when the air parcels are 

originating from desert region (western India). Similar feature is observed in 

wintertime of 2006. However, relatively lower ratios were seen in May, 2006. The 

nss-K+/nss-Ca2+ ratio can be used as a tracer for biomass burning. The plot (Fig 

4.10b) indicates higher values during winter months (low dust conditions) and lower 

values in summer period for both years (2006 and 2007). The main source for nss-K+ 

is biomass burning products as well as dust. However, the temporal variability of nss-

K+ (shown in Fig. 4.3d) exhibits almost negligible concentration during high dust 

condition suggesting insignificant contribution of K+ from regional dust. The lower 

ratios during high dust period are due to a decrease in nss-K+ (strength of biomass 

burning) and subsequent increase in calcium content from dust sources. However, 

there is a significant enhancement in nss-K+ (as evident from Fig 4.3d) along with 

decrease in calcium content resulting in an enhancement of this ratio in low dust 

condition. As discussed in previous section, the NO3
-/nss-SO4

2- ratio can be used as 

an indicator of the relative dominance of stationary (coal combustion, biomass 

burning) versus mobile (vehicular emissions) sources of sulphur and nitrogen in the 
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atmosphere. The lower ratios (Fig. 4.10c) are attributed to the dominance of 

stationary pollutant sources and higher ratios to that of mobile sources. However, it is 

highly unlikely that regional pollution can affect the ambient atmosphere over the 

sampling location as it is dominated by long-range transport. The ratios are showing 

large variability in high dust as well as low dust period with values ranging from 0.05 

to 0.7. The higher values were observed more frequently during dusty time compared 

to low dust period. The formation of nitrate on coarser alkaline dust is more 

favourable than that of sulphate (Ooki and Uematsu, 2005). The sulphate is getting 

neutralized by the ammonium leading to the higher abundance of nitrate during high 

dust season. The higher NO3
-/nss-SO4

2- ratios, during May-June are evident in both 

years as well as lower ratios during wintertime. The ratios were found very low 

during October-November, 2006, mainly because of the efficient removal of coarser 

nitrate from atmosphere via precipitation. The nss-Ca2+/HCO3
- ratio can be used as a 

diagnostic tracer for the degree of chemical interaction of mineral dust with 

anthropogenic species at this high altitude location. A very low and constant value of 

this ratio has been seen during high dust period (Fig. 4.10d). However, large 

variability is observed during low dust conditions. The HCO3
- content is also found to 

be below detection limit for some samples, during wintertime, when influence of 

anthropogenic components (acidic species e.g. SO4
2- and NO3

-) are dominant. A large 

variability observed in the ratios during wintertime, is caused due to high abundances 

and neutralization of anthropogenic constituents (NO3
- and nss-SO4

2-) by dust particle 

leading to a decrease in HCO3
- content. On the contrary, lower and constant ratios are 

attributed to strong source strength of dust. Thus, it can be interpreted that relatively 

higher ratio represents chemically un-reacted mineral aerosols, whereas the lower 

ratios signify chemically aged particles. 

 

4.2.4 Interaction between mineral dust and anthropogenic components  

 The temporal variability in water-soluble species (Ca2+ and HCO3
-) of 

atmospheric mineral dust and in particular that of Ca2+ follows the abundance of dust 

in coarse and fine mode aerosols (Fig 4.4 a and b). In fine mode, HCO3
- abundance is 
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below detection limit in most of the samples collected during the winter and monsoon 

as well as in few of the samples in summer month. During wintertime, long-range 

transport of pollutants from northern India and dominance of SO4
2- in fine mode 

(PM2.5) provide conducive environmental conditions for the efficient neutralization of 

SO4
2- by the alkaline dust in semi-arid western India. During summer months, 

mineral dust (in both coarse and fine mode) transported from the Thar Desert and as 

far as from the desert regions of Arabia/Oman is enriched in the carbonate content, 

suggesting that bicarbonate abundance can be used as a diagnostic tracer for the 

degree of chemical interaction of mineral dust with anthropogenic species at this high 

altitude location. Relatively high abundance of bicarbonate content would represent 

nascent mineral aerosols, whereas the lower abundance of HCO3
- would imply long-

range transport of aged aerosols. 

 In addition to the atmospheric mineral dust, NH4
+ and K+ are the dominant 

species for the neutralization of acidic constituents. The charge balance among (NH4
+ 

+ nss-K+) versus (nss-SO4
2- + NO3

-) and (nss-Ca2+ + nss-Mg2+) versus HCO3
- can be 

used to investigate the degree of chemical interaction between dust and anthropogenic 

components (Maxwell-Meier et al, 2004; Rastogi and Sarin, 2005a, b; 2006]. In the 

absence of dust, complete neutralization of (nss-SO4
2- + NO3

-), referred as total acid 

(TA), is balanced by (NH4
+ + nss-K+). In this study, scatter plots among (NH4

+ + nss-

K+) and TA (nss-SO4
2- + NO3

-) for the fine and coarse mode (Figs 4.11 a and b, 

respectively), suggest that the total acid is efficiently neutralized by (NH4
+ + nss-K+) 

in PM2.5 with data points falling very close to 1:1 line. However, few of the data 

points with characteristic low concentrations (shown as inset), during summer 

months, tend to deviate from the equiline indicating lack of availability of NH4
+. In 

contrast, the coarse mode particles show large deviation from 1:1 line (Fig 4.11 b); 

suggesting that complete neutralization of total acidity is not adequate due to the 

lower abundances of (NH4
+ + nss-K+) and requires additional neutralizing 

constituents. The scatter plot between (nss-Ca2+ + nss-Mg2+) and HCO3
- for both the 

size fractions has been investigated (Fig. 4.12). For nascent mineral aerosols, in 

absence of interaction with acidic species, the data points in the scatter-plot should 
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fall on equiline. However, a significant data points, in both the size fractions, plot 

towards (nss-Ca2+ + nss-Mg2+) axis (Fig. 4.12) indicating that neutralization of HCO3
- 

is predominant during atmospheric transport. 

 In case of the fine size-fraction, data points for only summer season have been 

shown; the abundance of HCO3
- during the monsoon and winter seasons is below the 

detection limit. These observations bring to focus the role of mineral dust in 

neutralization of excess acid (EA; units expressed in neq m-3) defined as: 

 

EA = (nss-SO4
2- + NO3

-) - (NH4
+ + nss-K+)                                  (1) 

 

The EA constitutes 65 to 100 % of the total acid in coarse fraction and 10 to 84 % in 

the fine fraction, with relatively high values occurring during summer months. 

Furthermore, an overall decreasing trend is observed in the scatter plot (Fig 4.13) 

between EA/ (nss-Ca2+ + nss-Mg2+) and HCO3
-/ (nss-Ca2+ + nss-Mg2+); suggesting 

that the ambient coarse dust plays a dominant role in neutralization of acidic species 

during the winter and summer seasons. However, neutralization by the fine mode dust 

is pronounced only during summer (in absence of NH4
+). A ubiquitous alkaline-

nature of wet-precipitation in the semi-arid region (Rastogi and Sarin, 2005c) further 

supports the chemical data on water-soluble ionic species (Table 4.1 a and b, Fig. 

4.2). The amount of bicarbonate neutralized by the excess acid (defined as nss-Ca2+ + 

nss-Mg2+ - HCO3
-) divided by total acid (TA) in each size fraction gives the 

percentage of acid uptake by mineral dust. Based on these calculations, acid uptake 

by mineral dust in coarse fraction accounts for as much as 95 %, when averaged over 

the annual seasonal cycle. In fine fraction, acid uptake by mineral dust is evident only 

during summer season (averaging around 20 %). 

 

4.3 Summary and conclusions: 

 This study documents large temporal variability in the abundances of water-

soluble ionic constituents (Na+, NH4
+, K+, Mg2+, Ca2+, Cl-, NO3

-, SO4
2-, and HCO3

-),  
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Fig. 4.11 Scatter plot between total acid (TA) and (NH4

+ + nss-K+) for (a) fine and (b) coarse 

aerosols. Data points falling along 1:1 line in fine mode suggest the neutralization of TA by 

(NH+ + nss-K+) with exception of data points during summer seasons (characterized by low 

concentrations as shown in inset). In coarse mode, large deviation from equiline requires 

neutralization by the alkaline dust. 
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Fig. 4.12 Scatter plot between (nss-Ca2+ + nss-Mg2+) and HCO3

-; deviation of data points towards 

X-axis suggest neutralization of HCO3
- ion via uptake of acidic species by mineral 

aerosols. 
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Fig. 4.13 An overall decreasing trend observed in the scatter plot between “excess acid” (EA) and 

HCO3
- (normalized to the abundances of Ca2+ and Mg2+) provides a direct evidence for the 

neutralization of acidic species by mineral dust. Although a best-fit line has been drawn 

through the data points, linear regression parameters are not significant due to large 

scatter. 

 

as measured in the fine (PM2.5) and coarse (PM10-2.5) mode aerosols from a high-

altitude site in high-dust semi-arid region of western India. The major findings are:  

 

1) A uniform dominance of nss-Ca2+ and HCO3
- in the coarse mode (PM10-2.5) 

over the annual seasonal cycle suggests dominant abundance of carbonate 

rich mineral dust. This is in sharp contrast to the higher abundances of NH4
+ 

and nss-SO4
2- in fine (PM2.5) aerosols. 
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2) During wintertime, the relative enrichment of NH4
+ and nss-SO4

2- and their 

significant linear relationship in fine aerosols, suggests their predominant 

anthropogenic source. Significantly lower abundances of these species, 

during summer months, impart a characteristic seasonal variability in the 

water-soluble ionic composition. Documentation of such major seasonal shift 

in aerosol chemical composition is a unique feature of the data from high-

dust semi-arid region, hitherto lacking in the literature. 

3) The mineral dust serves as a dominant neutralizing component for the 

atmospheric acidic species and on average accounts for as much as 95% of 

the acid uptake in coarse mode. In fine mode, during summer months, 

occurrence of dust accounts for nearly 20% of the acid neutralization.  

This brings to focus the role of semi-arid regions and atmospheric mineral dust in 

modifying the abundances of atmospheric acidic species (SO4
2- and NO3

-) and their 

size distribution from fine to coarse mode. This in turn changes the surface properties 

of the mineral aerosols making them active sites for the heterogeneous phase 

chemical reactions involving SOx, NOx and O3. The data presented in this study 

provides a better insight into the relationship between water-soluble ions and mineral 

dust that requires appropriate parameterization in the current climate models. Also, 

chemical interaction of dust, near to the source region, with the long-range transport 

of pollutants is an important process to be accounted for in the regional chemical 

transport models. 
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5.1 Introduction 

The long-range transport of continental aerosols from natural (mineral 

dust) and anthropogenic (SO4
2-, NO3

-) sources to the remote marine environment 

has been recognized as a major source for many biogeochemicaly important trace 

metals and nutrients to the world oceans (Prospero et al., 1981; Duce, 1986; 

Martin et al., 1989; Duce et al., 1991; Jickells, 1999; Arimoto et al., 2001; Jickells 

et al., 2005). Mineral dust is one of the dominant components of aerosol budget, 

accounts for 36% of the global aerosol emissions and has been increasingly 

recognized to influence the regional and global atmospheric chemistry (Dentener 

et al., 1996; Levine et al., 1996; Tegan et al., 1996; Tang et al, 2004a,b; Laskin et 

al., 2005; Ooki and Uematsu, 2005; Rastogi and Sarin, 2006). These dust particles 

are not readily soluble in water but mineralogical studies have shown that 

processed mineral dust in the atmosphere has strong affinity for water (Koretsky 

et al.,1997) and can act as cloud condensation nuclei (CCN) (Rosenfeld et al., 

2001). 

  The Arabian Sea, one of the most biologically productive oceanic regions 

and surrounded by the arid (Oman desert on the west) and semi-arid (Thar desert 

in western India) continental regions, provides an ideal marine environment to 

study the inflow of both natural and anthropogenic chemical constituents and their 

impact on the surface ocean biogeochemistry. With its unique geographical 

setting and well-known annual reversal in the wind regimes, SW-winds at the 

onset of SW-monsoon (May-onwards) and NE-winds during winter months 

(December - March), are expected to impart characteristic changes to the aerosol 

composition in the Arabian Sea-atmospheric boundary layer (AABL). During the 
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US-JGOFS Arabian Sea study, Tindale and Pease, (1999), had provided an 

overview of the transport pathways of dust and sea-salts on an annual basis except 

for inter-monsoon period (April-May). Studies by Johansen et al. (1999), and 

Siefert et al. (1999), had reported on the major ions and trace metal composition 

of aerosols over the Arabian Sea. However, in the latter study, aerosol samples 

were confined only to the western part of Arabian Sea.  

In the present study, a cruise was undertaken in the Arabian Sea during 

18th April – 11th May 2006 as a part of the Integrated Campaign for Aerosol Trace 

Gases and Radiation Budget (ICARB) sponsored by ISRO-Geosphere Biosphere 

Progamme. Our specific objective is to characterize the chemical composition of 

aerosols in the AABL under the influence of the northward progression of ITCZ- 

a characteristic feature over the tropical region. The ITCZ also acts as a barrier to 

restrict the transport of continental species (anthropogenic and natural) to the 

south of ITCZ. In an earlier study, Norman et al., (2003), has shown that, during 

the NE-monsoon, a sharp gradient occurs across the ITCZ with concentration of 

nss-SO4
2-, NH4

+, and nss-K+ decreasing by an order of magnitude on the southern 

side of ITCZ. The entrainment of continental emission products, north of ITCZ 

(transported via NE/NW-winds), are expected to impact the chemical composition 

of aerosols in the central and northern Arabian Sea with the northward 

progression of ITCZ during April-May. This forms the basis for undertaking a 

cruise during the spring inter-monsoon season. Furthermore, this study (cruise 

track is shown in Fig. 5.1) provides a comprehensive chemical composition data 

set consisting of water-soluble constituents, crustal elements and carbonaceous 

species in the aerosols covering a vast expanse of the Arabian Sea. 

 

5.2 Results and discussion 

5.2.1 Air-mass back trajectory analysis:  

The seven-day back trajectories of air masses, for five different dates 

covering the cruise period, were computed using the Hysplit-4 model and FNL-

meteorological data set at 50, 100, 500 m altitude (Fig. 5.2) in order to track the 

origin of air parcels at various sample locations. The selected back trajectories 

(Fig. 5.2) are representative of the transport pattern observed during the cruise. 
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The back trajectory on the first day of the cruise (18th April, 06) describes the 

movement of air parcel originating off the coast of Oman. Subsequently all back 

trajectories for 19th to 28th April show almost the same trend as represented by the 

trajectory of 21st April (Fig. 2) for transect: 9.00 oN, 60.19 oE. On 27th April 2006, 

the high altitude winds (500 m) originated over the western Arabian Sea before 

arriving at the sampling position 14.18 oN, 72.88 oE (Fig.2). From 29th April 

onwards, air parcels mainly originated within the AABL except on 8th May when 

high altitude winds were located over the urban region in western India (Fig. 5.2). 

Of the total 22 days cruise, the frequency of trajectories originating off the coast 

of Oman was 9. 

 In order to describe the spatial distribution of different aerosol 

components and chemical species, the sampling transects have been grouped into 

three different latitudinal regions (Fig. 5.1) Region A: 8-12 oN representing south 

Arabian Sea, Region B: 12-16 oN encompassing central Arabian Sea and Region 

C: 16-22 oN designating north Arabian Sea. We thus summarize that air parcels in 

Region A originated mainly from north-western Arabian Sea (off the coast of 

Oman); whereas air parcels were located within the AABL over the other two 

Regions (except on 27th April and 8th May). The position of ITCZ, as monitored 

during the cruise, was located between 3-4 oS on 18th April, 0-1 oN on 30th April 

and 5-6 oN on 8th May (positions for 30th April and 8th May are shown in Fig. 5.3).  

 

5.2.2 Total suspended particulate (TSP) concentrations:  

Overall, the TSP varied considerably from 8.2 to 46.9 µg m-3 (Av = 

24.7±10.4 µg m-3) whereas the average abundance pattern in the three different 

latitude regions (i.e. A, B, C) is summarized in Table-5.1 and Fig. 5.4 a. The TSP 

abundance in regions A and C are comparable (26.6 and 28.7 µg m-3 

respectively); whereas central region (Region B) is characterized by relatively 

lower abundance of TSP (17.2 µg m-3, Fig. 5.4 a). The highest TSP (46.9 µg m-3) 

was observed on 8th May in the northern most transect (Region C) when the winds 

were confined within the AABL (Arabian Sea-atmospheric boundary layer). 

During the spring inter-monsoon, the winds are predominantly northwesterly pass 

directly over Oman and Wahiba sand-sea areas before entering the Arabian Sea. 
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Due to its proximity to desert area, one would expect high abundance of dust in 

the northern Arabian Sea (and hence high TSP). On the contrary, we observe 

relatively high mass fraction of dust in the southern transect with a conspicuous 

northward decreasing trend (Fig. 5.4 b). This conspicuous spatial pattern is also 

supported by the air-mass back trajectories. In northern section, the winds were 

localized within the AABL and shifted to south-westerly direction. A 

simultaneous study on aerosol optical properties has shown dominance of coarse 

mode fraction (mineral dust and sea-salts) over the Arabian Sea (Kedia and 

Ramchandran, 2008). 

 

 
 

Fig. 5.1 Surface-level average wind vectors along the cruise track (cruise no. SK223B) during 

18April to 10 May 2006 in the Arabian Sea. 

 

5.2.3 Water-Soluble constituents:   

Water-soluble species ranged from 2.1 to 33.4 µg m-3 and their 

contribution to TSP varied from 22 to 71%. The cation and anion abundances in 
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three different latitude regions are summarized in Fig. 5.5; with dominant 

contribution of Na+ and Ca2+ to the cation balance (Fig. 5.5 a); and Cl- and SO4
2- 

among the anions (Fig. 5.5 b). The sea-salt concentration was estimated from the 

Na+ and Cl- abundance based on following relation:  

 

Sea-salt (µg m-3) = Cl- (µg m-3) + 1.47 Na+ (µg m-3)          (1) 

 

Where 1.47 is the ratio of (Na+ + K+ + Mg2+ + Ca2+ + SO4
2- + HCO3

-)/ Na+ in Sea 

water (Holland, 1978; Quinn et al., 2004). This approach excludes the contribution 

of non-sea-salt K+, Mg2+, Ca2+, SO4
2-, and HCO3

- in the sea-salt mass and allows 

for the loss of Cl- due to its depletion through chemical reaction. It also assumes 

that all measured Na+ and Cl- are derived from sea-salts. In this study, Mg2+/Na+ 

molar ratio is 0.20; nearly same as that in the sea-salts (0.22, Keene et al., 1986). 

Hence Na+ has been used as a reference for calculating nss-component of other 

constituents.  The contribution of sea-salts to TSP is relatively low in the southern 

(Region A) and central Arabian Sea (Region B); whereas it is maximum in the 

northern region (Fig. 5.4 a). The increase in sea-salt contribution is a 

manifestation of increased wind speeds (~9 m/s) during the later part of the cruise 

and sampling sites along the coastal region. The scatter plot of Cl- versus Na+ 

(Fig. 5.6) reflects tendency of the data points below the seawater line (slope = 

1.16), indicating pronounced deficiency of chloride with respect to Na+ caused by 

reaction of sea-salt with acidic species (NO3
- and SO4

2-) (Savoie & Prospero, 

1982; Wu and Okada, 1994; Kerminen et al.,1998; Zhuang et al., 1999). This 

chemical uptake of NO3
- and SO4

2- onto sea-salt particles has been suggested to be 

the major pathway for the formation of coarse mode NO3
- and nss-SO4

2- in marine 

boundary layer (Sievering et al., 1991; 1995; Chameides and Stelson, 1992). The 

Chloride deficit has been calculated as follows: 

 

 Cl- deficit (%) = 100[(1.16 Na+) – Cl-
m]/ (1.16 Na+)            (2) 
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Table 5.1: Concentrations of chemical species (µg m-3) in the Arabian sea-atmospheric boundary layer representing three different regions with average, minimum 

and maximum values. 

Region A Region B Region C 
8-12 0N 12-16 0N 16-22 0N Species 

n=11 n=5 n=5 

Average ± 
s.d Minimum Maximum 

TSP 26.6 ± 8.5 17.2 ± 8.0 28.7 ± 13.5 24.7 ± 10.4 8.2 46.9 
Mineral dust 14.1 ± 6.6 7.4 ± 3.4 7.8 ± 2.6 10.7 ± 5.9 2.7 23.7 

Mineral dust(%) 51.6 ± 13.6 42.3 ± 7.7 32.2 ± 15.1 44.1 ± 14.7 13.0 77.7 
Sea-Salt 2.7 ± 1.9 2.2 ± 2.4 12.0 ± 12.4 5.0 ± 7.4 0.3 30.4 

Sea-Salt(%) 9.7 ± 6.3 11.1 ± 8.4 33.0 ± 23.9 16.2 ± 16.4 1.9 64.7 
nss-SO4

2- 3.6 ± 1.2 2.2 ± 0.8 2.3 ± 1.1 2.9 ± 1.2 1.3 5.7 
nss-SO4

2-(%) 13.8 ± 3.7 13.7 ± 3.7 9.7 ± 5.1 12.7 ± 4.3 3.0 20.7 
Al 1.13 ± 0.53 0.59 ± 0.27 0.63 ± 0.21 0.85 ± 0.47 0.21 1.89 
Ca 1.30 ± 0.62 0.48 ± 0.29 0.58 ± 0.18 0.89 ± 0.60 0.13 2.48 
Fe 0.61 ± 0.29 0.28 ± 0.13 0.30 ± 0.11 0.44 ± 0.27 0.09 1.01 

Na+ 1.19 ± 0.68 0.96 ± 0.85 1.49 ± 0.87$ 1.92 ± 2.43 0.22 10.3 
K+ 0.10 ± 0.03 0.09 ± 0.04 0.19 ± 0.14 0.12 ± 0.08 0.04 0.42 

Mg2+ 0.14 ± 0.06 0.08 ± 0.05 0.41 ± 0.47 0.20 ± 0.26 0.04 1.13 
Ca2+ 1.21 ± 0.59 0.43 ± 0.26 0.62 ± 0.28 0.85 ± 0.56 0.12 2.24 
Cl- 0.95 ± 0.98 0.75 ± 1.14 1.44 ± 1.69$ 2.16 ± 3.88 BDL 15.3 

NO3
- 0.58 ± 0.44 0.23 ± 0.31 0.49 ± 0.53 0.40 ± 0.40 BDL 1.34 

NH4
+ BDL* BDL BDL BDL BDL BDL 

EC 0.10 ± 0.04 0.07 ± 0.02 0.07 ± 0.02 0.10 ± 0.08  BDL 0.20 
OC 0.24 ± 0.18 0.11 ± 0.02 0.27 ± 0.07 0.27 ± 0.07  BDL 0.68 

POM 0.50 ± 0.39 0.24 ± 0.06 0.56 ± 0.27 0.44 ± 0.32 0.21 1.42 
$Two data points with high abundance of Na+ (6.2 and 10.3 µg m-3) and Cl- (9.7 and 15.3µg m-3) have not been considered. 
*Below detection limit 
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Fig. 5.2 Typical 7-day air-mass back trajectories at three (50, 100, 500 m) arrival heights 

representing different air-parcels for five different dates during the cruise period. 
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Fig. 5.3 Air-mass back trajectories showing northward progression of ITCZ during the inter-

monsoon period. 

 

Where (Na+ * 1.16) is expected Cl- concentration from sea-salts, in absence of any 

loss of Cl- and all Na+ in ambient aerosols is of sea-salt origin, Cl-
m is chloride 

measured in the sample.  

On a spatial scale, aerosol concentration of NO3
- is 5 to 10 times lower 

than that of SO4
2- (Table-5.1). Therefore, Cl-deficit is largely attributed to 

chemical reaction involving uptake of SO4
2- by sea-salts. The Cl- deficit (%) 

varied from 12-100 %, in proportion to the abundance of nss- SO4
2- (r2 = 0.67, for 

the linear regression), suggesting that sea-salts are one of the potential sink for 

(anthropogenic) SO2 in the AABL. This observation is in close agreement with 

the result obtained from other open ocean regions (Graedel and Keene, 1995). In 

an urban site (Mumbai, 19o23’ N, 72o50’ E) on west-coast of India, Venkatraman 

et al., (2002), had reported Cl- deficit of 78±11 and 39±24 % in two different 

sampling periods during January to March and attributed this deficiency to the 

reaction of HNO3 with sea-salt particles forming coarse mode nitrates. It is further 

suggested that depletion would be favoured in fine mode under high humidity 

conditions (Venkatraman et al., 2002). The contribution of Mg2+ and K+ to the 

total water-soluble components is insignificant as seen in Fig. 5.5 b.  
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Fig. 5.4 (a) Average abundances and spatial variation of aerosol components (μg m-3) in the 

three Regions (A, B, and C) identified based on wind regimes. (b) Percent mass fraction 

of mineral dust, sea-salts and nss-SO4
2- to TSP. 
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Fig. 5.5 Spatial variations in water-soluble components (a) cations, dominated by Ca2+ and Na+ 

and (b) anions, dominated by SO4
2- followed by Cl-. The high data points for Na+ and 

Cl- (Table-1) have not been included in computing mean values. 
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Fig. 5.6 Scatter plot for Na+ and Cl-; all data points falling below the sea-water line imply large 

scale depletion of Cl- from NaCl occurring in the AABL. 

 

The nss-Mg2+ is negligible indicating that sea-salt is the only source for water-

soluble Mg2+; whereas nss-K+ contributes no more than 50% to the soluble K+ 

(Table-5.1). The abundance of nss-SO4
2- is estimated by subtracting sea-salt SO4

2- 

from the total SO4
2-, where sea-salt component is inferred from measured Na+ 

concentration and the constant SO4
2-/ Na+ ocean water ratio of 0.252 (Keene et al., 

1986). In this study, abundance of nss-SO4
2- varied from 1.3 – 5.7 µg m-3 (Av = 

2.9, sd = 1.2) and, on average, accounts for 12.7 % of TSP (Table-5.1). In an 

earlier study, during the intermonsoon period, Johansen et al., (1999), have 

reported nss- SO4
2- concentration as 2.1±1.2 µg m-3 (constituting 9.2 % of TSP); 

of which 65% contribution is of anthropogenic nature, 21% biogenic and 14% 

derived from gypsum. In this study, spatial variation in mass fraction of nss-SO4
2- 

concentration is not significantly pronounced (Fig. 5.4 b). In southern section 

(Region A (Fig.5.1)), nss-SO4
2- averages around 13.8±3.7 % of TSP (Table-5.1), 

compared to its contribution of 9.7±5.1 % observed in northern section (Region 

C). The higher nss-SO4
2-/SO4

2- ratio of 0.86±0.15 suggests dominance of 
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anthropogenic sulphate during the spring inter-monsoon. Johansen et al. (1999), 

have demonstrated similar impact of anthropogenic inputs (nss-SO4
2-/SO4

2- = 

0.76±1.04) during inter-monsoon compared to south-west monsoon season (nss-

SO4
2-/SO4

2- = 0.33±0.13) over the Arabian Sea. It is noteworthy that during the 

NE-monsoon this ratio increases up to 0.95±0.28 and 0.91±0.62 in two different 

sets of sample collection because of continental inflow from surrounding region 

(Johansen and Hoffmann, 2004). 

The scatter plot between nss-SO4
2- and nss-Ca2+ with a significant 

correlation, r2 = 0.68 and slope = 0.73, indicates the neutralization of 

anthropogenic nss-SO4
2-, produced largely by heterogeneous oxidation of SO2 by 

H2O2/O3, on alkaline dust (CaCO3). The ratio of water-soluble calcium (nss-Ca2+) 

to total Ca approaching close to unity is a further evidence for the enhanced 

solubility of calcium (CaCO3) as it undergoes acid uptake reaction. In a recent 

study, Rastogi and Sarin (2006) have documented uptake of acidic species by 

mineral dust component (CaCO3) over an urban area located in a semi-arid region 

of western India. Similar field observations over the continental sites (Sullivan et 

al., 2007) and marine environment (Ooki and Uematsu, 2005) have been 

demonstrated based on correlation among Ca2+ and NO3
- measured in bulk-

aerosols. Unlike sulphate, abundance of NO3
- is dominated by coarser mode as a 

result of heterogeneous reaction of gaseous HNO3 with mineral dust particles 

(Ooki and Uematsu, 2005). The correlation coefficient is further significant (r2 = 

0.79) for the scatter plot between (nss- SO4
2- + NO3

-) and nss-Ca2+ in this study  

 

5.2.4 Mineral aerosols over Arabian Sea:  

The abundance of aluminum (Al) is typically used as an indicator of 

mineral aerosols (Duce and Tindale, 1991). Based on the assumption that the ratio 

of Al in mineral aerosols to be the same as in UCC (upper-continental crust with 

Al content of 8%, Taylor and McLennan, 1985), the atmospheric abundance of 

mineral dust ranged from 2.7 to 23.7 µg m-3 in the AABL (Table-5.1). This is in 

contrast to the high dust concentrations, 12-117 µg m-3 (Av: 50 µg m-3), reported 

over the Arabian Sea (Pease et al., 1998).  
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Fig. 5.7 (a) Scatter plot of Al with crustal components (Fe and Ca) showing characteristic ratios 

(Average Fe/Al = 0.51, and Ca/Al = 0.89) representing the mineral aerosols in the 
Arabian Sea-atmospheric boundary layer. (b) Linear regression of Al with TSP 
indicates characteristic feature of high Al/TSP ratio in the sample collected along the 
west-coast of India. 
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The mass fraction of dust in the three different latitude Regions (A, B, and 

C) is shown in Fig. 5.4 b; with conspicuous decreasing trend from southern to 

northern transect. This decreasing pattern is associated with the changes in wind 

regimes from north-westerlies (in the southern section) to the south-westerlies 

prevailing in the north Arabian Sea. The north-westerlies transport dusts from the 

coast of Oman; whereas high winds (9-10 m/s) prevalent in the northern transect 

during the cruise period are associated with relatively high abundance of sea-salts. 

The sources of dust over the Arabian Sea primarily include transport from Oman, 

Yemen and Rub-Al-Khali sand-sea and, to some extent, the sabkha complexes 

along the south-eastern coast-line of Arabian Peninsula. The Wahiba sand-sea is 

an active dune field located on the eastern coast of Oman. Most of the sediments 

throughout the Wahiba area consist primarily of carbonate, quartz and notable 

amounts of ultramafic minerals (e.g. olivine and pyroxene) originating from an 

ophiolite (abducted oceanic crust) sequence (Pease et al., 1998). 
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Fig. 5.8 Scatter plot among total Ca and water-soluble Ca2+. Almost all data points falling close 

to 1:1 line imply enhanced solubility of calcium due to acid-uptake (SO4
2-) by mineral 

dust. 
 

In an attempt to characterize the mineral aerosols over the Arabian Sea, we 

have analyzed other crustal components like Fe and Ca. The concentrations of 
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these crustal elements vary as Fe: 0.09 to 1.01 and Ca: 0.1 to 2.5 µg m-3, 

respectively. The linear regression analysis performed for these elements with 

respect to Al (Fig. 5.7 a), yields significant regression coefficients: Fe (r2 = 0.98) 

and Ca (r2 = 0.86) suggesting that there is no fractionation of mineral dust (silicate 

grain) and Ca-rich particles (CaCO3) during their transport to AABL. The Fe/Al 

ratio varied from 0.40 to 0.58 (Average = 0.51; sd = 0.05), in comparison to Fe/Al 

ratio in upper continental crust (0.44; Taylor and McLennan, 1985). It is also 

noteworthy that the scatter plot of Al with TSP (Fig. 5.7 b) exhibit significantly 

higher Al/TSP ratio for some of data points (encircled data in Fig. 7b). These data 

points, coincidently, represent the samples collected along the west-coast of India. 

On the other hand Ca/Al ratio ranged from 0.51 to 1.42 (Average = 0.89; sd = 

0.27), a factor of 2-3 higher than that expected from UCC (0.38; Taylor and 

McLennan, 1985); indicating that mineral aerosols in the AABL are enriched in 

calcium carbonate with high capacity to neutralize acidic species. The presence of 

carbonate rich dust over Arabian Sea and its potential to remove acidic species 

(nss-SO4
2-) is reflected from the significant linear regression among nss-SO4

2- and 

nss-Ca2+; with molar ratio of Ca2+/ SO4
2- ranging from 0.20 to 1.16, Average = 

0.61 and positive intercept (nss-SO4
2- = 1.52 μg m-3); attesting to the fact that 

major contribution from gypsiferrous soils is very unlikely. As stated earlier, a 

linear plot between water-soluble nss-Ca2+ and total calcium with significantly 

high correlation coefficient (r2 = 0.97) demonstrates that sparingly soluble CaCO3 

undergoes in-situ chemical transformation reaction with nss-SO4
2- to form CaSO4 

and hence increase in solubility of calcium (Fig. 5.8). 

 

5.2.5 Carbonaceous aerosols over Arabian Sea: 

The organic carbon (OC) and elemental carbon (EC) concentrations were 

determined using EC-OC analyzer (Sunset Laboratory, Forest Grove, USA, model 

2000) on a 1.5 cm2 filter punch from the sample filter. Details of analytical 

protocol on EC–OC measurements used in our lab have been described in a recent 

article by Rengarajan et al. (2007). The contribution of EC and OC mass to TSP is 

insignificant in the entire study area during the sampling period. The abundance 

of EC and OC varied from < 0.05 to 0.20µg m-3 (Av: 0.08 µg m-3) and < 0.1 to 
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0.68 µg m-3(Av: 0.21 µg m-3) respectively. Relatively high concentrations of both 

EC and OC were observed in the southern transect (Region A) where the 

continental influence is more predominant (as discussed above). There is no 

significant correlation observable between EC and OC concentrations suggesting 

their weak source strength and transport to AABL. The mass of particulate 

organic matter (POM, Average: 0.44 µg m-3) has been calculated by multiplying 

the measured OC concentration with a factor of 2.1, which is an estimated average 

of the molecular weight per unit weight of carbon for the organic aerosols in the 

marine atmospheric boundary layer (Turpin and Lim, 2001; Quinn et al., 2004). 

The average composite of aerosols in the Arabian Sea-atmospheric 

boundary layer is presented in the form of a pie-chart (Fig. 5.9), showing the 

dominance of mineral dust (44%) followed by contributions from sea-salts (16%), 

nss-SO4
2- (13%) and POM (2%). The unaccounted component (25% of TSP) of 

aerosol composition can be attributed to water content of aerosols (Tsai and Kuo, 

2005).  

 

Mineral Dust
 45%

Sea-salt
16%

nss-SO4
2-

13%

Unknown
24%

POM
2%

 
Fig. 5.9 Average compositions of aerosols in the Arabian Sea-atmospheric boundary layer 

during inter-monsoon season indicating the dominant role of mineral dust in chemical 
mass closure of aerosols. 
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5.2.6 Deposition Fluxes: 

It has been well recognized that the dissolution of certain crustal elements 

e.g. Fe, via air-sea deposition of mineral aerosols, is an important (at times 

dominant) source for the surface water of open ocean (Duce et al., 1991). Trace 

elements attached to the aerosols can reach the sea surface following different 

pathways by: 1) dry-deposition in which aerosols reach sea-surface under the 

influence of gravity, and 2) wet-deposition in which aerosols are scavenged and 

their subsequent dissolution (Tindale and Pease, 1999). However, the magnitude 

and significance of the dry-deposition velocities and scavenging ratios used to 

convert aerosol concentration to deposition flux calculations are poorly 

documented both on a temporal and spatial scales; and hence represent a major 

uncertainty in estimates of atmospheric fluxes to ocean (Arimoto and Duce, 1986; 

Galloway, 1993; Jickells, 1995; Arimoto et al., 2003). The evaluation of wet 

inputs from rain water concentrations and rainfall intensity are by and large better 

constrained, but the estimation of dry deposition is more questionable because of 

large uncertainties of dry deposition velocities used in the calculation model 

(Duce et al., 1991; Migon et al., 1997). Atmospheric dry flux can be calculated by 

using dry deposition velocity (Vd) times the aerosol concentration. Earlier studies 

by Sarin et al., (1999), over Arabian Sea during intermonsoon period, had 

estimated effective dry-deposition velocity (Vd) of ~0.9 cm/sec for bulk aerosols 

using 210Pb as a tracer. Considering Vd = 0.9 cm/sec, the total deposition flux of 

Al and Fe has been calculated (664 and 395 µg m-2 d-1) and compared with trace 

element fluxes over world ocean (Duce et al.,1991, Rastogi, 2005a). A 

comparative data are presented in Fig. 5.10. However, the fluxes reported in this 

study are the average for the inter-monsoon season (April and May); whereas data 

for other oceanic sites are the annual averages. The deposition flux of Iron, one of 

the most important micronutrients for surface ocean primary productivity, is 

significantly higher than that over World Ocean. It was pointed out (Zhuang et al., 

1992) that high acidity in the aerosol particles, resulting primarily from H2SO4, 

derived from both anthropogenic and natural (DMS produced) sources, would 

enhance solublization of Fe(III) oxides in the mineral aerosols through the 

photoreduction reaction during the long-range transport of dust. Water soluble Fe, 
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which can be considered as bio-available iron, can be calculated assuming 

solubility of Fe as 10% of total Fe (Zhuang et al., 1990; Duce and Tindale, 1991). 

Using the above assumption and data presented in Table-1, the bioavailable Fe 

flux (i.e. water soluble Fe) to the Arabian Sea during inter-monsoon season has 

been derived as 40 µg m-2 d-1.  
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Fig. 5.10 Dry-deposition fluxes of Fe and Al to the Arabian Sea during the inter-monsoon are 

compared with the corresponding fluxes at other oceanic sites. 
 

 

5.3. Summary and conclusions:  

A comprehensive study involving major ions and crustal elements in the 

aerosol samples collected during the spring inter-monsoon in the Arabian Sea-

atmospheric boundary layer (AABL) is reported here. The nss-SO4
2- and nss-Ca2+ 

account for about 85 and 90%, respectively,  to their total water-soluble (WS) 

cocentrations and molar ratio of WS-Ca2+ to sulphate centering around 0.61 attest 

to the dominant impact of anthropogenic sources on the chemistry of aerosols in 

AABL. This is further supported by the enhanced solubility of Calcium due to 

large scale uptake of anthropogenic sulphate by alkaline dust. On average, mineral 
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dust accounts for nearly 45% of the total suspended particulates (Average = 25 μg 

m-3), under the influence of rapidly shifting wind regimes from NE-monsoon to 

spring inter-monsoon. A conspicuous spatial variability is reflected in the south to 

northward decrease in the abundance pattern of mineral dust, an observation also 

supported by the air-mass back trajectories. The carbonaceous aerosols do not 

make a significant contribution to the aerosol loading during the inter-monsoon. 

The Fe/Al ratios reveal characteristic nature of the dust sources from the 

surrounding desert region. The relatively larger dry deposition fluxes (395 µg m-2 

d-1), in comparison to other oceanic regions, has implication to the bioavailability 

of iron in controlling the surface biogeochemistry of the Arabian Sea. 



CChhaapptteerr  66  

  

AAEERROOSSOOLL  IIRROONN  SSOOLLUUBBIILLIITTYY  IINN  AA  
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AANNDD  AANNTTHHRROOPPOOGGEEIINNCC  SSOOUURRCCEESS  

  

 

 

6.1 Introduction: 

 The atmospheric transport and deposition of mineral dust is considered as 

one of the major sources by which iron is supplied to the ocean surface (Duce and 

Tindale, 1991; Fung et al., 2000; Mahowald et al, 2005, 2009; Jickells et al, 

2005). Also, iron is hypothesized as a limiting factor in controlling the 

phytoplankton production in the high nutrient low chlorophyll (HNLC) regions 

(Martin et al, 1991). These are recognized as potential regions in modulating the 

CO2 uptake due to the increase in phytoplankton productivity and thus, affecting 

the global carbon cycle and climate (Jickell et al, 2005; Meskhidze et al, 2003; 

Solmon et al, 2009). On average, dust aerosols contain 3.5% of iron mainly 

existing in the form of aluminosilicate (Duce and Tindale, 1991; Zhu et al, 1997). 

The aerosol Fe associated with mineral dust remains insoluble at pH conditions 

typical of sea-water (Stumm and Morgan, 1981; Zhu et al, 1997). However, a 

finite fraction of the aerosol Fe [referred as dissolved iron], is used by 

phytoplanktons. Several field based studies, incorporating different analytical 

techniques, have documented large variability (0.01 to 80 %) in the water-soluble 

fraction of aerosol iron and continues to remain a major source of uncertainty in 

assessing the impact of atmospheric supply of iron to the marine ecosystem and 

the biogeochemical cycle (Hand et al, 2004; Chen and Siefert, 2004; Mahowald et 

al, 2005; Baker et al, 2006).  
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One of the proposed mechanisms for the enhanced solubility of iron is the 

chemical processing of aerosol particles, during long-range transport, mediated by 

the presence of acidic components (e.g. SO2 and its oxidation products) and 

sunlight (Zhuang et al, 1992; Johansen et al, 2000; Meskhidze et al, 2003). On the 

contrary, some of the field experiments have indicated that the soluble iron can be 

enriched as a result of direct emission from fossil-fuel combustion and biomass 

burning (Chuang et al, 2005; Sedwick et al, 2007; Sholkovitz et al, 2009). The 

mixing state of atmospheric aerosols is also considered as one of the important 

factors affecting the fractional solubility of aerosol Fe (Baker and Croot, 2008). In 

the source regions, aerosol particles are represented as a mixture of both 

externally and/or internally mixed state which acquire internally mixed state 

during long-range transport. The condensation of gaseous species (on pre-existing 

particles) as well as in-cloud processing of aerosols is responsible for the increase 

in internal mixing state which is populated in the fine mode. Baker and Jickells, 

(2006), have argued that the increase in aerosol iron solubility is influenced by the 

decrease in particle size (i.e. increase in surface area to volume ratio) during 

atmospheric transport rather than differences in the composition of aerosols. On 

the contrary, Buck et al, (2008) have demonstrated that there is no such obvious 

correlation and that aerosol composition from the source region is a dominant 

factor in controlling the iron solubility. 

It is, thus, imperative to investigate and understand various sources and 

factors affecting the fractional solubility of aerosol iron at regional scale in order 

to further constrain its role in the biogeochemical models (Mahowald et al, 2009). 

In this context, chemical data from high-dust semi-arid regions of south-Asia are 

lacking in the literature. With this motivation, fine mode (PM2.5) aerosol samples 

were collected from a high- altitude site located in a semi-arid region of western-

India, an important source region for the atmospheric supply of dust to the 

Arabian Sea. Sampling from a high-altitude site is considered to be advantageous 

in order to study the long-range transport of mineral dust across western India 

(Kumar and Sarin, 2009). In this chapter we report on the atmospheric abundance 

of mineral dust and fractional solubility of iron in the fine mode aerosols (PM2.5). 
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We have also evaluated the temporal trend and impact of anthropogenic sources 

affecting the water-soluble fraction of iron. 

 

6.2 Results and discussion: 

In the regional context of western India and based on the meteorological 

parameter, two distinct seasons have been defined (discussed in chapter 2), viz. 

summer (March – May) characterized by convective mixing and high-dust loading 

in the atmosphere and winter (October – February) when the advective transport 

of pollutants from northern India dominates the aerosol composition. Typical 

monthly average wind pattern for the month of January (representing the winter 

season) and April (representing the summer season) are shown in Fig. 6.1. The 

remainder months (June – September) represent the wet phase (monsoonal rain) 

with efficient washout of the atmosphere. 

The water-soluble iron (WS-Fe) was measured on Graphite Furnace-

Atomic Absorption Spectrometer (P-E Model AAnalyst 100 coupled to a HGA 

800). The selection of Milli-Q water for WS-Fe, instead of seawater, is based on 

the rationale that Milli-Q water provides a consistent and reproducible leaching 

solution (Buck et al, 2006; Sedwick et al, 2007). The data on WS-Fe reported in 

this chapter represent relative amount of soluble Fe (also referred as “operational 

solubility”) as compared to absolute solubility. Sedwick et al, (2007), have 

attempted to estimate “effective solubility” of aerosol iron over the Sargasso Sea 

from the “operational solubility”. 

 

6.2.1 Chemical characteristics of fine mode aerosols and temporal variability: 

The temporal variability in the mass concentration of fine mode (PM2.5) 

aerosol (range: 5.5-46.1 µg m-3), during the two distinct seasons (summer and 

winter), is presented in Fig. 6.2 a. A large variability is observed during 

wintertime compared to that in summer season and is attributed to the down-wind 

(northeast-winds) advective transport of anthropogenic species from emission 

sources in northern India. The mass fraction of dust (Fig. 6.2 b) has been 

calculated using Al abundance in the aerosols, and assuming 8.04 % of Al as 

composition of upper continental crust (McLennan, 2001; Rastogi and Sarin, 
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2006; Kumar and Sarin, 2009). The mass fraction of dust, plotted as a function of 

Julian days (Fig. 6.2 b), makes significant contribution to the PM2.5 mass during 

summer time (Av = 56.9 ± 20.6 %) compared to winter months (Av = 18.1 ± 12.5 

%), suggesting distinct sources of dust during the two seasons. This is further 

supported by the air-mass back trajectory analysis depicting the transport of air-

masses from the two distinct regions during summer and winter seasons (Fig. 6.1 

a and b). 

The elemental ratio of Fe/Al has been used to characterize the sources of 

dust over the study site similar to approach used by Chiapello et al, (1997). The 

temporal trend in Fe/Al ratio (Fig. 6.2 c) represents a large variability during 

winter months compared to the summer season. During the high dust season 

(summertime), Fe/Al ratios are in the narrow range of 0.55 to 0.80 (for ca. 85% of 

the data points), suggesting a characteristic nature of mineral aerosols derived 

from desert regions (western India). During wintertime, under the influence of 

prevailing north-easterlies, significantly higher Fe/Al ratios (range: 0.49-1.58; Fig. 

6.2 c) in the fine mode (PM2.5) are attributable to the widespread pollution sources 

in the Indo-Gangetic Plain (northern India) (Kumar and Sarin, 2009). 

Another line of evidence has been drawn based on the Fe/Al ratio ranging 

from 0.55 to 0.63 in the weathered soils from northern India, as inferred from the 

composition of river bank sediments (Sarin et al, 1979). It is, thus, proposed that 

significant contribution of Fe from mineral dust is unlikely and that the 

enrichment of Fe/Al ratio in PM2.5, during wintertime, may be attributed to 

anthropogenic sources (fossil-fuel combustion and/or biomass burning). The 

dominance of biomass burning has been documented based on the OC/EC 

(organic carbon/elemental carbon) ratios as high as 7-8 in northern India 

(Rengarajan et al, 2007). The influence of anthropogenic sources on the chemical 

composition of fine mode aerosols is also well demonstrated by the temporal 

variability in the chemical constituents (e.g. NH4
+, NO3

-, and nss-SO4
2-) as shown 

in Figs. 6.2 d, e, and f. The abundances of NH4
+ and nss-SO4

2- exhibit parallel 

increase in proportion with the PM2.5 mass during winter months; re-emphasizing 

the long-range transport of pollutants from northern India (supported by the air-

mass back-trajectories; Fig. 6.1 a).  



                                                                                                                Chapter-6 

 106

THAR 

DESERT

INDO-GANGETIC PLAIN

Mt.Abu

ARABIAN
SEA

(a)

63E 69E57E 81E75E 87E
8N

12N

16N

20N

24N

28N

Longitude

JANUARY-2007

THAR 

DESERT

Mt.Abu

ARABIAN SEA

(b)

57E 63E 69E 75E 81E 87E
8N

12N

20N

16N

24N

28N

Longitude

APRIL-2007

 
 
Fig. 6.1 Map showing sampling site (Mt. Abu) and important source regions influencing the 

transport of aerosols. Typical 7-day air mass back trajectories (using HYSPLIT model; 
http://www.arl.noaa.gov/HYSPLIT.php) at the study site during (a) winter: 16 Jan 2007 
and (b) summer: 01 April 2007. Also shown are the monthly average wind regimes 
during January (representing the winter season) and April (representative of summer 
season).  

 

 

On average, NH4
+ and nss-SO4

2- account for 10 and 30 % of the fine mode (PM2.5) 

mass during wintertime. It is, however, noteworthy that the concentration of NO3
- is 

nearly five times less than that of SO4
2- (Fig. 6.2 e and f). 

 

6.2.2 Temporal variability of aerosol iron (FeA) and water-soluble iron (WS-Fe): 

 During the summer season, contribution of dust to PM2.5 mass is relatively 

high and steadily decreases in winter months (Fig. 6.2 b). Thus, aerosol Fe (FeA) 

concentration also exhibit similar temporal variability (Fig. 6.3 a), with relatively 
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Fig. 6.2 Temporal variability during winter and summer seasons in 2007 at a high altitude 

station (Mt. Abu), for (a) PM2.5 aerosol mass, (b) mass fraction of estimated dust, (c) 
FeA/Al weight ratio (d) concentrations of NH4

+, (e) NO3
- (f) nss-SO4

2. 
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high values occurring during the summer months (range: 161- 915 ng m-3) 

compared to the winter season (range: 50 to 397 ng m-3). In contrast, temporal 

variability of water-soluble Fe fraction (i.e. [WS-Fe/FeA] *100) shows an opposite 

trend over the annual seasonal cycle (Fig. 6.3 b). The percentage of WS-Fe 

averages around 8.1 ± 3.5 % (range: 2.5 to 16.1 %) during wintertime and 1.6 ± 

1.9 % (range: 0.06 to 6.1 %) during summer months (Fig. 6.3 b). The enhanced 

fractional solubility of Fe [WS-Fe (%)], during wintertime, is associated with 

relatively low abundance of dust and FeA; whereas lower solubility is a 

characteristic feature of the high dust season (higher FeA). It is noteworthy that the 

fractional solubility does not show significant correlation with nss-SO4
2- (Fig. 6.4 

a). This is unlike the process of enhanced dissolution/leaching of aerosol Fe with 

the increasing acidity (lower pH) suggested by Meskhidze et al, (2003). The 

abundances of nss-SO4
2- and NH4

+ (expressed in equivalent units) exhibit 

significant linear correlation (Fig. 6.4 b; r2 = 0.90), indicating the predominance of 

nss-SO4
2- in the fine mode as ammonium salt. A wide range of values for water-

soluble Fe fraction have been reported during several field experiments from the 

oceanic regions (Seifert et al, 1999; Johansen and Hoffmann, 2003; Chen and 

Siefert, 2004; Baker et al, 2006; Sedwick et al, 2007; Buck et al, 2006). Some of 

them have also reported on the potential link between acid processing during 

long-range transport and enhancement in the iron solubility. However, these 

studies do not firmly conclude acid processing as a primary control for iron 

fractional solubility. More recently, it has been hypothesized that the increase in 

fractional iron solubility may vary with the mixing state of aerosols as well as 

deposition of acid and dust particle simultaneously during atmospheric transport 

(Baker and Croot, 2008). One of the recent modeling study by Luo et al, (2005), 

have concluded on the lack of significant correlation between observed sulphate 

or organic acids and iron solubility. In this study, it is quite reasonable to assume 

that the long-range transport of fine mode particles sampled from a high-altitude 

site, during wintertime, are internally mixed. However, based on the observation 

that the mass fraction of dust significantly decreases during winter months (Fig. 

6.2 b), and together with efficient neutralization of nss-SO4
2- by NH4

+ it can be 

inferred that chemical processing of aerosols is of minor significance for the 
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increased fractional Fe solubility at this study site. In the regional context, it may 

also be emphasized that the large buffer capacity of the carbonate dust is relevant 

during the high-dust season. 
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Fig. 6.3 Temporal variability of (a) total aerosol iron (FeA) concentration and (b) water-soluble 

fraction of iron [WS-Fe (%)], (c) concentration of Cd and (d) Pb, in the aerosol 
samples collected from Mt. Abu. 

 
 
 
6.2.3 Solubility of aerosol iron and role of anthropogenic sources 

The relatively low abundance of WS-Fe in aerosol samples collected 

during the high dust season (summertime), and high solubility of aerosol Fe 

during the winter months (characterized by lower dust abundance) clearly 

demonstrates that Fe solubility is not dictated by the abundance of the mineral 
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dust and aerosol Fe. The significantly high FeA/Al ratios are characteristic of the 

FeA < 200 ng m-3 (Fig. 6.5 a). Furthermore, we have evaluated the concentrations 

of Cd and Pb as a function of total aerosol Fe (FeA) concentration (Fig. 6.3 c and 

d); thus documenting a sharp increase in their abundances at low concentration of 

FeA (less than 200 ng m-3). It is noteworthy that extremely low FeA content is 

characteristic of wintertime when aerosol composition is influenced by the 

advective transport of pollutants from northern India (Indo-Gangetic Plain) 

associated with north-easterly winds. The enrichment factors of Cd and Pb (with 

respect to Al) show exceptionally high values (range: 214-6700 and 85-3650, 

respectively), during winter months, suggesting dominant impact of 

anthropogenic sources. The elevated Cd/Al and Pb/Al ratios in the aerosols, 

compared to the upper continental crust can be used as important indicator of 

anthropogenic aerosols produced by burning of fossil-fuel (Arimoto et al, 1995; 

Niragu and Pacyna, 1988). The plot between WS-Fe (%) and FeA (Fig. 6.6), shows 

a similar enhancement shown by Cd/Al and Pb/Al versus FeA (Fig. 6.5 b and c), 

further corroborating that the fractional solubility of Fe is dictated by the 

contribution from anthropogenic activities (fossil-fuel combustion products) 

during winter season. In contrast, low solubility of Fe is associated with the high 

dust conditions and transport from desert and semi-arid region in western India 

and as far as from Oman desert during summer month. Recently, Buck et al, 

(2008a), have observed similar type of enrichment of soluble Sb and Pb, over 

central Atlantic Ocean and suggested the burning of fossil fuel as an important 

source. Relatively enriched Fe/Al mass ratio has been reported for fuel-oil fly ash 

and exhaust particle produced by diesel combustion (Desboeufs et al, 2005); 

where as 77-81 % of water-soluble Fe can be contributed by oil combustion 

products (Schroth et al, 2009). Chuang et.al, (2005), has demonstrated significant 

contribution of particulate soluble Fe concentration from anthropogenic activity 

rather than processing during long-range transport in the East Asian atmospheric 

outflow over annual timescales. 

The “operational solubility” of Fe [WS-Fe (%)] versus total Fe (FeA) 

represents a two component mixing plot (Fig. 6.6). This is also confirmed by 

plotting WS-Fe (%) and 1/FeA, yielding a best fit linear regression line (r = 0.82; 
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p<0.001). Based on this observation, a conservative mixing line is generated for 

the two distinct end members (similar to the approach adopted by Sedwick et al, 

2007). One end member is characterized by higher FeA concentration (915 ng m-3) 

with fractional solubility of 0.06 % (during the summertime). The other end 

member is characterized by lowest FeA value of 50 ng m-3 associated with the 

soluble fraction of 16.1 % (representing wintertime data). 
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Fig. 6.4 (a) Large scatter between WS-Fe (%) and nss-SO4

2- suggests that chemical processing 
during aerosol transport is of minor significance for soluble iron fraction at the study 
site. (b) Linear relationship among abundances (in equivalent units) of nss-SO4

2- and 
NH4

+ in the fine (PM2.5) aerosols during summer and winter seasons. 
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Fig. 6.5 (a) FeA/Al (b) Cd/Al, (c) Pb/Al ratios are plotted against total aerosol iron 

concentration. A sharp increase in Cd/Al and Pb/Al ratio at lower FeA concentration is 
observed for winter month samples.  

 

 The modeled curve simulates reasonably well the inverse relationship 

between WS-Fe (%) and total aerosol Fe, except for the few data points deviating 

from the mixing line during winter season. The data for the aerosol iron-solubility 

from Sargasso Sea exhibit similar kind of hyperbolic relationship with the total 

aerosol iron (Sedwick et al, 2007). For comparison, the FeATMISS (Iron 

Atmospheric Inputs to the Sargasso Sea; Sedwick et al, 2007) data points 
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collected over time period ranging from days to months have been plotted on the 

mixing curve representing this study. This comparison suggests that the 

contribution of aerosol Fe from anthropogenic sources influences the fractional 

solubility of Fe nearly to the same degree as over Sargasso Sea. Such an approach 

provides better insight into operational solubility of aerosol Fe and enforcing our 

conclusion that Fe solubility in the semi-arid region of western India is primarily 

controlled by composition and chemical nature of aerosols from the source region 

rather than chemical processing during their long-range transport.  
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Fig. 6.6 Relationship between WS-Fe (%) and FeA for Mt. Abu samples along with the 

FeATMISS data (Sedwick et al, 2007) from Sargasso Sea. Two of the data points from 
FeATMISS exceeding FeA > 1000 ng m-3 are not shown in the Figure. 

 
 

6.3. Conclusions and implications: 

The chemical composition of atmospheric particulate matter (PM2.5), 

studied from high-dust semi-arid region of western India, reveals conspicuous 

temporal variability in the fractional solubility of aerosol iron dominated by the 

anthropogenic sources. During wintertime, the advective transport of pollutants 

(derived from fossil-fuel combustion and biomass burning) from the Indo-

Gangetic Plain (northern India), with distinctly high FeA/Al, Pb/Al and Cd/Al 

ratios, result in enhanced fractional solubility of Fe (Av = 8.1 ± 3.5 %). The 
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impact of anthropogenic sources is further demonstrated by significant increase in 

the ambient concentrations of NH4
+ and SO4

2- in fine mode (PM2.5). In contrast, 

the high-dust season (summertime) associated with high abundance of aerosol Fe, 

is characterized by exceedingly low solubility (Av = 1.6 ± 1.9 %); suggesting that 

atmospheric chemical processing is of minor significance.  

These results have implications to the atmospheric source of soluble iron 

associated with large-dust events occurring in the semi-arid regions. In a recent 

study from the Arabian Sea, the dry-deposition flux of Fe during the period of 

inter-monsoon (March-April, 2006) was estimated to be 395 µg m-2 d-1 based on 

the Fe concentration (range: 90 to 1010 ng m-3) in ambient aerosols (Kumar et. al, 

2008). Assuming 10 % as the solubility of aerosol Fe (also commonly referred as 

bio-available Fe in the literature) would lead to over estimation of the supply of 

dust related soluble iron to the ocean surface. Such regional scale studies are, thus, 

important to constrain the existing uncertainties in the atmospheric source and 

delivery of soluble iron for modeling the impact on surface ocean 

biogeochemistry. 
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7.1 SYNTHESIS 

The regional scale studies of atmospheric mineral aerosols are important to 

understand and assess their impact on climate and environmental change. Very 

limited field measurements of atmospheric mineral dust over Indian region are 

reported. Real time field observations provide the most direct information about 

aerosol characteristics. This study provides an expansive and unique data set of 

size-segregated aerosol samples [fine (PM2.5) and coarse (PM10-2.5) mode] from a 

high-altitude site located in a semi-arid region (Mt. Abu, 24.6 oN, 72.7 oE, 1680 m 

asl) during 2006 and 2007 as well as bulk aerosol composition in the MABL of 

Arabian Sea (April - May 2006). Aerosol samples (in both size fraction) were 

analyzed for water-soluble ionic species (Na+, NH4
+, K+, Mg2+, Ca2+, Cl-, NO3

-, 

SO4
2- and HCO3

-), crustal constituents (Al, Fe, Ca, and Mg). In addition, aerosol 

iron solubility has also been assessed in fine (PM2.5) fraction based on the water-

soluble Fe (WS-Fe) and acid-soluble trace elements (Pb and Cd). 

 The mass concentrations of fine (PM2.5) and coarse (PM10-2.5) mode 

aerosols varied from 1.6 to 46.1 and 2.3 to 102 µg m-3 respectively over the 

annual seasonal cycle; with dominant and uniform contribution of mineral dust 

(60 to 80 %) in the coarse mode relative to large temporal variability (11 to 75 %) 

observed in the fine mode. The coarse mass fraction shows a characteristic 

increase with the wind speed during summer months (Mar to Jun); whereas fine 

aerosol mass and its elemental composition exhibit conspicuous temporal pattern 

associated with north-easterlies during wintertime (Oct to Feb). The Fe/Al weight 

ratio in PM2.5 ranges from 0.5 to 1.0 during winter months. The relative 

enrichment of Fe in fine mode, compared to the crustal ratio of 0.44, is attributed 
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to the down-wind advective transport of combustion products derived from large-

scale biomass burning, industrial and automobile emission sources located in the 

Indo-Gangetic Plain (northern India). In contrast, Ca/Al and Mg/Al weight ratios 

show relative enrichment of Ca and Mg in the coarse mode; indicating their 

dominant contribution from carbonate minerals. 

The water-soluble ionic composition (WSIC) varied from 1.0 to 19.5 µg 

m-3 in the fine mode and constitutes 50, 39 and 31 % of the aerosol mass during 

winter, summer and monsoon respectively, with dominant contribution from SO4
2-

, NH4
+ and HCO3

-. Furthermore, a two fold increase in the abundances of nss-

SO4
2- and NH4

+ and their co-variability during wintertime, relative to high-dust 

conditions in summer, suggest dominance of anthropogenic sources and long-

range transport of combustion products (biomass burning and fossil-fuel 

emissions) from northern India. In the coarse mode, WSIC ranged from 0.1 to 

24.8 µg m-3 and its contribution to aerosol mass was consistently low (annual 

average = 21 %) with predominance of Ca2+ and HCO3
-, indicating contribution 

from carbonate rich mineral dust. The nss-SO4
2-/NO3

- mass ratio exhibits extreme 

variability during winter, with values ranging from 2.7 to 101 in PM2.5 and 0.001 

to 2.7 in coarse (PM10-2.5) mode. The relatively high abundance of nitrate in the 

coarse mode, during all seasons, indicates its association with mineral dust. The 

temporal variability is further evident from significantly lower aerosol mass and 

WSIC during the SW-monsoon (July – Sept) due to efficient washout. The 

chemical data set also documents near quantitative neutralization of acidic species 

(NO3
- and SO4

2-) by NH4
+ in PM2.5 and mineral dust in PM10-2.5, thus, representing 

a dominant atmospheric chemical transformation process occurring in the high-

dust semi-arid region. The observed chemical interactions among mineral dust 

and anthropogenic species (sulphate and nitrate) could significantly alter the size 

distribution of sulphate and nitrate aerosols (from fine to coarse mode) as well as 

surface properties of mineral dust (from hydrophobic to hydrophilic). Such 

observations, if not considered, can introduce significant uncertainties in global 

and regional scale climate models. 

The chemical characteristics of aerosols in the Arabian Sea-Atmospheric 

Boundary Layer (AABL) have been studied during the spring inter-monsoon 
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(April-May 2006) based on the analysis of water soluble constituents (Na+, NH4
+, 

K+, Mg2+, Ca2+, Cl-, NO3
- and  SO4

2-), crustal elements (Al, Fe, and Ca) and 

carbonaceous species (EC, OC). The total suspended particulate (TSP) abundance 

ranged from 8.2 to 46.9 µg m-3 (Average (Av) = 24.7±10.4 µg m-3 ) during 22 

days cruise covering a latitudinal transect from 9 °N to 22 °N. The water-soluble 

species account for 35% of TSP; with dominant contribution of Ca2+ and SO4
2- 

followed by Na+ and minor contributions of K+, Mg2+, Cl-, and NO3
-. The 

abundances of Ca2+and SO4
2- do not exhibit any noticeable latitudinal distribution 

pattern but the non-sea-salt (nss) component constitutes ~85-90% of their total 

concentration, indicating dominant transport from continental sources. 

Furthermore, a significant linear positive correlation among nss-Ca2+ and nss-

SO4
2-, and nss-Ca2+/nss-SO4

2- molar ratio averaging around 0.61 (range: 0.20-

1.16) suggests uptake of anthropogenic SO4
2- by mineral dust (CaCO3). The 

chemical reaction favouring this neutralization of nss-SO4
2- is also evident from 

the abundance pattern of water-soluble-Ca2+ nearly equal to the total Ca content 

measured in the aerosols. Using Al as a proxy, the mineral dust in AABL ranged 

from 2.7 to 23.7 µg m-3; with relatively high abundance occurring over the south 

Arabian Sea. On average, mineral dust accounts for 44% of the TSP and Fe/Al 

weight-ratio exhibit characteristic narrow range: 0.40 to 0.59. The impact of 

carbonaceous species (EC, OC) is nowhere pronounced in the AABL. The dry-

deposition fluxes of Al, Fe and bioavailable Fe to the surface Arabian Sea are 

estimated to be 665, 395, and 40 µg m-2 d-1 respectively. High deposition flux of 

Fe over Arabian Sea can significantly affect the surface ocean biogeochemistry 

which in turn may influence the regional as well as global climate. 

The temporal variability in the abundance of mineral dust and fractional 

solubility of aerosol Fe (referred as water-soluble Fe), in PM2.5, over Mt. Abu, 

reveal an inverse relationship between aerosol Fe (range: 50-915 ng m-3) and 

fractional Fe solubility (range: 0.06-16.1 %). A significant increase in the 

solubility of iron, during wintertime, is also well marked by a uniform decrease in 

the mass fraction of mineral dust. These observations suggest that the advective 

transport of Fe derived from anthropogenic combustion emission is one of the 

possible causes for the enhanced solubility of iron over a semi-arid region in 
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western India. The impact of anthropogenic sources is further demonstrated by 

significant increase in the ambient concentrations of NH4
+ and SO4

2- in fine mode 

(PM2.5) as well as enrichment of heavy metals in PM2.5 (ascertained from Pb/Al 

and Cd/Al ratios). In contrast, the high-dust season (summertime) associated with 

high abundance of aerosol Fe, is characterized by exceedingly low solubility (Av 

= 1.6 ± 1.9 %); suggesting that atmospheric chemical processing is of minor 

significance. Such regional scale studies are important to constrain the existing 

uncertainties in the atmospheric source and delivery of soluble iron for modeling 

the impact on surface ocean biogeochemistry. 

 

 

7.2 Scope of future research: 

 This study has provided a very comprehensive data set of the composition 

of mineral aerosols and discussed its role in atmospheric chemistry by 

investigating spatial as well as temporal distribution of mineral dust. However, 

there are issues pertaining to dust chemistry which need further attention for better 

understanding of the dust-climate interactions. 

 

(a) Heterogeneous phase chemistry of Mineral Dust: 

 Heterogeneous phase chemistry of mineral aerosols is one of the important 

issues in changing climate scenario because of several perspectives. The most 

important is the gas phase perspective, wherein, the chemical interactions between 

gaseous species and dust particles have potential to alter the chemical balance of 

atmosphere. Similar issues have been addressed in the present study, based on 

long term measurement of particulate aerosol (dust) chemical composition in 

different size fractions. The gas precursors (SO2 and NOx) which are mainly 

responsible for sulphate and nitrate formation via oxidation process are mainly 

interacting with dust particle. To gain better understanding of the partitioning of 

these species between gaseous and particulate phase in the atmosphere and the 

factors/processes control this partitioning, simultaneous measurements of SO2 and 

NOx along with the chemical composition of particulate matter are essential.  
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One of the powerful oxidizing species present in the atmosphere is Ozone, 

produced mainly from oxidation of hydrocarbons and anthropogenically emitted 

products. This is responsible to affect human health (via lung tissue damage) as 

well as plant health (via leaf damage). It has been also observed that, mineral dust 

removes ozone during various heterogeneous phase reactions and hence, a most 

likely inverse relationship exist between ozone and mineral dust concentration. 

Some of the modeling studies have shown a decrease in ozone level by 10 % in 

the presence on high dust emissions. However, till date there are no field based 

observations available to investigate these interactions. It is thus, important to 

develop large field programmes to asses the impact dust on ozone concentrations. 

 

(b) Aerosol Fe solubility over marine region: 

 It has been shown in the present study the behaviour of soluble Fe in the 

atmosphere which is mostly dependent on the source region rather than the 

alteration (chemical processing) during long-range transport. The enhancement in 

iron solubility has been linked to chemical processing (in the presence of acidic 

components, e.g. SO2 and its oxidation products) of mineral dust particles during 

long-range atmospheric transport over marine region. This has led several workers 

to examine the relation between fractional solubility of aerosol iron and 

concentration of acidic species based on real-time samples collected in the marine 

region (Atlantic and Pacific Ocean). However, these studies do not provide a firm 

conclusion in favour of acid processing as a primary control for enhanced 

fractional solubility of aerosol iron. The recent studies over these oceanic regions 

have suggested anthropogenic emissions (biomass burning and fossil-fuel 

combustion) as a significant source of soluble aerosol Fe, in contrast to its supply 

from mineral aerosols (or processed dust).  

In the recent years, there has been substantial interest in the anthropogenic 

emissions and atmospheric transport from south and south-east Asian regions. The 

impact of anthropogenic emissions has been observed in the remote marine 

regions of the Arabian Sea and Bay of Bengal. However, the issues concerning 

the solubility of aerosol iron have not been addressed over these under-sampled 

oceanic regions. It is thus pertinent to assess the soluble Fe behaviour in marine 
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atmosphere (Indian Ocean) which is better representative of the pathway of 

soluble iron to the surface ocean. More importantly, the newer concept of 

combustion sources as most likely source for soluble iron can further be assessed 

in the marine region affected by outflow from Indian subcontinent during winter 

monsoon, when winds are flowing from Indo-Gangetic Plain to the adjoining 

marine region (Arabian Sea and Bay of Bengal). 

 

(c) Mineralogical and Isotopic characterization of Dust aerosols:   

 It is important to highlight the mineralogy of dust aerosols and connect to 

the soluble Fe fraction which undergoes oceanic deposition, especially for Fe rich 

aerosols. This will require a complimentary approach that involves both the 

application of state-of-art characterization techniques to mineral dust aerosols to 

identify iron-containing components of dust as well as reactivity and dissolution 

studies to get more insight to the behaviour of these components. In particular, 

there is a need to understand potential reaction pathways, proposed in the 

literature [e.g. photochemical reduction of Fe (III) present in dust in the presence 

of SO4
2-, nonphotochemical nitrate reduction of Fe (III)], based on lab as well as 

real-time field studies, that may only be encountered in unique atmosphere 

resulting from the mixing of dust plumes and anthropogenic pollutants. 

 Furthermore, owing to low solubility and high biological demand for iron, 

it has a short residence time in ocean water and consequently may have spatial 

and temporal variability in the isotopic composition. The iron isotope composition 

can be altered by several low temperature processes, which include redox 

reactions and partial dissolution. Thus, the study of iron isotopes, in the 

atmospheric aerosol will provide a better handle to decipher various sources and 

transformation process of aerosol Fe. It will be a good attempt to asses the 

variations in isotopic composition of aerosol Fe at different locations in Indian 

subcontinent (continental as well as marine locations). 

 

(d) Halogen Chemistry: 

 The study of aerosol chemical composition over Arabian Sea indicates a 

high degree of chloride-depletion owing to acid displacement of sea-salt by 
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anthropogenic species, whereby concentration of nss-SO4
2- is crucial in removing 

chloride compared to the NO3
-. These chlorine atoms could be a significant active 

free radical in the troposphere, similar to its action in the stratosphere where high 

UV flux is available to produce chlorine atoms which is subsequently responsible 

for ozone depletion. These free radicals will also react with many volatile organic 

compounds, including the potent greenhouse gas methane, speeding up their 

removal from the atmosphere. Also, lab studies have suggested to the possibility 

of enhancement in the ozone levels in troposphere via chloride free radicals. In 

addition to chloride free radical, there are reactive halogen compounds (X, XO, 

XY, OXO, HOX, XONO2, XNO2; where X, Y = Cl, Br, I) present in various 

domains, throughout the troposphere. These compounds play an important role in 

tropospheric chemistry and climate forcing by influencing the oxidative capacity 

of the atmosphere, the ozone budget as well as in aerosol nucleation and growth. 

Thus, the study of reactive halogens, at temporal and spatial scale, is of utmost 

importance in the growing anthropogenic environment. The real time 

measurement of these species will contribute to numerical models to determine 

the regional and global role of reactive halogen compounds in a series of physico-

chemical processes in the troposphere. 
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