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ABSTRACT

This thesis is dedicated to study the possible relationship between the distribution

of aerosols and rainfall patterns. The thesis proposes a new approach, wherein aerosol

sources are investigated rather than the aerosol loading in a region to understand its

variation with rainfall. The study first investigates the influence of meteorological pa-

rameters indicating both advection and diffusion on the spatiotemporal distribution of

aerosols over the Indian subcontinent and the adjacent Indian Ocean. The research

inferences are then used to develop a model to estimate aerosol emissions using satel-

lite data. Further, the spatial aerosol source distribution is used to investigate rainfall

variability over southern India.

The prevailing meteorological conditions that influence the advection and diffusion

of the atmosphere govern the distribution of atmospheric particles from its sources. The

present study first explores the spatiotemporal distribution of atmospheric aerosols over

the Indian subcontinent and its dependence on the prevailing meteorological conditions.

Eleven years of Aerosol Optical Depth obtained from the Moderate Resolution Imag-

ing Spectroradiometer along with meteorological parameters extracted from reanalysis

data are analysed at monthly timescales. Wind speed, wind divergence and planetary

boundary layer height are studied as parameters for advection and diffusion of atmo-

spheric aerosols. The result shows the importance of both advection and diffusion in

distributing aerosols over the region. The result shows higher aerosol loading during

the monsoon season with increased spatial variability.Wind speed and divergence cor-

relate with AOD values both over land (R = 0.75) and ocean (R = 0.82) with increased

aerosol loading at higher wind speeds, which are converging in nature. Owing to the

varied climatology of the Indian subcontinent, land and ocean areas were classified into

subregions. Analysis was carried out over these subregions to infer the influence of

meteorological conditions on aerosol loading. Results are indicative of a distinct char-

acteristic in the prevailing meteorological conditions that influence the distribution of
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certain aerosol types. Further, the PBLH was analysed as an indicator of atmospheric

diffusion to infer its importance in aerosol distribution. The results indicate that PBLH

explains almost 30 to 90% of the total variance in AOD over the subregions which is

particularly evident during the winter and pre-monsoon seasons.

The study further uses a Lagrangian approach to the Advection Diffusion Equa-

tion to estimate the transported aerosols and hence the Aerosol Source Strength us-

ing satellite-measured Aerosol Optical Depth (AOD) and reanalysis wind data. This

top-down approach is based on the advection and diffusion of atmospheric aerosols

considering wind circulation and atmospheric conditions rather than using indicative

parameters. To validate the current top down approach, the study first utilises the AOD

measurements from the GOES-16 for California and then applies the methodology over

southern India using MODIS to identify aerosol hotspots. The results over California

are indicative of higher ASS around wildfire locations. The ASS values also show good

correlation (R2 = 0.886) with Fire Radiative Power (FRP) obtained from TerraMODIS

fire product. Themethodwas further applied to investigate the spatial correlation of ASS

with power plant density, which reveals a steady increase in ASS with power plant den-

sity (R2 = 0.82).

Finally the study investigates the possible relationship between rainfall and aerosol

source distribution over southern India during the pre-monsoon season. Aerosol and

rainfall trends are computed using Mann Kendall trend test and are correlated spatially

with AOD and ASS. To further understand the relationship, cloud microphysics is also

investigated. The results indicate that, though the aerosol loading initially supports

cloud formation resulting in deeper and wider clouds, higher aerosol loading inhibits

cloud formation resulting in narrow and shallow clouds. This in turn decreases rainfall

at higher aerosol loading with smaller cloud radius.

Keywords: Aerosols, rainfall, cloud microphysics, AOD, MODIS, aerosol sources,

wildfire, power plant, biomass burning.
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Chapter 1

INTRODUCTION

1.1 INTRODUCTION

Earth is blessed with the priceless gift of life. This life, whether in a single celled organ-

ism or in a complex species of animals is dependent on water. To be precise, the cycling

of water among various storages is of paramount importance to sustain life. This cy-

cling of water between land, ocean and the atmosphere is called the hydrologic cycle or

water cycle. But this cycle is vulnerable to both anthropogenic as well as natural influ-

ence. Atmospheric particles such as aerosols that are released from numerous natural

and anthropogenic sources are capable of influencing the climate dynamics and hence

the water cycle (Ramanathan et al., 2005). Being the second most populated country

and a host of varied geographic features, India experiences differential aerosol load-

ing from numerous natural and anthropogenic sources. Cloud, aerosol, and dynamical

processes remain at the core of uncertainties about atmospheric aspects of climate and

continue to be the subject of detailed research.

1.2 DEFINITIONS

Aerosols are suspended solid or liquid particles in the Earth’s atmosphere. Though

short lived, their presence is always felt in the atmosphere due to numerous anthro-

pogenic and natural sources. Wind advect these particles from their sources rendering

a heterogeneous spatial and temporal distribution over the globe. Though these micro-

scopic particles are not visible to the naked eye, their collective effect is visible in the

atmosphere at higher concentrations (eg. haze, smoke plume). Aerosols are mostly pro-
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duced near the Earth’s surface and hence more concentrated in the lower troposphere

near the sources. Aerosols are generally characterized based on the properties of a pop-

ulation of aerosols rather than individual particles. Based on its properties there are

several classifications of aerosols.

1. Based on Mode of Emission - Primary and secondary aerosols. the former is

directly emitted into the atmosphere as particles, whereas the later is emitted as

gas phase aerosol precursors and undergoes numerous chemical transformations

before they condense to particulate phase.

2. Based on Emission Environment - These includes urban aerosols, continental

aerosols, desert aerosols, marine aerosols etc. As the name suggests these classes

designate aerosols from a particular environment under the assumption that some

of the aerosol properties vary systematically with the environment.

3. Based on Origin - Natural and anthropogenic aerosols. Emissions from soil,

wildfires, ocean, and volcanoes are examples of natural sources. Fossil fuel

combustion, agricultural biomass burning, industrial and vehicular effluents etc.

which are caused humans are examples of anthropogenic sources.

1.3 AEROSOL SOURCES

Aerosols originate from various sources and have similar characteristics. As the present

study tries to estimate aerosol sources this section lists some of the prominent aerosol

sources.

1. Marine Aerosols - These are emitted from ocean surfaces due to wind friction.

The sea salt aerosol emission depends on the surface wind speed, sea state, atmo-

spheric stability, sea surface temperature, and seawater composition (Blanchard,

1963; Struthers et al., 2013).

2. Desert Dust - These are formed by wind friction that detaches soil particles from

continental surfaces and suspends them in the atmosphere. Apart from the mete-

orological conditions, desert dust emission depends on many soil-related param-

eters such as moisture, texture, and vegetation (Kok, 2011).
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3. Volcanic Aerosols - Explosive eruptions from volcanoes emit fragments of rocks

and minerals forming volcanic aerosols. Depending on the eruption, these may

be injected to various heights in the atmosphere.

4. Biomass Burning Aerosols - Biomass burning emission is yet another source of

trace gases and aerosols and its emission is estimated based on the burned area,

biomass fuel load, fraction of biomass burned, and emission factors (Li et al.,

2019; Yin et al., 2019). These may be from natural or anthropogenic sources

and includes organic carbon, black carbon and aerosol precursors such as sulphur

dioxide.

5. Fossil Fuel Combustion - These are the major sources of air pollution in devel-

oping and industrialized countries and stems from the combustion of coal and

oil products. Black carbon, organic carbon, and sulphate aerosols from sulphur

dioxide are the major constituents of this source.

1.4 AEROSOL-CLOUD-RADIATION INTERACTIONS

The later part of the thesis investigates the cloud microphysics to ascertain its im-

pact on aerosol rainfall interaction. Complex interaction of atmospheric aerosols with

electromagnetic radiation have acknowledged their importance in radiation budget and

hence climate dynamics (Schwartz, 1996; Ramanathan et al., 2005; Guleria and Ku-

niyal, 2013, 2016). Depending on their type they may absorb and/or scatter long-

wave and shortwave radiations (Chyacutelek and Coakley, 1974; Penner et al., 1994).

Being cloud condensation nuclei they also influence cloud lifetime and microphysics

(Twomey, 1977; Steinfeld, 1998; Li et al., 2017). Water vapour condenses upon these

cloud condensation nuclei and controls the size of cloud water droplets.

On the other hand, precipitating clouds also influence aerosol distribution by wet

deposition of atmospheric aerosols, thus constituting an important sink for aerosols.

Coalescence of coud droplets forms larger droplets thereby mixing aerosols and acti-

vates smaller aerosols that can serve as cloud condensation nuclei in other clouds. As

the cloud grows they scatter more soar radiation and reflects a significant fraction of

solar radiation back to space cooling the atmosphere. Though in small fraction, clouds

3



also absorbs solar radiation thus heating the atmosphere. The cooling and warming

depends on the thickness and height of the cloud and its optical and microphysical

properties.

Aerosols influence climate in a number of ways. These effects can be grouped

as aerosol-radiation interaction (direct effect and semi-direct effect) and aerosol-cloud

interaction (aerosol first and second indirect effect).

1. Aerosol Direct Effect - Atmospheric aerosols scatter solar radiation and prevents

a portion of it from reaching the Earth’s surface. This cools the climate system

with a loss of energy. Certain aerosols absorb solar radiation and results in heating

of the aerosol layers. But the net effect is to block the absorbed portion of the

solar radiation from reaching the Earth’s surface. This reduction of solar radiation

preferentially during clear sky condition is called the aerosol direct effect.

2. Aerosol Semi-direct Effect - As the aerosol layers heats up due to absorption of

solar radiation, it modifies the vertical temperature profile. This further impacts

the atmospheric stability, relative humidity and therefore cloud formation. This

is called aerosol semi-direct effect.

3. Aerosol First Indirect Effect - Aerosols being cloud condensation nuclei, influ-

ences cloud optical and microphysical properties. For a fixed cloud liquid water

content, an increase in aerosol concentration results in large number of smaller

cloud droplets and increased cloud reflectivity. Net effect is to cool the climate

system by reflecting more solar radiation back to space. This effect is called the

aerosol first indirect effect.

4. Aerosol Second Indirect Effect - Apart from the first indirect effect, increase

in aerosols also enhances cloud lifetime and requires more moisture to generate

droplets that are large enough to initiate precipitation. This effect is called aerosol

second indirect effect.

Besides these atmospheric interactions, aerosols are also associated with adverse

impact on human health (Hoek et al., 2002; Pope et al., 2004; Fuzzi et al., 2015) and

agriculture (Ainsworth and Long, 2005).
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1.5 AEROSOL REMOTE SENSING

Satellite remote sensing has the ability to monitor and quantify aerosol systems on a

global scale. Aerosol remote sensing involves the measurement of aerosol properties

by virtue of its interaction (scattering and absorption) with electromagnetic radiations.

The electromagnetic radiations are either emitted artificially (active remote sensing) or

naturally from the shortwave radiations of the Sun or longwave radiations of the Earth

(passive remote sensing).

Atmospheric aerosols absorb and scatter electromagnetic radiations and modifies

the radiation field. Scattering is the unpredictable diffusion of radiation by particles in

the atmosphere, whereas absorption results in effective loss of energy by absorption of

energy at a given wavelength. The sum of absorption and scattering is termed as extinc-

tion and represents the total effect of a medium in propagating the radiation. The aerosol

extinction coefficient is a local property and its vertical integral is called the aerosol op-

tical depth (AOD). AOD is a quantitative estimate of the amount of aerosol present in

the atmosphere. The rate of extinction of the light increases as AOD increases. The

first satellite instrument capable of crudely monitoring aerosol optical depth from space

was the Advanced Very High Resolution Radiometer (AVHRR), which retrieved opti-

cal depth from measurements in the visible and near-infrared spectrum, beginning in

the late 1970s. Since then, numerous space borne sensors have been used to detect and

characterize aerosols.

1.6 MOTIVATION OF THE RESEARCH

Explanation of various possible impacts of atmospheric particles on regional water cy-

cle demands a better understanding and quantification of aerosol processes and inter-

actions. In the case of a developing countries like India, uncontrolled anthropogenic

aerosol sources have serious implications on air quality and climate. Therefore, there is

an urgent need of measurement and characterisation of aerosol in various parts of India

with the focus on understanding the source distribution with respect to space and time.

Rapid urbanization and population growth in India has resulted in substantial increase

of aerosol emission, most of which is comprised of carbonaceous aerosols from sources
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such as industries, thermal power plants and biomass burning. With its importance

even in the large scale summer monsoon circulation through the “elevated heat pump

mechanism” and the “solar dimming effect” (Lau et al., 2008), there is a need to better

understand and estimate aerosol sources and their emissions in India.

This thesis is structured towards the estimation of aerosol emissions using satellite

remote sensing. This would provide a better spatial estimate of aerosol source distribu-

tion over the Indian subcontinent. This is further utilized to study the impact of emission

sources on rainfall variability over the Indian subcontinent.

1.7 RESEARCH GAPS

Traditional bottom-up approach for estimating aerosol source and its emission ia a la-

borious task. Especially for a country like India, the varying livelihood practices in-

troduces more complexities and parameters which makes it difficult to estimate aerosol

emissions. The availability of satellite observations not only enhances the capability of

determining various influencing parameters but also provides alternate ways of assess-

ing aerosol sources. Such a satellite based top-down approach was employed by Prijith

et al. (2013). Though this approach incorporates the wind factor to estimate aerosol

source, huge uncertainties exist as daily sources are estimated based on a single AOD

data for a day. This is because as time period increases the wind mass traverse vast dis-

tances encountering numerous sources and sinks in its path. An abundant source or sink

in its path may be reflected as increased aerosol production or deposition at the com-

puted grid. A better estimate of aerosol sources daily is feasible but at the expense of a

coarser resolution. Thus identification of isolated sources is difficult. Moreover the flux

continuity equation does not account for the diffusion of aerosols nor the atmospheric

stability conditions. Not only the advection of aerosols by wind and its redistribution

based on convergence but also the diffusion of these particles during their residence in

the atmosphere is an important parameter (Ziomas et al., 1995; Quan et al., 2013; Wang

et al., 2016; Su et al., 2018; Nizar and Dodamani, 2019). Hence, the research objectives

of the present study have been formulated to address these issues.
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1.8 RESEARCH OBJECTIVES

Estimating aerosol sources from satellite remote sensing demands better understanding

of various meteorological parameters that influence aerosol distribution. The present

study first investigates the influence of meteorological parameters indicating both ad-

vection and diffusion on the spatiotemporal distribution of aerosols over the Indian

subcontinent and the adjacent Indian Ocean. The research inferences are then used to

develop a model to estimate aerosol emissions using satellite data. Further, the spatial

aerosol source distribution is used to investigate rainfall variability over southern India.

The overall objectives can be summarised as follows:

• To study the spatial and temporal distribution of aerosols over the Indian subcon-

tinent and its dependence on prevailing meteorological conditions.

• To develop a model that incorporates the advection and diffusion of atmospheric

particles to ascertain aerosol transportation and hence its source strength.

• To study the influence of various aerosol emission hotspots on rainfall distribu-

tion.
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1.9 ORGANIZATION AND CONTRIBUTIONS OF THE THESIS

The remaining chapters in this thesis are organized as follows:

Chapter 2: Literature Review

This chapter deals with a critical review of various literature conducted on the distribu-

tion of aerosols over the Indian subcontinent, the influence of meteorological parame-

ters on aerosol distribution, its sources and emission quantification, and the impact of

aerosols on rainfall.

Chapter 3: Spatio-temporal Distribution of Aerosols Over the In-
dian Subcontinent and its Dependence on Prevailing Meteorological
Conditions

This chapter investigates the influence of meteorological parameters indicating both ad-

vection (wind speed and divergence) and diffusion (Planetary Boundary Layer Height,

PBLH) on spatiotemporal distribution of aerosols over the Indian subcontinent and the

adjacent Indian Ocean. Meteorological parameters such as wind speed, divergence and

PBLH from reanalysis data are studied for their possible influence on AOD obtained

from MODIS data.

Chapter 4: Satellite-Based Top-Down Lagrangian Approach to Esti-
mate Aerosol Emissions

The availability of satellite observations not only elevates the capability of determin-

ing various influencing parameters but also provides alternate ways of assessing aerosol

sources. This chapter employs a Lagrangian approach to the Advection Diffusion Equa-

tion to estimate the transported aerosols and hence the aerosol source strength using

satellite measured aerosol optical depth and reanalysis wind data. This top-down ap-

proach is based on the advection and diffusion of atmospheric aerosols considering

wind circulation and atmospheric conditions rather than using indicative parameters.
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Chapter 5: Investigating the Possible Relationship Between Rainfall
and Aerosol Distribution

This chapter presents the variation of aerosols and its association with rainfall trends

over southern India.

Chapter 6: Conclusions and Future Directions

This chapter contains the conclusion about the study and future scopes of the developed

model.

9





Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

The Indian monsoon (June – September) which can be perceived as a gigantic convec-

tion system produced by differential seasonal heating of the continental and the sur-

rounding oceanic areas contributes about 80% of the average annual rainfall in India.

With a profound influence of aerosols even on this large-scale circulation (Wang, 2004;

Ramanathan et al., 2005; Lau et al., 2008), it is important to understand the spatio-

temporal distribution of atmospheric aerosols. Being the second most populated coun-

try and a host of varied geographic features, India experiences differential aerosol load-

ing from numerous natural and anthropogenic sources. Cloud, aerosol, and dynamical

processes remain at the core of uncertainties about atmospheric aspects of climate and

continue to be the subject of detailed research. Studying the impact of aerosols, their

distribution, and sources, requires detailed knowledge about the various literatures in

this field. In this regard various observational studies and literatures are discussed in

this chapter.

2.2 AEROSOL REMOTE SENSING

Satellite aerosol retrievals fundamentally measure the reflected solar radiation at the

top-of-the-atmosphere (TOA). This measured up-welling solar radiation at the TOA in-

cludes the combined effect of gaseous absorption and molecular scattering, aerosol scat-

tering and absorption, cloud scatteting and surface reflection.The first satellite instru-

11



ment capable of crudely monitoring aerosol optical depth from space was the Advanced

Very High Resolution Radiometer (AVHRR), which retrieved optical depth from mea-

surements in the visible and near-infrared spectrum, beginning in the late 1970s. Since

then, several algorithms have been applied to satellite datasets to solve the inverse prob-

lem of separating the surface and atmospheric scattering contributions. However, these

diverse algorithms and approaches do not always give consistent values of the aerosol

properties for a given ground scene. Major hurdle in aerosol retrieval is the treatment

of bright surfaces whose contribution to the satellite-measured signal is significantly

larger than the aerosol contribution. The separation of the small aerosol component

from a significantly larger surface term is a large source of error if the surface reflec-

tive properties are not accurately characterized. Aerosol retrieval algorithms that use

observations of reflected radiance have been based on pre-calculated TOA reflectances

assuming aerosol models characterized in terms of aerosol particle size distribution and

composition.

The MISR and AATSR uses the multi-angle observations of the same ground scene

(Thomas et al., 2005; Grey et al., 2006) making it possible to accurately account for di-

rectional surface scattering in the retrieval procedure. The more polarized atmospheric

scattering in comparison to surface reflections is employed for aerosol retrieval in some

studies eg., POLDER (Deuze et al., 2001). Good agreement between aerosol retrievals

from different satellite datasets and algorithms enhances confidence in remotely sensed

estimates of AOD, but there is not always consistency between the different aerosol

estimates. The MODIS sensors on board the Aqua/Terra platforms (Levy et al., 2010;

Hsu et al., 2013) is the first satellite observation plan designed to provide aerosol optical

characteristic globally of high spatial resolution. These sensors assumes that the influ-

ence of aerosols on the TOA reflectance in the shortwave infrared (SWIR) is negligible

and the correlations of reflectances in the visible and SWIR are employed (Kaufman

et al., 1997; Remer et al., 2005). It can provide a long time series of AOD products

and can be very useful for air quality studies, etc. The operational MODIS AOD prod-

uct over land is based on two algorithms, namely, the Dark Target (DT) and Enhanced

Deep Blue (DB) algorithms. MODIS AOD products have been extensively validated by
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numerous researchers (Tripathi et al., 2005; Choudhry et al., 2012; Sayer et al., 2013;

Misra et al., 2015). Monthly average AOD (550 nm) from Collection 6.1, level 3 AOD

products (1◦×1◦) derived from Terra’s MODIS measurements are used in this study.

2.3 AEROSOL DISTRIBUTION OVER THE INDIAN SUBCON-
TINENT

Distribution of aerosols over the Indian subcontinent has been perceived by various

observations from multiple platforms such as: ground based, ships, aircrafts, balloons

and satellites. Routine measurements of aerosols in India was started in the late 1980’s

in Trivandrum and a couple of cities in southern India (Sikka, 2002). The Space Physics

Laboratory (SPL) group in Trivandrum measured AOD in different wavelengths using

multispectral radiometers for over a decade and pointed out some of the aerosol clima-

tology over the region. The SPL group observed a peak AOD during the monsoon

season and reported its primary contribution from sea-salt aerosols with occasional

contributions from transported desert dust (Moorthy and Satheesh, 2000). They also

observed an increasing trend in AOD owing to an increase in urbanization and other

anthropogenic sources.

The Indian Space Research Organization established a network of seven stations in

India through its Geosphere Biosphere Program for monitoring aerosols using a multi-

wavelength solar radiometer. However, a limited number of monitoring stations are not

enough to understand the aerosol climatology over the Indian subcontinent owing to its

varied meteorological parameters (Singh et al., 2004).

The Indian Ocean Experiment (INDONEX) provided a wider picture of aerosol dis-

tribution over the Indian Ocean by integrating simultaneous observations from multiple

platforms: ground stations, ships, aircrafts and satellite obervations. The study reports

an 80% contribution from anthropogenic sources to the total aerosol loading with in-

fluence of long range aerosol transport over the equatorial Indian Ocean (Ramanathan

et al., 2001).

Over northern India, a detailed study with continuous measurements using auto-
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matic sun and sky radiometers was carried out by Singh et al. (2004). They analysed

the spectral, seasonal and interannual variability of aerosols over Kanpur located in the

Ganga basin. They reported a mean AOD of 0.6 at 500 nm with prominent seasonal

influence. The premonsoon season is clearly distinguished with maximum dust load-

ing, whereas the winter season is dominated by anthropogenic urban-industrial aerosols

with an absorbing atmosphere. The diurnal variation of AOD shows maximum varia-

tion during the monsoon season with the presence of mixed aerosol type. Overall, they

reported an increasing aerosol loading over the region from January 2001 to December

2003.

Though point measurements provide reliable in-depth view of aerosol properties on

a local scale, they are not necessarily representative of regional concentration. In this

regard, satellites are proved to be a good tool to understand the broad Spatio-temporal

characteristics of aerosols and associated effects from global to local scales. The first

satellite instrument capable of crudely monitoring aerosol optical depth from space

was the Advanced Very High Resolution Radiometer (AVHRR), which retrieved op-

tical depth from measurements in the visible and near-infrared spectrum, beginning in

the late 1970s. Satellite based regional distribution of aerosols over the Indian subcon-

tinent and its surrounding oceanic areas has been studied using AVHRR, Polarization

and Directionality of the Earth’s Reflectance (POLDER), Total Ozone Mapping Spec-

trometer (TOMS), Moderate Resolution Imaging Spectroradiometer (MODIS), Sea-

Viewing Wide Field-of-View Sensor (SeaWiFS), Multi-angle Imaging Spectroradiome-

ter (MISR), and Oceansat Ocean Colour Monitor (IRS-P4-OCM, Rajeev et al. (2004)).

Prasad and Gupta (1998) used the visible and near IR channels of the AVHRR to

compute AOD over the Indian Ocean. They compared satellite based estimates from

AVHRR and ground based radiometer aerosol data showing comparable results. Their

analysis revealed the transportation of dust aerosols from the Thar Desert, displacing

the marine aerosols over the Bay of Bengal and the Arabian Sea. The influence of steel

plants and other industries on AOD distribution over the east coast was also visible from

the AVHRR AOD data. The authors also established the capability of AVHRR data to

monitor the intrusion of continental aerosols over the Arabian Sea.
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The regional distribution and long-range transport of aerosols over the Indian sub-

continent and its surrounding oceanic areas were instigated by Rajeev et al. (2004)

using AOD derived from AVHRR and circulation patterns from NCEP reanalysis data.

Their study demonstrates the transport of aerosols from continental areas in the north-

ern hemisphere to the oceanic regions from November to April and aerosol transport

from the Arabian Desert region to the Arabian Sea from June to September. Thus the

northern oceanic regions in general and the Arabian Sea in particular are always under

the influence of continental aerosols throughout the year.

AOD computed from AVHRR is limited to oceanic regions whereas sensors such

as TOMS and MODIS can produce AOD vales over land surfaces as well. Washington

et al. (2003) used TOMS aerosol data to demonstrate the impact of southwest Asian

dust storms on aerosol loading over the Indo-Gangetic Plains. Massie et al. (2004) in-

vestigated the decadal changes in regional aerosols using TOMS aerosol data from 1979

to 2000. They reported a large increase in aerosol trends between 1979 and 2000 over

the Ganga basin. A detailed spatial analysis of AOD climatology over the Indian sub-

continent using MISR AOD was provided by Di Girolamo et al. (2004). They examined

the regional mean AOD at 558 nm during the winter season (DJF) of 2001-2004. The

result shows detailed distribution of high aerosol loading over the Indo-Gangetic basin

with higher pollution pool over Bihar.

In general, northern India (20◦N-30◦N) is subjected to heavier aerosol loading when

compared to southern India. The Indo-Gangetic Plains (IGP) in northern India is the

major hotspot of aerosol loading (Srivastava et al., 2016). IGP in the south Asian region,

where about 16% of the world’s population lives is the hub of increasing atmospheric

pollution due to urbanization/industrialization and growing energy demands. The Indo-

Gangetic plain, which is one of the largest river basins in the world is surrounded by

mountain ranges in the north (Himalayas) and south (Vindhya Satpura). The west is

bordered by the Thar Desert and the Arabian Sea and the east by the Bay of Bengal.

The months from April through early June, which is the premonsoon season in India,

witnesses the highest loading of aerosol over the Indo-Gangetic plains and over the

elevated slopes of the Himalayas. The westerly air mass that prevail during that time
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is responsible for the transport of aerosols. These aerosols have their source in the

arid zones of south west Asia namely the Arabian peninsula (Washington et al., 2003).

As these mineral aerosols are transported from the Thar Desert, they get mixed with

anthropogenic emissions in the Indo-Gangetic plain (Prospero, 2002).

But the prevailing westerlies and the arid sources are not the only reason for such a

heavy loading of aerosols over the Indo-Gangetic plain. The Himalayas that borders the

Indo-Gangetic plains to the north acts as a barrier that advects the dust aerosols to higher

altitudes. Such spatial gradients in aerosol loading with topographical differences near

the foothills of Himalayas was observed by Liu et al. (2008). They used CALIPSO lidar

observations to investigate the vertical distribution of aerosols over the Tibetan Plateau

and the surrounding areas. The transported dust aerosols are found to be vertically

advected to elevated altitudes near the Himalayan-Gangetic region primarily driven by

atmospheric circulation and guided by the orography of the Himalayas.

Acharya and Sreekesh (2013) presented the spatio-temporal analysis using MODIS

level 2 AOD data set. Winter and summer seasons showed the highest aerosol load-

ing whereas the onset of monsoon removes the particles from the atmosphere through

precipitation. They inferred that the spatial variability of AOD depends on the source

strength of emissions and atmospheric conditions. They also pointed out the neces-

sity of estimating the anthropogenic as well as natural aerosol sources to explain the

spatio-temporal variability of aerosols over the Indian subcontinent.

2.4 INFLUENCE OF METEOROLOGICAL PARAMETERS ON
AEROSOL DISTRIBUTION

The spatial and temporal distribution of aerosols strongly depends on the distribu-

tion of sources/sinks and how these interact with transport. However, aerosol transporta-

tion and its distribution is also governed by the prevailing meteorological conditions.

Among the various causes of deteriorating air quality, favourable weather conditions

are important influencing factors (Zhao et al., 2010). Early studies by SPL group at

Trivandrum using ground station data reports that atmospheric stability and wind con-

ditions resulted in a prominent diurnal variation of AOD with increased AOD at higher

wind speeds. Moorthy and Satheesh (2000) explored the influence of wind speed on
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daily AOD at Minicoy in the Arabian Sea and found an exponentially increasing rela-

tionship. Though this remote island is influenced by continental aerosols during certain

months, the exponential relation is mainly attributed to higher wind speeds contributing

to marine aerosol production. The Indian coastal zones also depicts influence of land

sea breeze and relative humidity on aerosol distribution (Sikka, 2002). Using reanalysis

wind data and MODIS aerosol product, Aloysius et al. (2008) showed that wind con-

vergence over the Ganga basin is the major factor causing heavy aerosol concentration.

Not only the advection of aerosols by wind and its redistribution based on conver-

gence but also the diffusion of these particles during their residence in the atmosphere

is an important parameter. The meteorological conditions that are unfavorable for dif-

fusion causing air pollution in an urban environment were presented by Ziomas et al.

(1995). They used meteorological variables such as wind speed, wind direction, and air

temperature to forecast pollution episodes and pointed out that meteorological condi-

tions that are unfavorable for dispersion can cause serious air pollution episodes. Tanner

and Law (2002) made a substantial study of pollutant gas concentration under various

weather systems. They concluded the importance of meteorological conditions rather

than changes in emission strength to create pollution episodes in the study area. They

also observed the influence of marine air masses on diluting the local pollution during

favorable weather systems. In contrast, a continental air mass or a stagnant condition

lead to high pollution episodes in the city.

Ding et al. (2004) simulated land sea breeze to understand pollutant transportation.

Their simulation indicated a delayed sea breeze onset during pollution episodes due

to offshore synoptic winds. The simulation also displayed lower mixing layer height

during the pollution episodes. Further they conducted trajectory analysis revealing the

transport of pollutants from inland areas.

Demuzere et al. (2009) studied the role of meteorological processes in O3 and PM10

levels in rural mid-latitude sites in the Netherlands. They analyzed rural station mea-

surements of wind speed, wind direction, daily mean, minimum and maximum temper-

ature, and relative humidity to investigate its relation to air quality at a local scale. The

study shows various circulation patterns that transport ozone from the free troposphere
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towards the surface.

Numerous studies confirms that the synoptic-scale circulation patterns over a region

represents a particular atmospheric condition through its relationship with various me-

teorological parameters. Thus atmospheric circulation patterns can be used instead of

individual meteorological parameters to ascertain pollution episodes. Saavedra et al.

(2012) characterized atmospheric conditions leading to ozone pollution over the north

western Iberian Peninsula. Their analysis revealed the synoptic weather patterns caus-

ing pollution episodes in the region.

Xu et al. (2011) found that the mean diurnal patterns of gaseous pollutants are deter-

mined by variations of mixing height, vertical turbulence and horizontal wind velocity.

They also found the dependence of O3 concentrations on temperatures higher than 294

K to be linearly increasing.

Csavina et al. (2014) studied the relationship between dust concentration and rela-

tive humidity. They pointed out that wind speed and relative humidity are not directly

correlating separately, but at higher wind speeds (>4 m/s), a definite trend is observed

between relative humidity and dust concentration. They hypothesized that water sorp-

tion increases dust concentration up to a relative humidity of 25% beyond which the

inter particle cohesive forces reduces dust concentration.

Zheng et al. (2015) used 10 years of MODIS AOD and NCEP reanalysis data

to study the relationship between atmospheric circulation and regional pollution over

eastern China. Their study showed the role played by low level wind divergence as

the region is prevailed by uniformly descending motion, gathering pollutants in the

lower layer. The atmosphere is cleaner during strong middle and lower tropospheric

circulation favoring horizontal diffusion of air pollutants. They also pointed out that

vertical velocity and wind divergence values are good indicators to identify different

atmospheric diffusion conditions.

Wang et al. (2016) investigated the influence of atmospheric diffusion conditions

on air quality in China. Daily PBLH, surface wind speed and precipitation were used

as indicators for air stagnation, describing the atmospheric diffusion capability. Their

results showed that favorable atmospheric diffusion conditions contributed to approxi-
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mately 40% of the total decreased concentrations during winter.

2.5 AEROSOL SOURCES AND EMISSION QUANTIFICATION

Aerosols originate either from natural or anthropogenic sources. Most of the natural

aerosols are emitted from the ocean, soils, vegetation, fires and volcanoes. Anthro-

pogenic sources contribute as much as natural sources to the global aerosol optical depth

(Ramanathan et al., 2001). Combustion of fossil fuels, biomass burning, industrial ef-

fluents, vehicular pollution and domestic activities are some of the prominent sources

of anthropogenic aerosols (Boucher, 2015). Anthropogenic aerosols have higher ra-

diative impacts due to its absorbing properties. Some of the major aerosol sources are

discussed the following sections.

2.5.1 Power Plants

With a total installed capacity of around 220 GW (CEA 2018), thermal power plants

(TPP) account for about 66% of power generation in India. TPPs, especially coal fired

plants comes with fatal cost to air quality and health. Though they are small spatial

entities, they contribute heavily in terms of pollutants. Sulphur dioxide (SO2), nitrogen

oxides (NOx), particulate matter (PM), carbon monoxide (CO), volatile organic com-

pounds (VOCs), and various trace metals like mercury are the likely emissions from

a coal fired TPP (Guttikunda and Jawahar, 2014). Prasad et al. (2006) studied the in-

fluence of coal based TPPs on aerosol optical properties in Northern India. Aerosol

optical depths were found to be high with relatively coarser particles over major TPP

locations. Aerosol source strength estimated from satellite imageries also shows higher

values in areas with denser TPP concentration (Aloysius et al., 2008). With more than a

100 TPPs and being the third largest producer of coal, it is one of the prominent sources

of pollution in India. Knowledge about the emissions from such sources would help to

ascertain their impacts on the environment and also help to formulate control measures.

2.5.2 Biomass Burning

Air pollution from biomass burning is a prominent source impacting human health, air

quality and climate. Being recognized as one of the countries with significant biomass
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burning, a lot of research have been done in India to investigate its impact (Venkatara-

man et al., 2006; Kumar, 2012; Badarinath et al., 2006; Sahu et al., 2015). Punjab, Uttar

Pradesh, Haryana and Maharashtra are the major states in terms of crop residue burning.

Large quantities of agricultural wastes are produced in India and is likely to increase in

the future. Farmers often burn these residues as an easy way to manage bulk quantities

of wastes and to prepare the field for the next crop (Jain et al., 2014). Not only that crop

burning deteriorates air quality, but also causes nutrient and resource loss. Jain et al.

(2014) identified that residue burning largely contributed by rice and wheat is a matter

of serious concern for pollution, health and nutrient loss. Large uncertainties exists in

the estimate of these open farm crop residue burning. Accuracy of the conventional

bottom-up approach relies extensively on the knowledge of the type of crop, its residue

to grain fraction etc. Approximate values of these parameters are often assigned due to

lack of data availability. In this regard a satellite based top-down approach would be

appropriate.

2.5.3 Marine Aerosols

Apart from oil spills and acoustic pollution, marine traffic is a source of air pollutants.

With over 89,000 transport ships at sea (Equasis statistics 2016, (EMSA)), this is an im-

portant source of air pollution especially near ports and coastal cities (Endresen et al.,

2003; Mueller et al., 2011). The Indian coastline spanning over 7500 km, houses 12 ma-

jor and 200 minor ports. These ports handles about 95% of India’s trading by volume

and 68% by value (Ministry of Shipping 2016,(MoCA, 2016)). Ship-borne measure-

ments from the Integrated Campaign for Aerosol, Gases and radiation Budget (ICARB)

reported a significant increase in aerosol abundance from heavy shipping in the oceanic

region (Nair et al., 2008). Anthropogenic aerosol loading over the adjoining ocean re-

gion in the west coast of India was also shown by Srivastava et al. (2016). Thus the

Indian peninsula and the surrounding ocean is susceptible to air pollution from marine

traffic.
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2.5.4 Anthropogenic Sources

Urban areas are characterized by denser population concentrated over large areas in

which industries and service activities are the dominant economic activities (Mont-

gomery and Hewett, 2005). Deterioration of air quality in these metropolitan areas are

often attributed to vehicular effluents, industries and power sector exhausts (Lewtas,

2007; McDonald et al., 2012; Mahalakshmi et al., 2014). Petroleum refineries, cement

factories, fertilizer factories, sugar factories, textile industries, chemical industries and

brick kilns are the major industries responsible for air pollution. Categorizing industrial

areas in terms of air quality is important for prioritising these areas for planning and

management. The Central Pollution Control Board (CPCB) has identified 88 industrial

hotspots in India. Emissions of various pollutants are collected in these areas using

ground based instruments. Though this gives more reliable estimates of emissions, the

process is laborious and are not necessarily representative of regional concentration. In

this regard, though satellite based source estimate provide lumped areal values, they

provides large spatial data. This will further help to define the spatial boundaries as

well as the extent of eco-geological damages.

2.5.5 Aerosol Emissions

Aerosols are emitted into the atmosphere either as primary particulate matter (mineral

dust, sea salt, black carbon, and primary biological organic particles) or as secondary

particulate matter from gaseous precursors (non-sea-salt sulfate, nitrate, and ammonia).

The contribution of various aerosol types to aerosol composition varies from region to

region. Knowledge about the distribution of various aerosol sources and their compo-

sition is essential in the parameterization of sources for initializing aerosol transport

models (Penner et al., 1994; Ginoux et al., 2001). However, different aerosol types are

influenced by different parameters and atmospheric conditions. For example, the sea

salt aerosol emission depends on the surface wind speed, sea state, atmospheric sta-

bility, sea surface temperature, and seawater composition (Blanchard, 1963; Struthers

et al., 2013). Desert dust, on the other hand, depends on many soil-related parameters

such as moisture, texture, and vegetation (Kok, 2011).
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Biomass burning emission is yet another source of trace gases and aerosols and is

estimated based on the burned area, biomass fuel load, fraction of biomass burned, and

emission factors (Li et al., 2019; Yin et al., 2019). The accuracy of conventional bottom-

up approaches to estimate various aerosol emissions depends on the degree to which

the influencing parameters are estimated. In fact, the direct measurement of aerosol

fluxes is difficult and is often estimated based on laboratory and/or field measurements.

However, satellite based top-down approach can tackle such difficulties by estimating

biomass emissions using indicative parameters such as FRP (Kaiser et al., 2012).

Fire intensity information contained in FRP has been used to estimate wildfire

source strength. Ichoku and Ellison (2014) used MODIS AOD over smoke plumes to

estimate source strength. They derived emission factors by dividing AOD by the plume

age, calculated from the plume’s horizontal extend and advection speed from reanalysis

wind data. These emission factors were evaluated over multiple smoke plumes in differ-

ent ecosystems to ascertain its relationship with FRP. Li et al. (2019) estimated hourly

biomass burning emissions using FRP from the GOES satellite. They adjusted and cali-

brated the GOES FRP against the MODIS FRP prior to estimating the emissions. Their

study shows the diurnal variations of smoke emissions over different ecosystems. Yin

et al. (2019) used the daily MODIS FRP data to calculate fire radiative energy and com-

busted biomass. Their study identified the various contributions of smoke aerosols over

China with forest fire as the primary contributor.

The availability of satellite observations not only enhances the capability of deter-

mining various influencing parameters but also provides alternate ways of assessing

aerosol sources. AOD from satellite observations is directly related to light extinction

by atmospheric aerosols. Numerous research has been made to bridge a relationship be-

tween PM2.5 measurements and AOD so that a regional picture of particulate matter can

be inferred from satellite imagery. The relationship have evolved from a simple empir-

ical equation Wang (2003) to one that incorporates the meteorological conditions (Liu

et al., 2005; Gupta and Christopher, 2009; Kamarul Zaman et al., 2017) and even the

vertical aerosol distribution from LIDAR (light detection and ranging) measurements

(Schaap et al., 2009). But this information pertains to total aerosol or particulate matter
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at a specified time and fails to distinguish the amount of aerosols produced in a region.

The regional aerosol distributions are influenced by local sources as well as from far

away production centers which are connected by wind transport. Convergence or diver-

gence of atmospheric wind can sometimes cause large concentrations of aerosols where

there are no significant sources and also low concentration in the vicinity of prominent

sources (Rashki et al., 2019).

Aloysius et al. (2008) used the wind data to estimate the transported aerosols and

hence, the aerosol source/sink strength. The authors estimated the source of aerosols

over Ganga basin by incorporating MODIS AOD data and NCEP reanalysis wind data

to the aerosol flux continuity equation. The ASS was estimated over 2.5◦× 2.5◦ grids

and showed good correlation with the concentration of thermal power plants in the

basin. Prijith et al. (2013) used the aerosol flux continuity equation to derive an aerosol

source/sink map over the globe. Thus aerosol production or deposition for twenty-four

hours was estimated using AOD obtained from MODIS.

2.6 AEROSOL IMPACT ON RAINFALL

Rainfall irrigates more than 65% of the cultivated land in India and is a major factor

in agricultural output. For a rain fed agrarian country like India whose gross domestic

product is nurtured by agricultural sector, understanding the spatial and temporal pat-

terns in rainfall is a very vital issue with significant implications on water resources and

management policies.

Aerosol radiative and microphysical effects suppress precipitation and tends to spin

down the hydrological cycle (Ramanathan et al., 2001). Crutzen and Andreae (1990)

studied the cloud microphysics and aerosols. Their study shows that aerosols not only

enhance precipitation by acting as cloud condensation nuclei, but also suppress the

downpour of atmospheric moisture if abundant. Forest fire is one of the prominent

natural source of atmospheric aerosol releasing large quantities of smoke. The impact of

such heavy smoke on precipitation anomalies was studied by Rosenfeld (1999). Using

satellite precipitation data he observed that the effect is to shut off warm air process in

convective tropical clouds and explained this suppression as a result of increased cloud
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condensation nuclei, inhibiting the growth of cloud droplets. He also pointed out that

this indirect effect increased the cloud lifetime. The clouds take more time until its

depth is increased with colder cloud top temperatures and eventually raining out.

Evidence of aerosol indirect effects on orographic clouds was presented by Givati

and Rosenfeld (2004). Their investigation of polluted clouds as it undergoes orographic

lifting shows that precipitation is reduced by about 20% upslope of mountains. They ex-

plained this decrease as a result of increasing cloud condensation nuclei which increases

cloud lifetime. Increased aerosol concentration can not only inhibit precipitation, but in

some case enhance too. This is the case when the increased aerosols are supplied with

sufficient moisture. The aforementioned scenario explored by Diem and Brown (2003)

concluded an enhanced precipitation in Phoenix. This enhancement was acknowledged

to an increase in pollution derived cloud condensation nuclei coupled with increased

humidity from human irrigation projects.

Chung et al. (2002) inferred that the effect of absorbing aerosols on regional cli-

mate can be significant. Their study shows that the dynamical response to aerosol by

the south Asian haze increases the average precipitation over the haze area by as much

as 20%. This also cools the land surfaces and warms the atmosphere, leading to a

reduction of evapotranspiration over the area. Menon et al. (2002) used a global cli-

mate model to study the influence of aerosols in cooling effect observed over India and

China. They found that the absorbing aerosols are responsible for atmospheric heating,

altering atmospheric stability and vertical motions. They inferred that this could have

significant regional climate effect by altering the hydrologic cycle. Using satellite ob-

servations of aerosols and meteorological parameters from NCEP, Patra et al. (2005)

suggested that monsoon rainfall prediction models should include synoptic as well as

inter annual variability in both atmospheric dynamics and chemical compositions. Lau

and Kim (2006) presented the preliminary observational evidences showing that the In-

dian subcontinent and surrounding regions are subjected to heavy loading of absorbing

aerosols which can impact the Asian summer monsoon.

The impact of black carbon aerosols Indian monsoon was studied by Meehl et al.

(2007). They stated that, though the premonsoon months experiences an enhanced pre-
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cipitation due to the increased meridional tropospheric temperature, the reduced surface

temperatures over India that extends to the Himalayas act to reduce monsoon rainfall

over India. Satheesh et al. (2008) found evidence that during pre-monsoon season most

of Indian region is characterized by elevated aerosol layers with a substantial fraction (as

much as 50 to 70%) of aerosol optical depth above clouds, causing strong tropospheric

warming. Further evidence of tropospheric warming due to aerosols and hence the in-

creased land sea thermal gradient was shown by Gautam et al. (2009b). From combined

analysis of changes in tropospheric temperatures and summer monsoon rainfall in the

past three decades, the authors suggest a future possibility of an emerging rainfall pat-

tern of a wetter monsoon over South Asia in early summer followed by a drier period.

Bollasina et al. (2011) provided compelling evidence of the prominent role of aerosols

in shaping regional climate change over south Asia. Using a series of climate model

experiments, they attributed the decreasing precipitation over south Asia to be mainly

due to human influenced aerosol emissions. The influence of anthropogenic emissions

on aerosol distribution and the hydrologic cycle was studied by Cherian et al. (2013).

They showed that the decreasing precipitation during the south west monsoon is due

to a reduction in convective precipitation, where there is an increase in cloud droplet

number and solar dimming effect.

Besides the impact on large scale circulations aerosols are also capable of affect-

ing regional precipitation by indirect effect. Numerous researches provides insight to

aerosol indirect effect in India. Tripathi et al. (2007) studied the variations in water and

ice cloud effective radius with aerosol optical depth using MODIS data. Their study

shows that the temporal variation of cloud effective radius follows a negative trend as

that of aerosol optical depth for most of the time. But this is also affected by various

meteorological factors such as wind, humidity etc. They showed that the relationship is

highest in winter when the role of meteorology is the least.

The aerosol indirect effect over India was also studied by Panicker et al. (2010),

where they estimated the indirect effect of aerosol over four regions in India. Cloud

parameters such as fine mode fraction, ice path, cloud liquid water path (CLWP), water

radius and cloud ice radius (CIR), were obtained from MODIS data. These parame-
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ters were examined during below normal, normal and above normal rainfall years. It

was observed that for years with similar CLWP and CIP, a positive indirect effect was

observed during below normal rainfall years. But a negative indirect effect was ob-

served during above normal and normal rainfall. Aerosol–cloud studies have stated a

reduction in cloudiness under high AOD for areas with high absorbing aerosol loading

(Koren et al., 2004; Small et al., 2011). The interaction of aerosol, rainfall and vari-

ous cloud parameters over the summer monsoon regions has been presented by Sarangi

et al. (2017).

2.7 SUMMARY OF LITERATURE

The aforementioned literature suggests the importance of prevailing meteorological pa-

rameters in regulating the transport of atmospheric particles. This provides knowledge

in improving the prediction of aerosol concentration over the globe. For a develop-

ing economy like India, anthropogenic aerosol sources are rising owing to urbanisation

and industrialisation. This necessitates the understanding of spatial redistribution of

aerosols from their sources. Various literature have studied the influence of meteorolog-

ical parameters such as wind speed, direction, and divergence on aerosols distribution

over the Indian subcontinent. But these parameters are indicative of atmospheric ad-

vection, whereas the diffusion of atmospheric particles is also an important factor. An

investigation of the influencing meteorological parameters indicating both advection

and diffusion of aerosols over the Indian subcontinent and the adjacent Indian Ocean

is of prime importance. This would also facilitate a better estimate of various aerosol

emissions using satellite imagery. Besides, most of the aerosol-precipitation studies in

India has concentrated in regions of higher aerosol concentration rather than the sources.

Identifying various aerosol sources over the Indian subcontinent would provide a dif-

ferent perspective for studying its impact on precipitation.
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Chapter 3

SPATIOTEMPORAL DISTRIBUTION OF
AEROSOLS OVER THE INDIAN
SUBCONTINENT AND ITS DEPENDENCE
ON PREVAILING METEOROLOGICAL
CONDITIONS

3.1 INTRODUCTION

The prevailing meteorological conditions that influence the advection and diffusion of

the atmosphere governs the distribution of atmospheric particles from its sources. Liter-

ature suggests the importance of prevailing meteorological parameters in regulating the

transport of atmospheric particles. This provides knowledge in improving the predic-

tion of aerosol concentration over the globe (Ziomas et al., 1995; Moorthy and Satheesh,

2000; Rajeev et al., 2000; Tanner and Law, 2002; Ding et al., 2004; Cheng et al., 2007;

Aloysius et al., 2008; Zhao et al., 2010; Zheng et al., 2015; Wang et al., 2016). For a

developing economy like India, anthropogenic aerosol sources are rising owing to ur-

banisation and industrialisation. This necessitates the understanding of spatial redistri-

bution of aerosols from their sources. Various literature (Moorthy and Satheesh, 2000;

Aloysius et al., 2008; Chitranshi et al., 2015) have studied the influence of meteorolog-

ical parameters such as wind speed, direction, and divergence on aerosols distribution

over the Indian subcontinent. But these parameters are indicative of atmospheric advec-

tion whereas the diffusion of atmospheric particles is also an important factor (Ziomas

et al., 1995; Wang et al., 2016). This chapter explores the spatio-temporal distribution
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of atmospheric aerosols over the Indian subcontinent (5◦ - 40◦N, 65◦ - 100◦E) and its

dependence on the prevailing meteorological conditions. Eleven years (2002-2012) of

Aerosol Optical Depth (AOD) obtained from the Moderate Resolution Imaging Spectro-

radiometer (MODIS) along with meteorological parameters extracted from reanalysis

data are analyzed at monthly timescales. Wind speed, wind divergence and PBLH are

studied as parameters for advection and diffusion of atmospheric aerosols.

3.2 DATA AND METHODOLOGY

The data used and the methodology adopted for the study are described in this section.

The study considers the region between 5◦N to 40◦N and 65◦E to 100◦E bounding the

Indian mainland and adjacent oceans for 11 years from 2002 – 2012 3.1.

Figure 3.1 Location of different subregions in the study area.
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3.2.1 Aerosol Data

Though point measurements provide a refined view of aerosol characteristics on a local

scale, they are not necessarily representative of regional concentration. In this regard,

satellites were established to be a decent tool to understand the broad spatio-temporal

properties of aerosols and their accompanying effects from global to local scales (Misra

et al., 2015). Terra and Aqua satellites on-board the Moderate Resolution Imaging

Spectroradiometer, provide global observations of AOD (Levy et al., 2010; Hsu et al.,

2013). These observations provide daily insight into the global distribution of aerosol

columnar content. MODIS AOD products have been extensively validated by numerous

researchers (Tripathi et al., 2005; Choudhry et al., 2012; Sayer et al., 2013; Misra et al.,

2015). Monthly average AOD (550 nm) from Collection 6.1, level 3 AOD products

(1◦× 1◦) derived from Terra’s MODIS measurements are used in this study (Platnick

et al., 2017). To ascertain the contribution of different aerosol types, the reanalysis

dataset from the Modern-Era Retrospective Analysis for Research and Applications,

Version 2 (MERRA 2; Gelaro et al. (2017)) have been used. The AOD at 550 nm

from dust (DU), sea salt (SS), black carbon (BC), organic carbon (OC) and sulfate

(SU) aerosols are derived from the monthly mean aerosol diagnostics dataset (GMOA

2015b).

3.2.2 Meteorological Data

The corresponding meteorological analyses implemented in this paper are based on the

results of meteorological reanalysis products provided by the National Centre for Envi-

ronmental Prediction (NCEP), Reanalysis 2 ( https://www.esrl.noaa.gov/psd/data/ grid-

ded/data.ncep.reanalysis2.pressure.html). For a complete understanding, we consider

both the upper-air and surface circulation patterns. Wind field at various vertical levels

was extracted from the NCEP Reanalysis data set on a 2.5◦× 2.5◦ latitude/longitude

grid on a monthly basis. As the PBLH has strong diurnal variation, its value during the

time of passage of Terra over the Indian Subcontinent was extracted at a spatial reso-

lution of 1◦× 1◦ from the MERRA 2 dataset (Global Modeling Assimilation, 2015).

Since the wind fields were available at 2.5◦ resolution, the present study was done at
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2.5◦×2.5◦ with all data resampled to this resolution.

3.2.3 Methodology

The present study first focusses on the spatio-temporal distribution of 550nm AOD and

then analyses various meteorological parameters to investigate their possible influence.

As evident from the literature, the atmospheric transportation and the distribution of

aerosols are governed by advection and diffusion. Thus, wind speed and divergence are

used as indicators for advection, whereas the PBLH is used as an indicator of atmo-

spheric stability and hence atmospheric diffusion. 11 years (2002 – 2012) of aerosol

climatology during the winter (January-February), pre-monsoon (March-May), mon-

soon (June-September) and post-monsoon (October-December) season is presented in

this paper. Spatial plots of mean seasonal AOD was derived from monthly AOD over

the Indian subcontinent bounded between 5◦ and 40◦ north latitudes and 65◦ and 100◦

east latitudes. The mean seasonal AOD for each grid was derived from the AOD for a

month m in the year yAODm,y in a given season for that particular grid as:

AODseason =
∑

n
m=1 AODm,y

n
(3.1)

Where n is the total number of months of MODIS data during a given season over

all the 11 years of data. Pixels with missing data values during the period was left as

no data pixels. As the land areas inhibited higher aerosol loading in comparison to

the oceanic areas, all the proceeding analysis were carried out separately over the land

and ocean. Temporal variation of AOD was plotted from the spatially averaged AOD

(AODmonth) for each month over the land and ocean separately as:

AODmonth =
∑AOD

n
(3.2)

Where AOD is the AOD value at each pixel with data value and n is the total number

of pixels with data value over the land or ocean in that particular month. Each pixel was

classified as land if 50% or more area of the pixel corresponded to land or else as the

ocean. Temporal variations of AODmonth for over 132 months starting from January

2002 is presented in this study. To study the monthly spatial variation of AOD, standard

deviations were also plotted along with each monthly values. This represents the spatial
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variations of AOD during each month.

Meteorological parameters derived from reanalysis data were then analyzed. Monthly

values of zonal (u) and meridional (v) wind components were extracted at different ver-

tical levels and the resultant wind speeds were calculated for every 2.5◦×2.5◦ pixel. To

account for the inflow and outflow of air masses, the wind divergence was also studied.

The wind divergence was computed from the horizontal wind components as described

by McNoldy (2004) using the formula

Divergence =
∂u

r cosφ∂λ
+

∂ (v cosφ)

r cosφ∂φ
(3.3)

Where φ and λ are latitude and longitude and r is the Earth’s radius. Similar to the

wind speed, the wind divergence was also computed at different vertical levels at the

same spatial resolution. As the horizontal length scale of each grid (≈ 277 km) is much

larger than the vertical perturbations over the land (≈ 10 km), this equation is applied

both over the land and ocean. Temporal variation of these meteorological parameters

and their correlation with AOD was then investigated.

The Indian subcontinent being a host of varied climatology is further divided into

subregions for further analysis. The whole Indian region is thus subdivided into seven

sub-regions. The division is in accordance with Ramachandran and Cherian (2008)

where he classified the region according to its geographic location. The locations and

their bounds are shown in Figure 3.1. Correlation analysis was then carried out over

each subregion between AOD and each of the meteorological parameters. For the cor-

relation analysis, only those grids where collocated values were available for each pa-

rameter were considered. These values of wind speed, divergence, and PBLH were then

sorted as a function of AOD and averaged to create a total of 50 scatter points. These

values were then used for Multiple Regression analysis to ascertain their contribution

to aerosol loading.

As the Indian subcontinent hosts a variety of aerosol types, AOD values for sea

salt aerosol (SS), dust aerosol (DU), organic carbon aerosol (OC), black carbon aerosol

(BC), and Sulphate aerosol (SU) were derived from the MERRA-2 dataset to analyse

the contribution of different aerosol types to the total AOD. The total AOD (AODTotal)
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values could roughly be fitted using the equation

AODTotal = DU +BC+OC+SS+SU (3.4)

Thus the contribution of each aerosol type (AODcontribution) can be calculated as

AODcontribution =
AODs

AODTotal
(3.5)

where, AODs is the aerosol optical depth of each aerosol type (DU, BC, OC, SS,

and SU) obtained from MERRA 2. The contribution of each aerosol type in difference

meteorological conditions are analysed. In addition to this, Proportional Reduction in

Error (PRE; Judd et al. (2017)) was also calculated from the residuals of regression

analysis.

PRE =
∑E (B)−∑E (A)2

∑E (B)2 (3.6)

Where E(B) is the residual in a model excluding PBLH and E(A) is the residual in

a model involving all the three parameters (wind speed, wind divergence, and PBLH).

The PRE helps to identify the contribution of PBLH in defining the variations in AOD.

Multiple trajectories at different locations over the land and ocean were computed

using the PC-Windows based NOAA HYSPLIT model. The HYSPLIT model computes

air trajectories, dispersion and deposition simulations by a hybrid between Lagrangian

and Eulerian approach (Stein et al., 2015; Rolph et al., 2017). The locations over the

land and ocean were selected based on the aerosol loading and four day multiple back-

ward trajectories were computed at different vertical levels. As the Terra overpass the

study region around 12:00 IST, trajectories were calculated starting at every 12:00 IST

for a year. The daily NCEP reanalysis data with a resolution of 2.5◦×2.5◦ was used for

this analysis. Trajectory frequency was then computed from these 365 backward tra-

jectories to investigate further how frequently the air masses are drawn from a region.

The frequencies are computed over an arbitrary grid over the computational domain by

counting the number of trajectory intersections over each grid cell and normalizing by

the number of trajectories. Further, trajectory clusters for the highest loaded month for

these locations were also computed. Both the locations experienced highest AOD load-
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ing during May 2011 and trajectories during this month was clustered to show potential

aerosol transport pathways.

3.3 RESULTS AND DISCUSSION

3.3.1 Spatial Distribution of AOD

Before investigating the link between aerosols concentration and prevailing meteorolog-

ical conditions, it is necessary to study its spatio-temporal distribution over the region.

The spatial distribution of AOD highlighting the spatial variability over the Indian sub-

continent is presented in Figure 3.2. As mentioned in the literature (Washington et al.,

2003; Dey, 2004) the dominance of aerosols over northern India especially the IGP is

visible. Heavy aerosol loading over the Thar Desert in western India and eastern Pak-

istan is transported over northern India along the IGP and is eventually spread over

the Bay of Bengal in the eastern Indian Ocean. Thus a vivid picture of aerosol trans-

portation from the arid regions is depicted. Similar to the observations by Gautam et al.

(2009b,a), a significant reduction in aerosol concentration in contrast to IGP is observed

over the foothills of the Himalayas and the Tibetan Plateau. Such spatial gradients with

topographical differences are also visible over the Aravali, Eastern Ghats and the West-

ern Ghats mountain ranges. Apart from the IGP, certain regions of central India (19◦N,

76◦E) shows high aerosol loading when compared to the surrounding areas. It is in-

teresting to note that these regions are bounded by the Western Ghats to the west and

south, Satpura ranges to the north and the Eastern Ghats to the east. Hindrance to flow

caused by the surrounding mountain ranges transporting aerosols to higher altitudes

near its foothills could be a factor for increasing the aerosol loading.

The influence of continental aerosols on the adjacent oceanic regions can be inferred

as most of the heavier aerosol concentrations are observed along the coast and weaken

as the distance from the land increases. Over the Bay of Bengal, aerosol loading along

the east coast can be seen as an extension of the IGP aerosol loading. Thus most of

the aerosols are dust mixed with anthropogenic aerosols from IGP (Guttikunda et al.,

2003; Monkkonen, 2004). Though not as heavy as the east coast, the west coast shows

wider aerosol loading over the Arabian Sea. Apart from the continental sources, the
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Figure 3.2 Spatial distribution of seasonal AOD from MODIS averaged during
2002–2012. (a) Winter. (b) Pre-monsoon. (c) Monsoon. (d) Post-monsoon

oceanic regions are also influenced by marine traffic (Nair et al., 2008). The Indian

coastline spanning over 7500 km, houses 12 major and 200 minor ports. These ports

handle about 95% of India’s trading by volume and 68% by value (Ministry of Shipping

2016, MoCA (2016)). Ship-borne measurements from the Integrated Campaign for

Aerosol, Gases and Radiation Budget (ICARB) reported a significant increase in aerosol

abundance from heavy shipping in the oceanic region (Nair et al., 2008). Anthropogenic

aerosol loading over the adjoining ocean region in the west coast of India was also

shown by Srivastava et al. (2016). Thus marine traffic along with continental aerosols
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is responsible for aerosol loading over the oceanic regions. Though a general picture

of the seasonal climatological mean of AOD is depicted in Figure 3.2, there also exists

annual variations in spatial distributions.

Owing to increased aerosol sources of natural and anthropogenic origin, land areas

are heavily loaded in comparison to the surrounding ocean. Not only the distribution

of sources but also the variety topography influences the aerosol distribution over land,

whereas such influences are absent over the ocean. The results indicate that average

AOD values over land (0.40) are almost 30% more than those over the ocean (0.30) for

the 11 years under consideration.

3.3.2 Temporal Distribution of AOD

Apart from the spatial variability, there also exists a temporal variation in AOD. The

spatial averages over land and oceanic regions were calculated for each month. This

enables to study the temporal changes in average aerosol concentrations. The monthly

variation in the average daily AOD over land and ocean along with the standard devi-

ation are given in Figure 3.3. Both land and ocean show a strong seasonal variation

of AOD with increased aerosol loading during the monsoon months of June, July and

August. Standard deviations about the monthly spatial means are also plotted to show

its spatial variation. It can be observed that there is not only an increase in average AOD

but also an increase in the spatial variability among the pixels during the monsoon sea-

son. This suggests that the increased aerosol loading during the monsoon season is

concentrated in particular locations. The AOD over the oceanic areas is substantially

lower than those over land areas. Moreover, the oceanic areas also experience less

spatial variability as shown by the standard deviation bars.

3.3.3 Meteorological Characteristics

Given the spatio-temporal distribution of AOD, knowledge about the variations in me-

teorological characteristics is required to link their relationship. Thus the monthly vari-

ation in the meteorological parameters such as wind speed and divergence are presented

in this section.
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Figure 3.3 Monthly variation of average daily AOD over the land and ocean from 2002 to
2012

Wind Speed

Due to the vertical gradient of horizontal wind speed in the atmosphere, the wind speeds

at different vertical levels have been studied. The temporal distribution of the average

wind speed at different vertical levels over land is shown in Figure 3.4a. Though the

wind speed increases with altitude, there is a similar seasonal pattern up to 850 hPa

with higher wind speeds during the monsoon season similar to the AOD distribution.

It is also observed that during the monsoon season the difference in wind speeds at the

different levels increases compared to that in other months similar to the variation in the

standard deviation of AOD. Thus, the monsoon season witnesses stronger wind speeds

with distinct vertical gradients. The wind speed over the ocean is relatively higher

compared to that over land but shows a similar seasonal variation (Figure 3.4b). This

is due to the lesser surface roughness over the oceanic areas. Unlike land, ocean shows

similar patterns in wind speed even up to 700 hPa.
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Figure 3.4 Monthly variation of average wind speed at different pressure levels (hPa) over
the land (a) and ocean (b) from 2002 to 2012.

Divergence

Wind divergence is indicative of the accumulation or dispersion of atmospheric parti-

cles in a region. Temporal distribution of wind divergence at different vertical levels

is shown in Figure 3.5. Over the land, divergence during the winter season decreases

towards the summer and eventually becomes convergence (negative divergence) dur-

ing the monsoon season. Similar to wind speed, the divergence over the land up to a

height of 850 hPa shows similar patterns. Unlike land, the ocean experiences increasing

divergence during the monsoon season. Overall, the wind speed and divergence over

the land and ocean are characterised with seasonal variations with the monsoon season

witnessing higher wind speeds with converging air masses over the land and diverging

air masses over the ocean.

3.3.4 Variation of AOD With Meteorological Parameters

Having said that both AOD and meteorological parameters such as wind speed and di-

vergence exhibit seasonal variation, their correlation was investigated. Figure 3.6 shows

the monthly variation in AOD along with wind speed over the land. Wind speed and

AODs show similar temporal variation with higher values during the monsoon season.

Thus AOD values over land increase with an increase in wind speed. The variation

of AOD along with wind divergence is shown in Figure 3.6. The monsoon season with
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Figure 3.5 Monthly variation of average wind divergence at different pressure levels (hPa)
over the land (a) and ocean (b) from 2002 to 2012.

higher AOD values is characterized by negative wind divergence. A multiple regression

analysis of wind speed and divergence with AOD using the 11 years of monthly data

(132 data points) shows a good correlation as indicated by the correlation coefficient

(R). The correlation varies at different vertical levels with a maximum of 0.75 at 850

hPa.

Over the ocean a more vivid relationship is observable. AOD and wind speed (850

hPa) exhibits a higher correlation (R = 0.82), whereas a clear divergence can be seen

during the monsoon season (Figure 3.7). This increased correlation is due to the rela-

tively pristine ocean areas which are loaded mostly by transported continental aerosols

in comparison to the numerous aerosol sources over the land.

Both land and ocean show an increasing correlation of wind speed and AOD at

higher vertical levels with a maximum occurring at 850 hPa. This expresses the impor-

tance of wind direction and air mass trajectories with different areal influence. This was

further investigated by running multiple backward trajectories at different vertical lev-

els. Previous studies have also used trajectory analysis to infer the sources and locations

of aerosols (Nair et al., 2008; Giles et al., 2011; Kedia et al., 2014). The frequency of

backward trajectories at near surface (1000 hPa) and mid-tropospheric (850 hPa) levels

over the land and ocean were plotted (Figure 3.8). The locations for computing trajec-

tories were decided from among regions of heavy aerosol loading. Thus over the land

38



0
1
2
3
4
5
6
7

0

0.2

0.4

0.6

0.8

W
in

d 
sp

ee
d 

(m
/s

)

A
O

D
AOD Wind speed (850 hPa)

a) R2 = 0.729

-4
-3
-2
-1
0
1
2
3
4
5

0

0.2

0.4

0.6

0.8

1 2 3 4 5 6 7 8 9 10 11 12

D
iv

er
ge

nc
e 

( 1
0-6

s-1
 )

A
O

D

AOD Divergence (850)

b)

Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.6 Temporal variation of average daily AOD with (a) wind speed and (b)
divergence at 850 hPa over the land from 2002 to 2012.

a location at IGP (26◦N, 83◦E) and over the ocean a location near east coast (20◦N,

88◦E) was selected as shown in figure 3.6. Though both near surface (Figure 3.8a)

and mid-tropospheric (Figure 3.8b) trajectories shows similar frequencies over IGP, the

850 hPa trajectories are more frequently driven from the arid regions such as the Thar
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Figure 7: Temporal variation of average daily AOD with a) wind speed and b) divergence at 
850 hPa over the ocean from 2002-2012. 
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Figure 3.7 Temporal variation of average daily AOD with (a) wind speed and (b)
divergence at 850 hPa over the ocean from 2002 to 2012.

desert. Thus the 850 hPa trajectories not only accounts for surface aerosol movement

but also for the elevated mid-tropospheric aerosols from farther areas. Over the ocean

there is more frequency of winds blowing from the adjacent land areas at 850 hPa when

compared to 1000 hPa (Figure 3.8c-3.8d). To further validate the importance of mid-

tropospheric wind, multiple backward trajectories at these locations were carried out
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for the month with the highest aerosol loading. Both the locations experienced highest

AOD during May of 2011. Daily backward trajectories during this month were clus-

tered and the results are presented in Figure 3.9. It is evident that the trajectories at 850

hPa are driven from the arid regions bringing in dust aerosols and resulting in heavier

aerosol loading. Over the ocean, the backward trajectories at 1000 hPa are confined

over the ocean whereas the 850 hPa are driven over the land surface. Thus an increase

in correlation with altitude can be inferred as the trajectories extending to land masses

contributing to most of the oceanic aerosols.

3.3.5 Meteorological Characteristics Over Regions of High and Low
AOD

Apart from the seasonality in overall aerosol loading, there is also evidence of large

spatial variability as seen in previous sections. This suggests that the increased aerosol

loading over the Indian subcontinent is concentrated to particular locations within the

region. Thus aerosol concentrations were analyzed to understand its dependence on

meteorological conditions. For this purpose, the land and oceanic regions were clas-

sified into subregions, and the variation of meteorological parameters with AOD was

analysed. As the literature suggests the importance of atmospheric diffusion in aerosol

redistribution, PBLH has also been studied as an indicator of atmospheric stability.

Thus wind speed, divergence, and PBLH were analyzed as an indicative parameter for

atmospheric advection and diffusion.

The figures showing the seasonal variation of wind speed, divergence and PBLH

with AOD over the subregions are shown in figures 3.10 to 3.13. The trends of each

parameter along with the P-value is summarised in Tables 3.1 to 3.3. The northwest

sub-region has been omitted due to a large amount of missing data. The parameters

exhibit distinct patterns not only over different subregions but also over the same sub-
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Figure 8: Trajectory frequency for 2013 over the land and ocean at different vertical levels.Figure 3.8 Trajectory frequency for 2013 over the land and ocean at different vertical
levels.

region during different seasons. For example, the wind speed over the south subregion

shows a decreasing trend with increasing AOD during the winter whereas the monsoon

witness increasing wind speed with AOD. Thus winter season over the south subregion

is characterized by heavier aerosol loading over regions of lower wind speed whereas

regions with high wind speed experience heavier aerosol loading during monsoon. This

is because the Indian subcontinent hosts different aerosol types with each aerosol type
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Figure 9: Trajectory cluster for May 2011 over the land and ocean at different vertical levels.
Figure 3.9 Trajectory cluster for May 2011 over the land and ocean at different vertical

levels.

having different climatology.

The AOD over the sub-regions experience varying contributions from each aerosol

type during the seasons. The contribution of each aerosol type towards the total AOD

over the subregions during different seasons are shown in Table 3.4. The south sub-

region during the winter season is characterized by significantly decreasing PBLH, sig-

nificantly increasing divergence and significantly decreasing wind speed with increas-

ing aerosol loading. Thus the south sub-region during the winter experiences heavier
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Figure 3.10 Variation of meteorological parameters with MODIS AOD over the sub
regions during the winter season.
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Figure 3.11 Variation of meteorological parameters with MODIS AOD over the sub
regions during the pre-monsoon season.
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Figure 3.12 Variation of meteorological parameters with MODIS AOD over the sub
regions during the monsoon season.
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Figure 3.13 Variation of meteorological parameters with MODIS AOD over the sub
regions during the post-monsoon season.
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Region
Winter Pre-monsoon Monsoon Post-monsoon
Trend P-value Trend P-value Trend P-value Trend P-value

S -3.25 0.01 0.78 0.17 4.81 0.01 -3.44 0.01
W 0.25 0.82 6.33 0.01 3.38 0.01 0.46 0.41
N 0.27 0.63 3.26 0.01 0.86 0.03 1.44 0.01
C -1.83 0.12 -1.28 0.22 2.93 0.01 -0.30 0.68
E 0.04 0.95 -1.54 0.01 -0.80 0.10 2.11 0.01
NE -0.14 0.79 -2.17 0.01 0.78 0.20 -1.37 0.06
AS -0.57 0.43 -0.77 0.08 3.14 0.05 -3.78 0.01
BoB 0.34 0.76 0.95 0.20 2.75 0.06 -1.14 0.28

Table 3.1 Trends in wind speed over the sub regions during each season.

aerosol loading in locations with lower PBLH and low wind speed which is diverg-

ing. However, it should be noted that the winter season has larger contribution from

SU, BC and OC aerosols (84%) and less contribution from DU and SS aerosols (16%).

AOD variation during the pre-monsoon is characterized by decreasing PBLH but is not

significant as in winter. The wind divergence is increasing and is coupled with an in-

creasing wind speed. The contribution of DU and SS aerosols (38%) during this season

is increased drastically along with a decrease in SU, BC and OC aerosols (62%). The

variation of PBLH completely reverses with a significantly increasing trend with AOD

during the monsoon season. Though the wind divergence during the monsoon is in-

creasing as in the previous seasons the wind speeds are significantly increasing with

AOD. The contribution of DU and SS aerosols during this season is increased to 47%

of the total AOD. Thus there exists a pattern wherein lower PBLH and low wind speeds

aids SU, BC and OC aerosols and higher PBLH and increased wind speeds aids DU and

SS aerosols. This pattern can also be seen during the post-monsoon season. Though

not significant, the PBLH and wind speeds experiences decreasing trends with AOD

and is characterised by lower contribution by DU and SS aerosols (12%) and larger

contribution from SU, BC and OC aerosols (88%).

The west sub-region during the winter season is characterised by increasing PBLH,

insignificant but increasing divergence and significantly increasing wind speed with

increasing aerosol loading. This is similar to the conditions over the south during the

monsoon season and exhibits similar contributions of aerosol types. With increasing
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Region
Winter Pre-monsoon Monsoon Post-monsoon
Trend P-value Trend P-value Trend P-value Trend P-value

S 8.80 0.01 4.41 0.01 2.24 0.23 0.83 0.72
W 7.97 0.21 7.02 0.10 -6.51 0.01 3.97 0.12
N -14.3 0.01 -6.00 0.08 -4.65 0.01 -8.34 0.01
C -23.9 0.01 -3.26 0.33 -4.68 0.09 -22.10 0.01
E -8.83 0.01 0.15 0.95 -13.40 0.01 -6.37 0.01
NE -4.13 0.45 -4.98 0.01 -1.81 0.31 -27.02 0.01
AS 21.15 0.01 8.50 0.01 -24.31 0.01 3.32 0.27
BoB 22.23 0.01 0.34 0.81 -20.63 0.01 33.76 0.01

Table 3.2 Trends in wind divergence over the sub regions during each season.

PBLH and higher wind speeds, the DU and SS aerosols contribute about 35% of the

total AOD. The increase in PBLH and wind speed becomes significant during the pre-

monsoon season and results in an increased contribution from DU and SS aerosols

(72%). Though the wind speed continues to be significantly increasing the PBLH and

wind divergence shows a decreasing trend during the monsoon season. As a result,

the contribution of DU and SS aerosols (63%) can be seen to deteriorate. As the post-

monsoon season approaches the wind speeds become insignificant with significantly

decreasing PBLH. As a result, the season witnesses decreased contribution from DU

and SS aerosols (24%) when compared to the previous seasons. The results contribute

more validity to the dependence of aerosol types on meteorological condition wherein,

lower PBLH and low wind speed aids SU, BC and OC aerosols and higher PBLH and

increased wind speed aid DU and SS aerosols.

Similar patterns can also be observed over the north sub-region. The winter season is

characterised by decreasing PBLH, significantly increasing convergence and insignifi-

cantly varying wind speed with increasing aerosol loading. With decreasing PBLH and

converging wind, the DU and SS aerosols contributions are low (23%) compared to

other seasons. The PBLH and wind speed during the pre-monsoon season becomes sig-

nificantly increasing with AOD and as expected the contributions of DU and SS aerosols

are drastically increased (59%). The PBLH continues to be significantly increasing dur-

ing the monsoon season but the wind speed though increasing becomes insignificant.

This is reflected as a decrease in DU and SS aerosol contribution (46%). As the post-
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Region
Winter Pre-monsoon Monsoon Post-monsoon
Trend P-value Trend P-value Trend P-value Trend P-value

S -1747 0.01 -536 0.25 145 0.53 -273 0.24
W 1077 0.07 1379 0.01 -587 0.01 -1250 0.01
N -599 0.03 2031 0.01 1179 0.01 -123 0.40
C -364 0.53 864 0.01 -545 0.07 494 0.28
E -1250 0.01 -1607 0.01 419 0.03 -392 0.01
NE -535 0.03 564 0.01 81 0.55 -794 0.01
AS -791 0.01 -714 0.01 -58 0.07 -356 0.01
BoB -641 0.01 -639 0.01 -365 0.01 360 0.01

Table 3.3 Trends in PBLH over the sub regions during each season.

monsoon approaches, the PBLH becomes decreasing with decreased contribution from

DU and SS aerosols (18%). Similar patterns can be observed over the central, east and

north-east regions. Thus in general over the land higher PBLH and higher wind speed

supports DU and SS aerosols whereas lower PBLH and low wind speed support SU, BC

and OC aerosols. This may be because increased wind speed and higher PBLH results

in increased surface wind stress and an unstable atmosphere with increased turbulence

in turn supporting DU and SS aerosol production.

The oceanic regions show a different character. Both the AS and BoB are charac-

terised by significantly decreasing PBLH with increasing AOD during the winter and

pre-monsoon seasons. Thus the increased aerosols concentrate over relatively stable

atmospheric regions over the ocean. The contribution of SS aerosols (approx. 20%)

remains low whereas the continental aerosols have a higher contribution to the total

AOD. These continental aerosols are mostly transported from the adjacent land areas

and concentrate over stable oceanic regions with lower PBLH. As the monsoon season

approaches the wind speeds starts to increase causing an increase in SS contribution

both over the AS and BoB (39% and 41%).

Both the land and oceanic regions depicts that not only the advection but also the dif-

fusion of atmospheric particles is an important factor in aerosol distribution as indicated

by the influence of PBLH. Further, the influence of atmospheric diffusion is quantified

by evaluating the PRE of a multiple linear regression model. The results are tabulated
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Region S W N C E NE AS BoB

Winter

BC 6 6 7 7 7 7 4 5
DU 9 33 22 16 13 12 16 5
OC 23 18 22 22 23 28 18 30
SS 7 2 1 2 1 1 22 19
SU 55 40 48 53 54 52 39 41

Pre-monsoon

BC 4 2 3 4 4 4 3 4
DU 27 65 56 46 37 28 36 17
OC 18 7 12 15 18 28 12 22
SS 11 7 3 5 5 5 20 23
SU 41 19 25 31 35 35 29 34

Monsoon

BC 3 2 3 3 4 5 1 2
DU 31 45 38 30 23 21 36 16
OC 10 6 10 11 13 17 5 11
SS 16 18 8 10 9 9 39 41
SU 41 29 41 47 51 49 20 29

Post-monsoon

BC 5 7 8 7 7 7 5 5
DU 6 22 17 12 8 8 13 3
OC 23 22 25 24 26 29 18 21
SS 6 2 1 1 1 1 21 26
SU 59 47 50 56 58 55 44 44

Table 3.4 Contribution of various aerosol types to the total AOD inferred from MERRA 2
data.

Location
Winter Pre-monsoon Monsoon Post-monsoon
R2 PRE R2 PRE R2 PRE R2 PRE

South 0.79 0.60 0.35 0.11 0.57 0.02 0.52 0
West 0.39 0.07 0.69 0.29 0.62 0.08 0.28 0.18
North 0.78 0.54 0.66 0.45 0.67 0.47 0.75 0.23
Central 0.57 0.01 0.40 0.33 0.48 0.14 0.76 0.06
East 0.66 0.54 0.57 0.46 0.53 0.25 0.55 0.04
North East 0.23 0.20 0.77 0.42 0.13 0.03 0.76 0.24
Arabian Sea 0.78 0.47 0.92 0.83 0.94 0.18 0.66 0.27
Bay of Bengal 0.81 0.46 0.92 0.92 0.83 0.56 0.96 0.43

Table 3.5 Proportion of variations in AOD by the PBLH as inferred by the PRE.
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in Table 3.5. The inclusion of PBLH in addition to wind speed and divergence shows

significant PRE in most of the cases. This is visible during the winter and pre-monsoon

seasons. Higher temperature during the pre-monsoon season results in an unstable at-

mosphere with more influence on AOD. The PBLH during this season explains almost

30 to 90% of the variance in AOD over various regions. However, the PRE during the

monsoon and post-monsoon seasons are lower and is due to the substantial reduction

in the spatial variation of PBLH during these seasons. Thus the atmospheric diffusion

influences aerosol distribution especially during the winter and pre-monsoon seasons.
3.4 CONCLUSIONS

In this chapter, spatio-temporal distribution of AOD over the Indian sub-continent and

the surrounding Indian Ocean (5◦N to 40◦N and 65◦E to 100◦E) was studied to un-

derstand the possible influence of prevailing meteorological conditions. Eleven years

(2002-2012) of MODIS AOD data along with wind speed, wind divergence, and PBLH

were investigated as parameters for advection and diffusion of atmospheric particles.

These parameters derived from reanalysis data sets along with satellite measured AOD

values reveals distinctive characteristics over the land and ocean. Further, the study

pertains to the influence of meteorology in redistributing atmospheric particles over the

region. The main conclusions are summarised as follows.

The distribution of aerosols shows large spatial variability with heavier loading over

the IGP. Dust aerosols from the arid regions of Thar Desert are blown over northern

India and are eventually spread over the Bay of Bengal. Similar to the foothills of the

Himalayas and Tibetan Plateau, mountain ranges such as the Aravali, Eastern Ghats,

and the Western Ghats also exhibits spatial gradients with topographical differences.

A region in central India bordered by mountain ranges on all four sides shows heavier

aerosol loading suggesting the possibility of vertically advected aerosol layers due to

surface hindrance but requires further analysis.

Meteorological parameters such as wind speed and divergence show seasonality

with increased wind speed and convergence during the monsoon season. Monthly wind

speeds and divergence correlates with AOD values both over the land and ocean sug-

gesting an increased aerosol loading at higher wind speed which is converging to the
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region. However, there is an increased correlation in wind speeds at higher altitude with

a maximum correlation at 850 hPa. The higher correlation was further investigated with

backward trajectories at near surface (1000 hPa) and mid-tropospheric (850 hPa) levels

describing the importance of wind direction and areal influence of wind trajectories.

Apart from the seasonality in AOD, there is also evidence of increasing spatial variabil-

ity suggesting the accumulation of increased aerosols to particular locations within the

region. The Indian subcontinent being a host of varied climatology was further divided

into sub-regions for the analysis. Correlation analysis between AOD and the meteoro-

logical parameters were carried out over each sub-region. The results depict the influ-

ence of prevailing meteorological conditions on distributing various aerosol types over

the sub-regions. In general, over the land, higher PBLH and higher wind speed supports

DU and SS aerosols whereas lower PBLH and low wind speed supports SU, BC and

OC aerosols. This may be because increased wind speed and higher PBLH results in

increased surface wind stress and an unstable atmosphere with increased turbulence in

turn supporting DU and SS aerosol production. Over the ocean the transported conti-

nental aerosols are concentrated over regions of stable atmosphere as denoted by lower

PBLH. Increasing wind speeds over the ocean results in an increased SS aerosol con-

centration over the region. Further, the influence of atmospheric diffusion is quantified

by evaluating the PRE of a multiple linear regression model. The inclusion of PBLH in

addition to wind speed and divergence shows significant PRE in most of the cases. This

is particularly evident during the winter and pre-monsoon seasons where the PBLH

explains almost 30 to 90% of the total variance in AOD over the sub-regions.
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Chapter 4

A SATELLITE BASED TOP-DOWN
APPROACH TO QUANTIFY AEROSOL
EMISSIONS

4.1 INTRODUCTION

Accurate forecasting of air quality demands better estimates of aerosol emissions. The

accuracy of conventional bottom-up approaches to estimate aerosol emissions depends

on the degree to which various influencing parameters are estimated. The availability of

satellite observations not only enhances the capability of determining various influenc-

ing parameters, but also provides alternate ways of assessing aerosol sources. Aloysius

et al. (2008) used the wind data to estimate the transported aerosols and hence, the

aerosol source/sink strength. The authors estimated the source of aerosols over Ganga

basin by incorporating MODIS AOD data and NCEP reanalysis wind data to the aerosol

flux continuity equation. The ASS was estimated over 2.5◦× 2.5◦ grids and showed

good correlation with the concentration of thermal power plants in the basin. Prijith

et al. (2013) used the aerosol flux continuity equation to derive an aerosol source/sink

map over the globe. Thus aerosol production or deposition for twenty-four hours was

estimated using AOD obtained from MODIS. Though this approach incorporates the

wind factor to estimate aerosol source, huge uncertainties exist as daily sources are es-

timated based on a single AOD data for a day. This is because as time period increases

the wind mass traverse vast distances encountering numerous sources and sinks in its

path. An abundant source or sink in its path may be reflected as increased aerosol pro-

duction or deposition at the computed grid. A better estimate of aerosol sources daily
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is feasible but at the expense of a coarser resolution. Thus identification of isolated

sources is difficult. Moreover the flux continuity equation does not account for the

diffusion of aerosols nor the atmospheric stability conditions. Not only the advection

of aerosols by wind and its redistribution based on convergence but also the diffusion

of these particles during their residence in the atmosphere is an important parameter

(Ziomas et al., 1995; Quan et al., 2013; Wang et al., 2016; Su et al., 2018; Nizar and

Dodamani, 2019). This chapter uses a Lagrangian approach to the Advection Diffu-

sion Equation (ADE) to estimate the transported aerosols and hence the Aerosol Source

Strength (ASS) using satellite-measured Aerosol Optical Depth (AOD) and reanalysis

wind data. This top-down approach is based on the advection and diffusion of atmo-

spheric aerosols considering wind circulation and atmospheric conditions rather than

using indicative parameters.

Daily measurements of AOD over the Indian subcontinent is available from the

MODIS sensor on board Terra and Aqua satellites. Terra and Aqua overpass the study

domain roughly at around 06:00 (UTC) and 09:00 (UTC). Thus a three hour ASS can

be computed between 06:00 and 09:00 (UTC). Though the aerosol sources computed

for three hours have better accuracy than a 24 hour source (Prijith et al. 20013), this

represents the source strength only for a very small fraction of the day. In this regard

geostationary satellites with timely measurements can provide ASS estimates through-

out the day. Though the indigenous geostationary satellite such as INSAT3D/3DR pro-

vides AOD measurements every 30 minutes, these images have limitations for AOD

estimation due to only one channel for aerosol detection. Thus to validate the current

top down approach, the study first utilizes the AOD measurements from the GOES-16

for California and then applies the methodology over southern India using MODIS to

identify aerosol hotspots. Conventional emission estimations employ a bottom-up ap-

proach wherein, the ground parameters (e.g., amount of fuel burned, duration, type of

fuel, and its spatial extend etc.) are collected and estimates of atmospheric emissions

are prepared. In contrast, the top-down approach employed in this study utilizes the re-

motely sensed data pertaining to the total atmospheric pollution and prepares estimates

of ground emissions based on the meteorological parameters and spatio-temporal dis-
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tribution of these pollutants. Being a Lagrangian approach, the present ASS algorithm

tracks wind masses as it traverses during a certain time. Computations are carried out

at each grid separately rather than a large fixed spatial extend.

4.2 WILDFIRE AEROSOL EMISSIONS OVER CALIFORNIA

California is one of the most innovative State in terms of pollution control strategies

with strong environmental standards (Vogel, 2019). But the State has witnessed nu-

merous wildfires resulting in prolonged public exposure to poor air quality. The 2018

wildfire season was the most destructive, with July seeing some of the most widespread

fires such as the Mendocino Complex and Carr fire. Understanding the potential source

regions of air pollutants and their relative contributions are of great importance for air

pollution control strategies. The present study thus focusses on the aerosol emissions

over California during July 2018. ASS is computed every three hours at at 0.25◦×0.25◦

grids across California during July 2018 using AOD retrievals from the GOES-16 with

observations every 15 min. As the proposed method does not involve indicative param-

eters such as FRP, this method can be extended to applications that do not involve fire,

such as estimation of power plant emissions, dust emissions, etc. Of course the dis-

tinction of various sources contributing to the aerosol emission is ambiguous and could

have contribution from multiple sources. However, an ASS map of a region would be

helpful in investigating the correlation of aerosol emissions with the spatial distribu-

tion of potential sources such as power plants, industries, and deserts dust, etc. The

computed ASS is thus compared with the distribution of power plants over California.

4.2.1 Methodology
GOES AOD

The Geostationary Operational Environmental Satellite (GOES)-16, hosts on-board the

Advanced Baseline Imager (ABI; Schmit et al. (2005, 2017)), which measures radiances

in multiple wavelengths at high spatial and temporal resolution. With over 16 different

spectral bands ranging from the UV through IR, the aerosol optical depth products de-

rived from ABI can potentially have statistical qualities similar to those from MODIS

and VIIRS Zhou et al. (2018). The ABI L2+ aerosol optical depth product at 550 nm
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over the full disk available every 15 minutes is used in this study. To reduce com-

putational time, aerosol source strength was computed every three hours at a spatial

resolution of 0.25◦. Thus a 0.25◦× 0.25◦ AOD data was compiled every three hours

(starting from 0:00 UTC) from the 2 km AOD data. Before resampling the data, miss-

ing data values were filled from adjacent time periods. For this, the AOD at a particular

time t (AODt), was compared with AODt−1, AODt+1, and AODavg

(
AODt−1+AODt+1

2

)
.

The results indicate a better correlation of AODt with AODavg (R2 = 0.87) than AODt−1

(R2 = 0.78) and AODt+1 (R2 = 0.81; Figure 4.1). Thus the missing AOD values were

filled based on the availability of adjacent data.

Missing AODt =


AODavg ; if both AODt±1 are available

AODt±1 ; which ever is available

No data ; if none are available

(4.1)
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Figure 4.1 Comparison of GOES-16 AOD at adjacent times over California during July
2018.

Advection-Diffusion equation

Aerosol transportation is strongly influenced by wind which may enhance or diminish

its concentration by convergence or divergence (Aloysius et al., 2008; Prijith et al.,

2013). The present study proposes a lagrangian approach to the ADE to estimate the

transported aerosol and hence the ASS using satellite measured AOD and reanalysed
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wind data. The three dimensional ADE is given by:

∂ρ

∂ t
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∂ρ
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+ v

∂ρ

∂y
+w

∂ρ

∂ z
= Dx

∂ 2ρ

∂x2 +Dy
∂ 2ρ

∂y2 +Dz
∂ 2ρ

∂ z2 (4.2)

Where ρ is the aerosol extinction coefficient per unit volume, u, v, and w are the

wind velocities in the x, y, and z direction and Dx, Dy, and Dz are the turbulent diffusion

coefficients in the respective directions. For an instantaneous volumetric source over a
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The vertical atmospheric column at each grid was divided into different layers to

account for the vertical gradient of horizontal wind speed and direction. To decide the

layer depth, cluster analysis was performed at various locations along a central section

of California based on wind speed and direction of vertical atmospheric layers. The

K mean clustering was employed which partitions each atmospheric layer to a cluster

with the closest mean. Basically it tries to minimise the variances or Squared Euclidean

Distances within each cluster. The number of clusters at each location was decided

based on elbow method wherein, the variations explained is plotted as a function of the

number of clusters. The number of clusters corresponding to the bend (Elbow) in the

plot represents the optimum number of cluster which in this case varied from three to

five depending on the ground elevation of the location. The result of the cluster analysis

is plotted in Figure 4.2, which reveals a vertical structure of the atmosphere based on

wind speed and direction. The present study adopted a total of 5 vertical layers centered

at 750, 1500, 2000, and 3500 m above mean sea level.

The total columnar AOD at a grid was converted to normalized aerosol extinction

profile at each vertical layer, assuming an exponentially decreasing vertical profile with

a scale height of 2 km. Since the depth (d), of these 3D grids is very small as compared
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Figure 4.2 Clusters of atmospheric wind over a section across California during July 2018.

to the other two dimensions (L ≈ 25d), the diffusion in the longitudinal and lateral

direction will be minimal compared to the vertical direction for a given period. The

eddy diffusion coefficient (Dz) for pollutants is usually assumed to equal Kh (eddy

diffusivity for heat) and experimental evidence tends to support this (Lodge, 1983). A

common characteristic of Kh is that it has a linear variation near ground, a constant value

at mid mixing depth and a decreasing trend as the top of the mixing layer is approached.

Shir (1973) gave such an expression based on theoretical analysis of neutral boundary

layer, in the form:

Dz = κu∗z× exp
(
−4 f z

u∗

)
(4.4)

Where, κ is the Von Karman constant, u∗ is the shear velocity, z is the depth of flow,

and f is the coriolis parameter given by f = 2Ωsinϕ . Where, Ω is the rotation rate of

the earth in radians/s, and Ω is the latitude in degree decimals. To compute u∗ under

different stability conditions, the wind profile is used.

u(z) =
u∗
κ

(
ln
(

z
z0

)
−ψm(ζ )

)
(4.5)

Where ψm is the integrated form of the universal function given as,

60



ψm(ζ ) =


−6ζ ; stable

ln
((

1+x2

2

)(1+x
2

)2
)
−2tan−1x+ π

2 ; unstable
(4.6)

Where x = (1−19.3ζ )
1
4 , and the stability parameter is defined as ζ = z−d

L , where L

is the Obukhov length (m).
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Figure 4.3 Schematic of the proposed methodology.

For each grid point, the transported aerosol extinction coefficient ρ is calculated

from the initial aerosol extinction coefficient ρo using the advection-diffusion equation.

A three-hour backward trajectory is computed using the PC-Windows-based NOAA

HYSPLIT model (Stein et al., 2015; Rolph et al., 2017) to find the grid location at time

t− 1. ρo is the aerosol extinction coefficient over this location at this time. Similarly,

ρ is computed for each vertical layer and its vertical integration at a grid, gives the

columnar transported AOD (τT ).

τT (x,y) =
∫ H

0
ρ(x,y,z)dz (4.7)

The column integrated source strength S(x,y) can thus be expressed per unit area

per unit time as the difference between the actual columnar AOD at time t, and the

columnar transported AOD.
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S(x,y) = τ(x,y)− τT (x,y) (4.8)

MODIS FRP

The temporal integration of satellite retrieved FRP is directly proportional to the total

amount of fuel consumed by fire (Li et al., 2018), which in turn is directly proportional

to aerosol emissions from the fire. Thus, the computed ASS at fire locations is compared

with MODIS MaxFRP. The MODIS sensor onboard Terra satellite provides daily fire

products at a spatial resolution of 1 km. The MaxFRP values from MOD14A1 level 3

– version 6 data product (Giglio et al., 2016) is used in this study. The daily MaxFRP

at each 0.25◦×0.25◦ grids are resampled by taking the summation of MaxFRP values

within each grid. The collocated MaxFRP values for July are then sorted as a function

of ASS and is averaged into equal bins of 5 percentiles each. The average value of

MaxFRP for each bin is plotted against mean ASS values to illustrate the correlation

between AOD-based and FRP-based approach for estimating biomass emissions.

Power plant concentration

A quantitative comparison between the concentration of thermal power plants and ASS

over California is also performed. The power plant shapefile data was acquired from

the US energy information administration (EIA) website. In order to give equal weight

to the aerosol pollution from the power plants lying in all directions, their concentration

in each 0.25◦×0.25◦ grid was determined by defining a circle of influence with radius

0.25◦ and centre in the middle of the grid. The variation of average ASS in this influence

zone with the corresponding power plant concentration is then studied.

4.2.2 Results

The spatial distribution of AOD, along with surface wind pattern, is shown in Figure

4.4. The state experiences a maximum AOD of 0.55 with considerable spatial variation

(CV = 35%) from a mean value of 0.23. The wind pattern shows steady inflow of marine

air into the Central Valley through the San Francisco Bay. The Central Valley shows a
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higher concentration of AOD towards the downwind regions indicating the advection of

aerosol particles from their sources by the prevailing winds. Moreover, this flat valley

experiences higher aerosol loading when compared to the surrounding mountain ranges.

This is due to the surrounding mountainous topography that obstructs wind, trapping

pollutants within the valley (De Young et al., 2005). Thus the spatial distribution of

aerosols does not necessarily reflect the spatial distribution of its sources.
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Figure 4.4 AOD over California during July 2018 along with surface wind pattern.

The ASS distribution over the State computed using the proposed methodology is

presented in Figure 4.5. Major sources of aerosols such as power plants and wildfire

locations are also located in the figure. The State exhibits a maximum ASS of 0.14

AOD/hr and an average ASS of 0.02 AOD/hr. Aerosol sources are prominent around

densely populated regions such as San Francisco, Los Angeles and Orange County. The

Coastal ranges are seen devoid of significant aerosol sources except along a narrow strip
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of low lying coastal areas. Aerosol sources in the Central valley are distinctly visible

between mountain ranges. The major population centers within the valley (Bakersfield,

Fresno, Sacramento, and Redding) appears as clusters of aerosol sources. Unlike north-

ern California where most of the aerosol sources are anthropogenic, southern Califor-

nia, especially the Mojave Desert, inhibits natural aerosols. Desert dust is the primary

source of aerosols, wherein the emissions vary depending on surface roughness, sedi-

ment availability, and friction velocity (Sweeney et al., 2011). The spatial occurrence

of low dust emitting (desert pavements) and high dust emitting landforms (sand dunes,

dry washes, etc.) influences the spatial distribution of aerosol sources within the region.
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Figure 4.5 ASS over California during July 2018 along with prominent sources.

Another major source of atmospheric aerosols is wildfire biomass burning emis-

sions. The State witnessed numerous wildfires during July, burning over 721,794 acres

of land. The major fires are shown in Figure 4.5. As expected, the result shows higher
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ASS around fire locations. Starting from the north, the Klamathon Fire recorded over

230 fire pixels with a mean FRP of 10.21 MW. The Klamathon Fire produced an ASS

of 0.035 AOD/hr. The Carr Fire, being the most massive fire in terms of area, burned

over 929 fire pixels with a mean FRP of 38.635 MW, and is characterized by an ASS

of 0.023 AOD/hr. Though the Mendocino Complex Fire started by the end of July, it

burned over 474 fire pixels in 5 days with a mean FRP of 17.61 MW. The fire exhibits an

ASS of 0.034 AOD/hr during July. Finally, the Ferguson Fire near the Sierra National

Forest burned over 572 fire pixels starting from 13th of July with a mean FRP of 20.56

MW, exhibiting an ASS of 0.065 AOD/hr.
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Figure 4.6 Variation of ASS with MODIS MaxFRP over California during July 2018.

The temporal integration of satellite retrieved FRP is directly proportional to the

total amount of fuel consumed by fire (Li et al., 2018), which in turn, is directly propor-

tional to aerosol emissions from the fire. In other words, FRP should be linearly related

to the ASS computed using the proposed methodology. Figure 4.6 plots the variation
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of the computed ASS with the MODIS retrieved MaxFRP. Since MaxFRP value ranges

from one to several 100s, a logarithmic scale is applied. The plot shows a high linear

correlation (R2 = 0.886) between ASS and FRP. A scalar multiplication factor of 0.001

AOD/MW-hr can be obtained from the relationship. Satellite FRP has been proved to

provide reliable estimates of biomass burning emissions (Wooster et al., 2005; Free-

born et al., 2008). Thus, a linear relationship validates that the ASS computed using the

proposed methodology reflects the actual aerosol production rather than the residual or

transported aerosols.

As the proposed method is based on advection and diffusion of atmospheric aerosols

rather than using indicative parameters such as FRP, this method can be applied to esti-

mate sources that do not involve fire. The distribution of non-renewable power plants in

the State correlates spatially with ASS as evident from Figure 4.5. This spatial correla-

tion was further explored, and the variation of ASS with power plant density is shown in

Figure 4.7. The graph shows a steady increase in ASS with power plant density. How-

ever, it should also be noted that these power plants are located near populated areas

which can have vehicular and other anthropogenic aerosol contributions. Nevertheless,

such a high correlation with power plant density (R2 = 0.82) implies the contribution of

power plant emissions. The results also help to infer the significance of anthropogenic

sources in comparison to natural emissions. In fact the results indicates that, the region

of highest power plant density (20 powerplants/2400km2) records an ASS of 0.021

AOD/hr, which is similar to the emissions from the Carr fire.

4.3 AEROSOL EMISSION HOTSPOTS OVER SOUTHERN
INDIA

In this study, aerosol production or deposition during the time between the passage

of MODIS on board Aqua and Terra was estimated using the AOD obtained from these

satellites. Terra and Aqua overpass the study domain roughly at around 06:00 (UTC)

and 09:00 (UTC) respectively. Thus a three hour aerosol source strength was com-

puted for each day rather than for 24 hours using AOD values of adjacent days. The
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Figure 4.7 Variation of ASS with power plant concentration over California during July
2018.

methodology is explained in section 4.2.1
4.3.1 Results
Aerosol distribution

Before investigating the aerosol emission sources, it is necessary to study its spatial

distribution over the region. The spatial distribution of AOD highlighting its spatial

variability over sourthern India during the premonsoon along with prominent sources

are presented in Figure 4.8.

Large concentration of aerosols are found over the Bay of Bengal along the eastern

coast. As discussed in Chapter 3, this is an extension of the IGP aerosol loading. Heavy

aerosol loading over the Thar Desert in western India and eastern Pakistan is transported

over northern India along the IGP and is eventually spread over the Bay of Bengal in the

eastern Indian Ocean (Washington et al., 2003; Dey, 2004). The influence of continental

aerosols on the adjacent oceanic regions can be inferred as most of the heavier aerosol
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Figure 4.8 AOD distribution during the premonsoon season along with prominent sources.

concentrations are observed along the coast and weaken as the distance from the land

increases. Along the west coast, aerosols are concentrated near the Kerala-Karnataka

coast. The southern coast of Gujarat is another major location of aerosol concentration.

As discussed in Chapter 3, these concentrations are dependent on various meteorologi-

cal conditions and the distribution of sources and sinks and does not necessarily reflect

the distribution of aerosol sources over the region. This is evident from the figure as

most of the sources such as thermal power plants and CPCB industrial hotspots shows

lower AOD. Especially the clusters of coal based thermal power plants along the 20◦N
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Figure 4.9 ASS (AOD/hr) during the premonsoon season computed using the proposed
method.

latitude shows low aerosol concentration but are actually one of the major sources.

Aerosol sources

The average aerosol source computed during the premonsoon season over southern In-

dia is shown in Figure 4.9. Though the AOD map shows higher concentration over the

Bay of Bengal, the ASS computed using the proposed method shows low aerosol emis-

sion. Thus the model is able to identify BoB AOD as transported aerosol. In contrast,

though the AOD map shows low values over the clusters of coal power plants in central

India, the model clearly simulates aerosol emissions. In fact, these are regions of high
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aerosol production. similar results can be seen over the west coast where the aerosols

are emitted from the adjacent land towards the sea. Emissions are high over the land and

is transported over to the sea. However, certain location of Maharashtra shows higher

aerosol emissions, even though not associated with any major sources. This could be

due to various other sources such as vehicles, arid lands, industries, biomass burning,

etc. Though ASS is estimated only for a short time of the day, the average ASS during

the premonsoon season can identify the major hotspots in the study area during the sea-

son. Apart from providing prior knowledge about the major pollution centres, the study

also provides a new perspective of studying the influence of aerosols on rainfall. This

is explored in the next chapter.

4.3.2 Conclusions

In this chapter a top-down lagrangian approach is proposed to quantify aerosol emis-

sions using satellite AOD data. The study employs the ADE to estimate the transported

aerosols and hence the ASS. ASS is first computed over California during July 2018

and is then applied over southern India.

The distribution of aerosols over California is influenced by the prevailing wind

pattern and topography, with higher AOD concentration towards downwind regions.

Though AOD data reveals the spatial distribution of aerosols, it does not necessarily

represent the emission sources. The ASS generated using the proposed methodology

reveals distinct aerosol emission hotspots over California. The distribution of aerosol

sources vary depending on the geographic features within the State, with prominent

aerosol sources around densely populated regions. The computed ASS shows higher

values around wildfire regions, which is a significant source of atmospheric aerosols.

The Ferguson Fire near the Sierra National Forest exhibited the highest aerosol emis-

sion (0.065 AOD/hr) followed by the Klamathon Fire (0.035 AOD/hr), the Mendocino

Complex Fire (0.034 AOD/hr), and the Carr Fire (0.023 AOD/hr).

As the temporal integration of satellite retrieved FRP is proportional to aerosol emis-

sions from the fire, the computed ASS at fire locations was compared with MODIS

MaxFRP. The results indicate a high linear correlation (R2 = 0.886) between ASS and

FRP with a scalar multiplication factor of 0.001 AOD/MW-hr. A linear relationship
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validates that the ASS computed using the proposed methodology reflects the actual

aerosol production rather than the residual or transported aerosols. As the proposed

method is based on advection and diffusion of atmospheric aerosols rather than using

indicative parameters such as FRP, this method was applied to investigate the spatial

correlation of ASS with power plant density. There is a steady increase in ASS with

power plant density, with the region of highest power plant density recording an ASS

of 0.021 AOD/hr, which is similar to the aerosol emission from the Carr Fire. The

study thus aids to infer the relative importance of various emission sources in the re-

gion. Application of the methodology over the Indian subcontinent reveals its aerosol

source hotspots during the premonsoon season. The model is able to distinguish the

transported aerosols and hence points out the actual aerosol production centres. The

clusters of coal based thermal power plants along the 20◦ N latitude exhibits higher

source strength apart from various CPCB industrial hotspots.
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Chapter 5

INVESTIGATING THE POSSIBLE
RELATIONSHIP BETWEEN RAINFALL
AND AEROSOL DISTRIBUTION

5.1 INTRODUCTION

Rainfall irrigates more than 65% of the cultivated land in India and is a major factor

in agricultural output. For a rain fed agrarian country like India whose gross domestic

product is nurtured by agricultural sector, understanding the spatial and temporal pat-

terns in rainfall is a very vital issue with significant implications on water resources and

management policies.

Aerosol radiative and microphysical effects suppress precipitation and tends to spin

down the hydrological cycle (Ramanathan et al., 2005). Crutzen and Andreae (1990)

studied the cloud microphysics and aerosols. Their study shows that aerosols not only

enhance precipitation by acting as cloud condensation nuclei, but also suppress the

downpour of atmospheric moisture if abundant. Forest fire is one of the prominent

natural source of atmospheric aerosol releasing large quantities of smoke. The impact of

such heavy smoke on precipitation anomalies was studied by Rosenfeld (1999). Using

satellite precipitation data he observed that the effect is to shut off warm air process in

convective tropical clouds and explained this suppression as a result of increased cloud

condensation nuclei, inhibiting the growth of cloud droplets. He also pointed out that

this indirect effect increased the cloud lifetime. The clouds take more time until its

depth is increased with colder cloud top temperatures and eventually raining out.
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5.2 DATA AND METHODOLOGY

5.2.1 Aerosol and Cloud Data

Terra and Aqua satellites boarding the Moderate Resolution Imaging Spectroradiome-

ter, provide global observations of aerosol optical depth. These observations provide

daily insight into the global distribution of column integrated aerosols. Various MODIS

AOD products over the Indian region has been validated by numerous researchers (Tri-

pathi et al., 2005; Choudhry et al., 2012; Misra et al., 2015). Daily AOD from Collec-

tion 6.1, level 2 AOD products derived from Terra’s MODIS measurements are used

in this study (https://ladsweb.modaps.eosdis.nasa.gov/). For analysing the impact of

aerosol variations on cloud, various cloud properties such as cloud fraction (CF), cloud

top pressure (CTP), and cloud top temperature (CTT) was also retrieved from Terra

observations.

5.2.2 Rainfall Data

The Indian Meteorological Department’s (IMD) Gridded Rainfall Dataset of 0.25◦ res-

olution is utilized. This enables to study the possible connection between rainfall trends

at a finer resolution. The dataset has been compiled from more than 6955 rain gauge

stations, temporal period covering longer than 110 years over India. The detailed de-

scription of the dataset has been discussed by Pai et al. (2014). They have also compared

the Gridded dataset with other existing datasets showing comparable results.

5.2.3 Methodology
Mann-Kendall trend test

The Mann-Kendall (MK) trend test (Mann, 1945; Kendall, 1955) is adopted in this

paper. This test is frequently used to distinguish monotonic inclinations in hydrological,

environmental or climate data series. This is a non-parametric approach and so does

not necessitate any assumption about the form of distribution of the data. The null

hypothesis H0 for the test that there is no trend in the series is tested against the alternate

hypothesis HA , that the data tracks a monotonic trend. The computations assume that

the observations are independent.

The Mann-Kendall test statistics is calculated according to:
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S =
n−1

∑
k=1

n

∑
j=k+1

sgn
(
X j−Xk

)
(5.1)

where,

sgn(x) =


+1 i f x > 0

0 i f x = 0

−1 i f x < 0

(5.2)

The mean and variance of S is given by:

Mean, E[S] = 0 (5.3)

Variance, σ
2 =

{
n(n−1)(2n+5)−∑

p
j=1 t j(t j−1)(2t j +5)

}
18

(5.4)

Where, p is the number of tied groups in the dataset and t j is the number of data points

in the jth tied group. The statistic S is approximately normally distributed provided the

following Z transform is applied.

Z =


S−1√
Var(S)

i f S > 0

0 i f S = 0

S+1√
Var(S)

i f S < 0

(5.5)

The null hypothesis (H0) is rejected at a significance level α , if |Z| is greater than the

value of standard normalized distribution (Z(1−α

2 )
) with a probability of α

2 . A signifi-

cance level of is 0.05 used to test the null hypothesis H0. A positive (negative) Z value

means increasing (decreasing) trend.

Rainfall and cloud association with aerosol loading

To study the possible correlation between aerosol, cloud and rainfall only those data

points were used where a concurrent values where available for each of the two vari-

ables under consideration. These variables where then sorted as a function of AOD and
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averaged to create a total of 50 scatter points.

5.3 RESULTS AND DISCUSSION

5.3.1 Trend Analysis
Rainfall Trend

The trends in rainfall time series were computed using the Mann Kendall trend test at

a grid level of 0.25◦. To assess the magnitudes of rainfall trends, Sen’s slope analysis

was performed at each grid. The results of trend analysis over the study area is shown

in Figure 5.1
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Figure 5.1 Pre Monsoon rainfall trends over the study region from 2002-2013.

Though most of the locations show trends in rainfall, only 63 locations out of 2716

experiences significant trend in rainfall. Out of these, 38 locations are significantly

increasing, whereas the rest 25 are significantly decreasing. The figure also shows that
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the significant trends are clustered over certain regions. This is studied in details with

respect to aerosol sources, wind pattern, and cloud microphysics in the next section.

As the trends are computed for the premonsoon season, the influence of other factors

such as the Indian Ocean dipole etc. are minimal, which are most profound during the

monsoon season. Thus we hypothesise that the trends are mostly due to local influences

such as aerosol emissions.

Aerosol Trend

Before investigating the trends in rainfall with respect to aerosol sources, the trends

in aerosols over the significantly trending rainfall locations are studied. Figure 5.2
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Figure 5.2 Pre Monsoon aerosol trends over significantly trending rainfall locations from
2002-2013.

shows the aerosol trends. However, in contrast to rainfall trends, all the locations shows

significantly increasing trends in aerosol. This is a consequence of the increase in air
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pollution and dust activities. This necessitates a detailed study of the various cloud

microphysics to understand the role of aerosols in rainfall variations.

5.3.2 Aerosol Sources and Rainfall Trends
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Figure 5.3 ASS (AOD/hr) and rainfall trends from 2002-2013.

Most of the rainfall trends are observed near regions of aerosol sources(Figure 5.3).

Along the eastern coast significantly decreasing trends are found at the centre of the

aerosol sources and the trend becomes increasing away from the centre. The centre

of the ASS is also a wind stagnations point and the wind masses can been seen di-

verging. As the distance from the ASS increases the rainfall becomes predominantly

increasing. A similar result can be observed near the strong ASS regions along the west

coast. However this is just an observational perspective and requires further studies to

ascertain the relationship. Thus the cloud microphysics has been investigated.
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5.3.3 Aerosol Microphysics

Figure 5.4 Variation of (a) daily rainfall (RF (mm)), (b) cloud top pressure (CTP (hPa)),
(c) cloud top temperature (CTT (K)), and (d) cloud effective radius (ER(µm)) with AOD.

Variation of rainfall with aerosol loading is shown in Figure 5.4. Initially as AOD

increases the rainfall decreases but is a flat curve upto an AOD value of 0.6 after which

the rainfall decreases steeply with further increase in AOD. A similar analysis of aerosol

and cloud properties showed the aerosol induced modifications in cloud microphysics.

Initially with an increase in AOD up to 0.6 there is deep cloud as evident by the decrease

in cloud top pressure. A further increase in AOD reflects an increasing pattern in cloud

top pressure. Thus there is a shallower cloud. Not only there is a decrease in cloud

height but also there is an increase in its temperature as observed by the variation of

CTP and CTT with AOD. Moreover, the increasing cloud radius up-to an AOD of 0.6

becomes a steep decrease there after. Thus, though the aerosol loading initially supports

cloud formation resulting in deeper and wider clouds, higher aerosol loading inhibits

cloud formation resulting in narrow and shallow clouds. This in turn decreases rainfall

at higher aerosol loading with smaller cloud radius. Similar situations wherein aerosols

cause a reduction in cloudiness under heavier aerosol loading in regions with higher

concentration of absorbing aerosols are reported by Koren et al. (2004).
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5.4 CONCLUSIONS

This chapter investigates the possible relationship between rainfall and aerosol source

distribution over southern India during the pre monsoon season. Aerosol and rainfall

trends are computed using Mann Kendall trend test and are correlated spatially with

AOD and ASS. To further understand the relationship, cloud microphysics was also

investigated.

The 0.25◦ rainfall trends shows both decreasing as well as increasing significant

trends over the study area. The regions of significant trends are clustered spatially with

most of the rainfall trends near regions of aerosol sources. Significant decreasing trends

are found at the centre of ASS. As the distance from the ASS increases, the rainfall

becomes predominantly increasing.

In contrast, the aerosol trends are significantly increasing in all the regions necessi-

tating a detailed study of various cloud microphysics. Initially as AOD increases rainfall

decreases but is a flat curve up-to an AOD value of 0.6 after which the rainfall decreases

steeply with further increase in AOD. Upto an AOD value of 0.6 there is deep clouds

but beyond which the cloud gets shallow. Not only there is a decrease in cloud height

but also there is an increase in its temperature as observed by the variation of CTP and

CTT with AOD. Thus, though the aerosol loading initially supports cloud formation

resulting in deeper and wider clouds, higher aerosol loading inhibits cloud formation

resulting in narrow and shallow clouds. This in turn decreases rainfall at higher aerosol

loading with smaller cloud radius. Similar situations wherein aerosols cause a reduc-

tion in cloudiness under heavier aerosol loading in regions with higher concentration of

absorbing aerosols.
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Chapter 6

CONCLUSION AND FUTURE SCOPE

6.1 CONCLUDING REMARKS

An advection diffusion based top down Lagrangian approach has been proposed as

a part of this thesis. The study first investigates the influence of meteorological pa-

rameters indicating both advection and diffusion on the spatiotemporal distribution of

aerosols over the Indian subcontinent and the adjacent Indian Ocean. The research

inferences are then used to develop a model to estimate aerosol emissions using satel-

lite data. Further, the spatial aerosol source distribution is used to investigate rainfall

variability over southern India.

In Chapter 3, spatio-temporal distribution of AOD over the Indian sub-continent

and the surrounding Indian Ocean (5◦N to 40◦N and 65◦E to 100◦E) was studied to

understand the possible influence of prevailing meteorological conditions. Eleven years

(2002-2012) of MODIS AOD data along with wind speed, wind divergence, and PBLH

were investigated as parameters for advection and diffusion of atmospheric particles.

These parameters derived from reanalysis data sets along with satellite measured AOD

values reveals distinctive characteristics over the land and ocean. Further, the study

pertains to the influence of meteorology in redistributing atmospheric particles over the

region. The results depict the influence of prevailing meteorological conditions on dis-

tributing various aerosol types over the sub-regions. In general, over the land, higher

PBLH and higher wind speed supports DU and SS aerosols whereas lower PBLH and

low wind speed supports SU, BC and OC aerosols. This may be because increased

wind speed and higher PBLH results in increased surface wind stress and an unstable
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atmosphere with increased turbulence in turn supporting DU and SS aerosol produc-

tion. Over the ocean the transported continental aerosols are concentrated over regions

of stable atmosphere as denoted by lower PBLH. Increasing wind speeds over the ocean

results in an increased SS aerosol concentration over the region. Further, the influence

of atmospheric diffusion is quantified by evaluating the PRE of a multiple linear regres-

sion model. The inclusion of PBLH in addition to wind speed and divergence shows

significant PRE in most of the cases. This is particularly evident during the winter and

pre-monsoon seasons where the PBLH explains almost 30 to 90% of the total variance

in AOD over the sub-regions.

Chapter 4 employs a Lagrangian approach to the Advection Diffusion Equation to

estimate the transported aerosols and hence the aerosol source strength using satellite

measured aerosol optical depth and reanalysis wind data. This top-down approach is

based on the advection and diffusion of atmospheric aerosols considering wind circu-

lation and atmospheric conditions rather than using indicative parameters. ASS is first

computed over California during July 2018 and is then applied over southern India.

The method not only accounts for the advection of aerosols but also considers aerosol

diffusion based on atmospheric stability conditions. The computed ASS shows higher

values around wildfire regions, which is a significant source of atmospheric aerosols.As

the temporal integration of satellite retrieved FRP is proportional to aerosol emissions

from the fire, the computed ASS at fire locations was compared with MODIS MaxFRP.

The results indicate a high linear correlation (R2 = 0.886) between ASS and FRP with

a scalar multiplication factor of 0.001 AOD/MW-hr. A linear relationship validates that

the ASS computed using the proposed methodology reflects the actual aerosol produc-

tion rather than the residual or transported aerosols. As the proposed method is based

on advection and diffusion of atmospheric aerosols rather than using indicative param-

eters such as FRP, this method was applied to investigate the spatial correlation of ASS

with power plant density. There is a steady increase in ASS with power plant den-

sity, with the region of highest power plant density recording an ASS of 0.021 AOD/hr,

which is similar to the aerosol emission from the Carr Fire. The study thus aids to infer

the relative importance of various emission sources in the region. Application of the
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methodology over the Indian subcontinent reveals its aerosol source hotspots during

the premonsoon season. The model is able to distinguish the transported aerosols and

hence points out the actual aerosol production centres. The clusters of coal based ther-

mal power plants along the 20◦ N latitude exhibits higher source strength apart from

various CPCB industrial hotspots.

Chapter 5 investigates the possible relationship between rainfall and aerosol source

distribution over southern India during the pre monsoon season. Aerosol and rainfall

trends are computed using Mann Kendall trend test and are correlated spatially with

AOD and ASS. To further understand the relationship, cloud microphysics was also

investigated. The 0.25◦ rainfall trends shows both decreasing as well as increasing

significant trends over the study area. the regions of significant trends are clustered

spatially with most of the rainfall trends near regions of aerosol sources. Significant de-

creasing trends are found at the centre of ASS. As the distance from the ASS increases,

the rainfall becomes predominantly increasing.

6.2 LIMITATIONS OF THE RESEARCH

The najor limitations of the study are:

1. Hourly ASS is computed which assumes that each grid has a constant emission

of aerosol during the time period. This is not the case of actual scenario where

the emissions are varying in time.

2. For ASS computations over the Indian subcontinent, daily measurements of AOD

available from the MODIS sensor on board Terra and Aqua satellites are used.

Terra and Aqua overpass the study domain roughly at around 06:00 (UTC) and

09:00 (UTC). Thus a three hour ASS can be computed between 06:00 and 09:00

(UTC). Though the aerosol sources computed for three hours have better accuracy

than a 24 hour source (Prijith et al., 2013), this represents the source strength only

for a very small fraction of the day.

3. The methodology assumes an exponentially decreasing vertical profile with a

scale height of 2 km for the vertical distribution of aerosols. Though this assump-
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tion holds good for monthly profiles of aerosol, smaller timescales may vary es-

pecially in the case of long range aerosol transport in the upper troposphere. This

study is constrained by the lack of remote sensing data on the vertical distribution

of aerosols at the desired spatio-temporal resolutions.

4. Remote sensing of aerosols, clouds, and precipitation require very different wave-

bands and methods for each of these three components. These widely vary-

ing measurement requirements make it very difficult to observe simultaneously

aerosols, clouds and precipitation for understanding their interactions. Hence

only separate observational evidences of rainfall variations around aerosol sources

are carried out. Further verification requires climate modeling which is beyond

the scope of this study.

6.3 FUTURE SCOPE OF THE RESEARCH

In this thesis, a satellite based top-down Lagrangian approach is employed to estimate

ASS over the Indian subcontinent. However, due to the lack of quality AOD data from

indigenous geostationary satellites, ASS are computed only for a small window of three

hours in a day. This could be improved by incorporating INSAT3D/3DR AOD data

with MODIS and MISR data for better temporal resolution. Further, the model outputs

aerosol emissions in terms of optical depth but further work can be done to convert

these values into PM2.5 and can be used to estimate the spread of pollutants especially

the PM2.5 distribution during wildfires and other hazards.
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