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ABSTRACT 
 
 
 

AEROSOL-RADIATION-CLIMATE INTERACTIONS OVER THE GANGETIC-
HIMALAYAN REGION 
 
Ritesh Gautam, Ph.D. 
 
George Mason University, 2008 
 
Dissertation Director: Dr. Menas Kafatos 
 
 
 
A growing body of evidence indicates that tropospheric aerosols, a major component of 

the global climate system, significantly influence the Earth’s radiation budget and climate 

forcings. Their multi-faceted impacts on climate with considerable lack of in-depth 

knowledge of their properties and spatio-temporal distribution makes aerosols one of the 

least understood components of the Earth’s climate. Over heavily polluted regions, the 

difficulty in quantifying aerosol effects is exacerbated. For example, the South Asian 

region of which about 1/7th of the world’s population lives in the Indo-Gangetic Plains 

(IGP) is one of the major hotspots of rising pollution due to rapid 

urbanization/industrialization and growing energy demands. Bounded by the high-

altitude Himalayas in the north, the regional climate is largely governed by the summer 

(southwest) and winter (northeast) monsoons. This dissertation is an attempt to gain 

reliable insight into the complex interactions between aerosols, radiation and climate of 

the Gangetic-Himalayan region with a special emphasis on the regional hydrological 



cycle through the extensive use of multi-sensor satellite data together with ground 

radiometric measurements. Plausible couplings in the two contrasting seasons (winter and 

pre-monsoon/summer) namely, between the widespread winter haze and fog; and the 

connection between pre-monsoon dust transport and summer monsoon rainfall variability 

were investigated. The spatial and temporal distribution of fog occurrences is found to be 

influenced by the heavy pollution over the eastern IGP through its microphysical and 

radiative interactions. During the pre-monsoon period, dust plumes (mixed with local 

pollution) in the Gangetic-Himalayan (GH) region occurs at elevated altitudes (>5 km) 

and is found to be significantly absorbing in nature causing enhanced heating in the 

middle troposphere. There is an increasing trend in the atmospheric loading of absorbing 

aerosols during the pre-monsoon season and its likely response on the regional climate is 

observed in the possible amplification of the enhanced GH tropospheric warming as 

indicated by microwave satellite measurements in the past three decades. Tropospheric 

temperature data also indicate the strengthening of the land-sea thermal gradient, which is 

crucial to the onset and intensity of the Indian Summer Monsoon, followed by an 

increasing trend in the early summer monsoon rainfall. Finally, the relationship between 

tropospheric temperature trends and summer rainfall variability is examined and a 

possible future scenario of the regional hydrological cycle is proposed.  
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Chapter 1. Introduction 

 

1.1  Why Study Aerosols? 

 
Aerosols are liquid or solid particulates primarily suspended in the troposphere and 

stratosphere of the Earth’s atmosphere. Of greater relevance to global climate and the 

Earth’s radiation budget are the tropospheric aerosols that scatter as well as absorb 

sunlight [Ramanathan et al., 2001; Haywood and Boucher, 2000; Bellouin et al., 2005]. 

In general, aerosols offset the regional greenhouse warming by scattering the sunlight 

back to space and by also enhancing cloud albedo thereby cooling the climate. However, 

aerosol absorption of sunlight has been modeled and observed in warming the 

atmosphere which in turn acts to add to the greenhouse effect [Jacobson, 2001; 

Ramanathan et al., 2007], acting opposite to the cooling effect. 

Tropospheric aerosols are of both natural and anthropogenic origins. Smoke from 

natural wild-land forest fires, dust lifted from deserts and sea-salt from ocean surfaces are 

some examples of natural aerosols in the atmosphere. While, soot and sulfate particles 

from industrial/urban emissions and bio-fuel cooking are considered as anthropogenic 

form of aerosols. The size of tropospheric aerosols is considerably smaller compared to 

clouds, ranging from nanometer to submicron levels. The absolute climate
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forcing due to aerosols is also much smaller compared to that of clouds. Clouds scatter 

most of the radiation and absorb about 20% of the incident solar flux and thus play a vital 

role in driving the atmospheric circulation [Ramanathan, 1987; Stephens and Tsay, 

1990]. Aerosols, on the other hand, are a significantly less dominant factor compared to 

clouds in modulating the Earth’s radiation and climate system. However, recent 

advancements in satellite sensing of aerosols have illustrated the large geographic 

distributions of aerosols as well as the long-range transport of aerosols affecting the air 

quality and causing serious perturbations to the Earth’s energy budget at the surface and 

the at the Top-of-Atmosphere. Due to their multi-faceted implications, the Inter-

govermental Panel on Climate Change (IPCC) recognizes aerosols as the least understood 

component in influencing the Earth’s radiation budget and climate. 

 The direct effect of aerosols on the climate and radiation is a more established 

concept in the recent years as aided with the help of satellites, in-situ observations and 

model simulations. The latest report by IPCC in 2007 suggests that aerosols are one of 

the least understood components of the climate system and there is a considerable degree 

of uncertainty in the associated climate forcings. In the past decade or so, several field 

campaigns such as the Indian Ocean Experiment (INDOEX), Aerosol Characterization 

Experiment (ACE), East Asian Studies of Tropospheric Aerosols: An International 

Regional Experiment (EAST-AIRE), with a suite of state-of-the-art instruments, have 

been conducted in order to assess the effects of aerosols on the regional climate 

[Ramanathan et al., 2001; Huebert et al., 2003; Li et al., 2007]. It has been shown during 

the INDOEX experiment that thick aerosol haze (consisting of various types of natural 
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and anthropogenic species) reduces the incoming sunlight and causes surface forcing 

which is three times less than to a pristine day, thereby cooling the climate system. The 

scattering nature of aerosols causing surface dimming and the subsequent cooling of the 

climate, were thought to be the major prevailing forcing on climate in years prior to the 

recent decade. However, several recent studies elucidate the importance of aerosols in 

warming the climate as well [Jacobson, 2001; Menon et al., 2002; Ramanathan et al., 

2007]. Soot particulates, consisting of pure elemental black carbon (BC), are an efficient 

light absorber causing about 80% absorption. However, as they age through the 

atmosphere, the absorbing property of soot particles diminishes. Nevertheless, black 

carbon aerosols cause significant warming in the atmosphere. Jacobson [2001] suggests 

that BC aerosols contribute to 15-30% of the net global warming. The 

scattering/absorbing nature of dust particles is influenced by the mixing state of aerosols 

present in the atmosphere. Particularly over polluted regions, long-range transport of dust 

aerosols (predominantly scattering) mixed with anthropogenic species induce significant 

changes in optical and physical properties of aerosols and alter the radiation budget 

significantly [Seinfeld et al., 2004]. 

 In addition to the direct effects of aerosols, the indirect effects of aerosols on 

climate through modifications in cloud properties and rainfall are not as well understood. 

Aerosols act as cloud condensation nuclei and are involved in the formation of clouds. 

Clouds are formed by the condensation of water vapor on these particles at a few tenths 

of supersaturation. In general meteorological conditions, clouds cannot form in the 

atmosphere without the existence of aerosols. At the onset of and during cloud formation 
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and even after a cloud has formed, aerosols are responsible for the modification of cloud 

microphysical properties. Moreover, depending on the type of aerosol, whether 

hydrophilic or hydrophobic, aerosols affect clouds in either ways, i.e. promote as well as 

inhibit cloud formation. 

 Apart from the climate effects, aerosols also significantly affect the ambient air 

quality of the environment. Large emissions from widespread and persistent forest fires 

pose serious hazards resulting in very low visibility and also lead to respiratory problems. 

Especially, smaller particles, particulate matter 2.5 (PM2.5) can be easily inhaled in the 

lungs and have the potential of aggravating asthmatic attacks [McConnell et al., 1999]. In 

addition, fine particulate air pollution is also a risk factor for cardiovascular disease 

mortality, especially among older people [Seaton et al., 1995]. People living in densely 

populated urban locations are more prone to such risks, especially during cold winters 

when the atmosphere is stable; particulates are trapped within the boundary layer and 

remain close to the surface. In addition, strong-winds driven dust storms are natural 

environmental hazards that cause disruptions to day-to-day lives of people by causing 

flight/train delays, poor visibility, forcing people inside and accumulating grit on the 

roads, houses and workplaces.  

 With the advent of satellite remote sensing, the spatial and temporal variability of 

aerosols have been inferred on regional and global scales. Space-borne instruments such 

as the Total Ozone Mapping Spectrometer (TOMS) and Advanced Very High Resolution 

Radiometer (AVHRR) have been used to derive long-term trends in aerosol loadings and 

provide useful information of aerosol concentrations from biomass burning, dust storms 
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and industrial/urban emissions. However, these instruments are marred with calibration 

issues and do have not enough wavelength channels to account for cloud screening and 

moreover, were not designed to monitor and detect aerosols. The launch of MODerate 

Imaging Spectroradiometer (MODIS) aboard NASA’s Earth Observing System (EOS) 

Terra and Aqua platforms has enabled global monitoring of aerosols operationally and 

provided insights for the inter-annual and intra-annual variability of aerosol loading 

[Salomanson et al., 1989; King et al., 1999; Kaufman et al., 2002]. Reliable global 

aerosol information over oceans and land surfaces from MODIS has also guided studies 

in identifying long-range transport of pollution across continents [Yu et al., 2008] .The 

success of MODIS lies in its higher resolution imaging combined with its broad multi-

spectral channels which aid in minimizing cloud contamination and also account for 

contribution of surface albedo in the satellite received signal. The ground observations 

part of the EOS mission, such as the Aerosol Robotic Network (AERONET), a federated 

network of global sunphotometers [Holben et al., 1998], also provide detailed 

information about physical and optical properties of aerosols and also serve as ground-

truth for validation of satellite measurements of aerosol retrievals. 

 

1.2  Why study aerosols over India? 
 
 

The Asian continent is the world’s largest living habitat with about 60% of the 

world’s population. Especially, South and East Asia have been undergoing high 

transformations in the urban and industry sectors, due to the growing population and 
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globalization. India and China are the two most populated nations in the world and are 

primarily responsible for the pollution in Asia. Guttikunda et al. [2003] studied the 

contribution of megacities to sulfur emission and pollution in Asia over a 25-year period 

(1975–2000) and found that Asian megacities cover <2% of the land area, but emit ~16% 

of the total anthropogenic sulfur emission of Asia. A recent study has shown that the bio-

fuel combustion is the largest source of black carbon emissions in India, and suggests that 

it needs to be addressed for climate change mitigation in the south Asian region 

[Venkataraman et al., 2005].  

The Indo-Gangetic plains (IGP), in the northern part of India, are one of the most 

fertile regions of the world and are home to almost half of the total Indian population 

(~600 million). Due to the rapidly growing urbanization and industrialization, air quality 

and climate over the IGP has been significantly affected in recent years [Ramanathan and 

Ramana, 2005; Prasad et al., 2006]. Sulfate and black carbon emissions are significantly 

higher over the IGP than other parts of the world and comparable to China and often 

result in dense haze and fog during winter months when pollutants get trapped within low 

boundary layer. The increase in sulfate aerosols is reported to be 47% per decade over 

India and is attributed to the increased population and energy consumptions over the 

years [Massie et al., 2004]. Sarkar et al. [2007], using long-term satellite data, showed 

significant increasing trends in aerosol loading in the IGP, while stable/weak positive 

trends in the rest of the Indian subcontinent. In addition to the anthropogenic pollution, 

dust aerosols contribute significantly to the total particulate pollution, in particular during 

pre-monsoon and monsoon period [Middleton et al., 1986; Dey et al., 2004].  
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The serious implications of natural and anthropogenic aerosols on the radiation 

budget, over this region, were first understood during the Indian Ocean Experiment 

(INDOEX) [Satheesh and Ramanathan, 2000]. Aerosols over the northern Indian Ocean, 

transported from the IGP and the rest of the Indian subcontinent, were found to cause 

significant perturbations at the surface than at the top of atmosphere (TOA), leading to a 

large cooling at the Earth’s surface.  

In addition to the increasing pollution over the IGP and impacts of aerosols on the 

regional radiation budget and climate, negative trends in land cover vegetation has been 

found over India, specifically IGP. Sarkar and Kafatos [2003], using principal 

component analysis of long-term vegetation and aerosol index datasets show substantial 

negative correlation with Normalized Difference Vegetation Index (NDVI) over the 

entire southern edge of the Himalayas and most part of the IGP. In India, a number of 

field studies [Emberson et al., 2001] have been carried out on wheat crops around 

industrial sources of pollution which clearly show large reductions in the crop yield close 

to the source. The yield reductions are the result not only of SO2 (or sulfate particulates) 

but are also associated with NO2 and particulates that accompany SO2 concentrations in 

the field. Also, a recent study using statistical model and observational indices of climate 

change suggest that adverse climate changes due to aerosols and greenhouse gases have 

contributed to the slowdown in rice harvest growth that occurred during the past two 

decades over India [Auffhammer et al., 2006]. 
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1.3  Potential role of aerosols in altering Indian Summer Monsoon 

 
The Asian monsoon is a large synoptic phenomena that encompasses South and East 

Asia, specifically India and China. Of the greatest importance to large populations and to 

the poor, the Indian Summer Monsoon is the biggest source of freshwater resource. More 

than 70% of the annual precipitation occurs over India during the summer monsoon 

season (June-July-August-September). The Indian landmass heats very rapidly during the 

pre-monsoon months, while the Indian Ocean warming is less compared to the landmass. 

Therefore, the temperature gradient causes strong moisture-laden strong winds and 

results in rainfall during the monsoon period. 

Owing to the increasing aerosol concentrations, recent studies have recognized the 

potential role of aerosols inducing changes in the monsoon circulation and rainfall over 

India. There are two major approaches in the recent literature that demonstrate these 

aerosol effects: 

 
Surface Dimming Effect 

This mechanism proposed by Ramanathan et al. [2005] focuses on the northern 

Indian Ocean region where thick haze consisting of dust, BC, sulfate, fly ash aerosols 

(referred to as Atmospheric Brown Clouds) is transported from the South Asian landmass 

and is vertically extended into the lower troposphere.  It has been shown by Satheesh and 

Ramanathan [2000] that the thick aerosol layer reduces sunlight reaching the ocean 

surface. The reduction of sunlight cuts the evaporation rate which further suppresses 

convection. Hence, the reduced convection over the ocean surface acts in the reduced 
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transport of moisture towards the Indian landmass during the peak monsoon season. This 

mechanism suggests the weakening of monsoon circulation and reduction of monsoon 

rainfall with the possibility of frequent droughts in the future. 

 
Elevated Heat Pump Hypothesis 

 This hypothesis was proposed by Lau et al. [2006a] and rests on the heavy 

aerosols loading over northern India, primarily the IGP and over the foothills of the 

Himalayas. There is an enhanced build-up of aerosols prior to the onset of the monsoon 

due to dust storms transported from western arid/desert regions such as the Arabian 

Peninsula and the Thar Desert. Together with the local pollution over the IGP, dust 

aerosols cause maximum aerosol loading in the pre-monsoon period. Since pure dust is 

strongly scattering, combined with absorbing aerosols in polluted regions, it becomes an 

absorbing aerosol and heats the atmosphere. Dust mixed with soot aerosols are vertically 

advected to elevated altitudes and pile up against the southern slopes of the Himalayas 

and generate significant warming in the middle and upper troposphere. This creates a 

temperature anomaly which causes overturning of the meridional circulation and thus 

draws in more moisture from the Indian Ocean. This mechanism has been hypothesized 

in the advancement and intensification of the early summer monsoon. 

 Apart from the two proposed mechanisms, another influence of aerosols on 

monsoon rainfall can potentially exist through the aerosol modification of cloud 

microphysical properties such as cloud albedo, effective radius, liquid water path and so 

on. Hygroscopic particles such as sulfate aerosols act as efficient cloud condensation 

nuclei (CCN) and promote cloud formation. Under varying relative humidity conditions, 
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the core of sulfate CCN grow larger resulting in higher effective radius, resulting in 

increased in precipitation. However, under fixed water vapor conditions, the effective 

radius decreases and the optical thickness of clouds increases further increasing the 

albedo of the cloud. Thus, clouds persist for a longer time (since the critical effective 

radius required for precipitation is generally less than 14 m) which leads to reduced 

precipitation. Aerosols that are hydrophobic in nature and do not serve as good CCN, 

such as soot and dust, may also act to suppress rainfall. However, these are short-term 

effects and only play important roles under favorable meteorological conditions. 

Moreover, these short-term aerosol effects come into picture during monsoon season and 

are less likely to impact inter-annual variability of rainfall and influence long-term trends. 

 

1.4  Motivation and Objectives 

 
 As discussed in previous sections, the Gangetic-Himalayan region is particularly 

fraught with high levels of pollution which induce short- and long-term effects over the 

Indian subcontinent, in general. The unique setting of this region in terms of the valley-

type topography, strong hydrological regime and high concentrations of aerosols, makes 

it a potential test-bed in understanding the direct and indirect effects of aerosols on 

regional climate. Since the meteorology over the Gangetic-Himalayan region is 

influenced primarily by the summer and winter monsoon, therefore, one of the foremost 

goals is to quantitatively assess the optical properties of aerosols in this region in 

different seasons. Radiometric measurements from sunphotometer, part of the 
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AERONET, serve as the best available data-source and ground-truth to study the aerosol 

properties in this region. The thick haze and widespread fog that engulf the entire IGP 

during winter season, that affect day-today lives of millions of people, provided the initial 

motivation at the outset of this dissertation work. The haze and fog are astounding 

geophysical features on the Earth and their extent is so huge that they are easily 

identifiable in global images from satellites. The evolution of this atmospheric feature 

and their coupling provided initial motivation to work on this dissertation. I sought to 

understand the spatial extent and temporal variations of the winter haze and fog using 

MODIS aerosol and cloud products as well as surface observations. The coupling 

between the two phenomena was investigated through changes in microphysical 

properties and radiative impacts. 

 The winter haze and fog prevail during the northeast monsoon, when the 

background meteorology is relatively calmer than the pre-monsoon and monsoon 

seasons. Ongoing investigations, in recent years, on the role of aerosols in influencing 

summer monsoon rainfall and hydrological cycle [Ramanathan et al., 2001; Menon et al., 

2002; Miller et al., 2004; Ramanathan et al., 2005; Lau et al., 2006a], also drew 

motivation to study aerosols over this region, particularly prior to the onset of the 

monsoon when dust aerosol transport contributes to the bulk of the regional aerosol 

loading. Here, the objective was to quantitatively assess the optical and radiative 

properties of pre-monsoon aerosols (which are a mixture of dust and other anthropogenic 

aerosols such as soot and sulfate over the IGP). Accurate knowledge of the radiative and 

absorption properties would allow general circulation models to simulate the effect of 
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aerosol radiative heating in influencing the land-sea tropospheric temperature gradient 

vis-à-vis the summer monsoon. Finally, the plausible short- and long-term effects of 

enhanced dust loading over the IGP were examined in the tropospheric temperature 

observations over the Indian subcontinent. In addition, with regard to global warming and 

climate change, the coupling between the enhanced aerosol loading in recent decades, 

tropospheric temperature trends and summer monsoon rainfall variability was 

investigated. 

 

1.5  Statement of Originality 
 

This dissertation provides an original and comprehensive analysis of satellite and 

ground observations aided by radiative transfer model simulations in order to assess and 

quantify the effects of aerosols on the radiation and climate implications over the Indian 

monsoon region. The goals and achieved research tasks carried out as part of the 

dissertation are summarized as follows: 

 
 Quantified aerosol loadings and optical properties in terms of seasonal variability and 

climatology of aerosols from ground radiometric observations over central IGP; and 

determined spatial distributions of the strong seasonal variability of aerosol loadings 

during winter and summer seasons. 

 

 Determined inter-annual variability and climatology of widespread winter haze and 

fog over the IGP through extensive and comprehensive analysis of satellite data in 

conjunction with surface visibility and meteorological observations. 
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 Developed a fog/low-cloud detection scheme to generate daily, monthly and 

seasonally and climatologically averaged distribution of fog/low-cloud occurrences 

from satellite datasets related to cloud optical and microphysical properties. 

 

 Assessed coupling between winter haze and fog formation through their 

microphysical and radiative interactions; investigated the radiative impacts of winter 

haze from a comprehensive analysis of satellite based measurements. 

 

 Quantified optical properties of pre-monsoon dust aerosols over central IGP from 

ground measurements; inferred their vertical extent variations over source and 

transported regions and mapped aerosol layers from satellite-based lidar observations. 

 

 Quantified the radiative forcing at surface and Top-of-Atmosphere due to dust 

aerosols using surface pyranometer and satellite observations; reliably estimated the 

radiative heating rate profiles and absorption associated with pre-monsoon dust 

aerosols using radiative transfer model simulations; inferred the influence of radiative 

heating and absorption due to aerosols on instantaneous temperature profiles. 

 

 Discovered the enhanced tropospheric warming trend over the Himalayas in the 

longest available record of satellite microwave measurements and found the 

strengthening of the pre-monsoon land-sea thermal gradient. 

 

 Established the link between recent tropospheric temperature trends and rainfall 

variability over India. 
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1.6 Organization of the Dissertation 

  
Chapters 2-7 in the dissertation are organized as follows: 

Since this research work involves large volumes of datasets from different sources and 

agencies, therefore a chapter dedicated to datasets is included (Chapter 2). Chapter 3 

reviews some of the earlier studies on assessing the seasonal variations of aerosol 

properties in the Gangetic-Himalayan region followed by a climatological perspective of 

aerosol properties from sunphotometer and satellite measurements during winter and pre-

monsoon seasons. In chapter 4, the inter-annual variability and climatology of winter 

haze and fog and their couplings are investigated through microphysical and radiative 

interactions using satellite (MODIS) and surface observations. The focus from the winter 

season shifts to pre-monsoon dust aerosol transport in Chapter 5 where the enhanced 

build-up of dust aerosols prior to the onset of the monsoon is illustrated. Discussion of 

dust loading is followed by the radiative impacts of dust (mixed with anthropogenic 

aerosols over IGP) at surface and TOA; and estimation of absorption and radiative 

heating rates. The plausible role of enhanced dust transport in the amplification of 

warming trends over the Himalayan region is discussed in connection with the recent 

monsoon rainfall variability over India (Chapter 6). Finally, the main findings of this 

dissertation and proposed directions which would guide future endeavors are summarized 

in chapter 7. In addition, there is an appendix section which includes a brief literature 

review of properties of aerosols, physical basis of aerosol effects on cloud, radiation and 

climate, and key concepts of satellite remote sensing of aerosols. 
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Chapter 2. Datasets Overview 

 

 

2.1 Introduction 

 
In this chapter, all the datasets used in the research work for the dissertation are 

described. The majority of the datasets are obtained from observations, namely from 

satellite-based instruments and surface observations. Satellite-based data used in this 

thesis follows the passive sensing of the Earth and its components. Passive sensing of the 

target (for example, the Earth’s surface/atmosphere in our case) is the measurement of 

light (in the wide electromagnetic spectrum) naturally reflected/emitted by the target in 

the field-of-view of the sensor without any external input from the satellite (as opposed to 

active sensing, e.g. in the case of radars). Since the majority of the datasets used in the 

analysis have been widely used in several earlier studies in the areas of atmospheric 

science and remote sensing, therefore, the data are briefly described, and the appropriate 

references with stating also the requirement for using the particular dataset are included. 

Wherever appropriate, necessary details are provided. The datasets are simply grouped in 

categories based on their sources. Section 2.2 lists all the ground-based observations of 

aerosol measurements along with meteorological conditions archived at ground stations. 

Surface 
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observations data are followed by satellite measurements in Section 2.3. Long-term data 

related to climate scales particularly of temperature trends and Indian Monsoon rainfall 

are described in Section 2.3. Finally, Section 2.4 identifies the data from model outputs 

and the radiative transfer model used in the study. 

 

2.2 Ground-Based Observations 

2.2.1 AERONET retrieved Aerosol Optical Properties 

 
Recently released Version 2 retrievals of aerosol properties measured from a 

CIMEL sunphotometer over Kanpur in the IGP, part of the Aerosol Robotic Network 

(AERONET) project [Holben et al., 1998], are used in this dissertation. Radiometer 

measurements of the direct Sun and diffuse sky radiance with 1.2° full field of view are 

made within the spectral range 340–1020 nm The direct sun measurements are made at 

eight spectral channels (340, 380, 440, 500, 670, 870, 940, and 1020 nm) with triplet 

observations per wavelength and sky radiance measurements at four spectral channels 

(440, 670, 870, and 1020 nm). Water vapor content in the atmosphere is retrieved from 

the direct measurements at the 940-nm channel, and aerosol optical depth (AOD) data are 

retrieved at the remaining seven channels. [Holben et al., 1998]. The CIMEL sky 

radiance measurements in conjunction with the direct sun measurements of optical depths 

were used to retrieve optical equivalent aerosol size distributions and refractive indices 

and hence deduce the spectral dependence of single scattering albedo (SSA). Version 2 



 17

retrievals utilize the enhancements described in Dubovik et al. [2006] over the Version 1 

algorithm of Dubovik and King [2000]. 

 

2.2.2 Meteorological Observations 

 
One of the key datasets in the study of meteorological observations, during the 

haze and fog period during winter season over the IGP, was obtained from Russia’s 

Weather Server – Weather Archive [http://meteo.infospace.ru/wcarch/html/index.sht]. 

Data for 16 stations in the IGP were available from the archive for the period December-

January 2000-06. Various meteorological parameters such as temperature, pressure, wind 

speed/direction, relative humidity, visibility and weather conditions (such as dust, haze, 

fog) were obtained from this dataset. The weather conditions data were particularly 

useful for this study since they provide information on the number of days of fog 

occurrences. The weather conditions data are represented by meteorological SYNOP 

codes, ranging from 40 to 49 for foggy conditions, with different criteria such as “sky not 

visible during fog”, “sky visible during fog” and so on and so forth. We filtered out the 

days in our analysis when sky was visible during fog events in order to have a 

correspondence with the satellite detected fog/low-cloud. A direct comparison between 

satellite inferred and surface observed foggy days were carried out. The satellite inferred 

foggy days were comparatively less than the ground observed; however, the spatial 

distribution of the fog distribution is similar from the two sources. In addition, a direct 

comparison between the number of MODIS detected fog/low-cloud and ground observed 
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fog occurrences may not be appropriate due to the presence of multi-deck clouds and the 

gaps between satellite overpasses. 

 

2.3 Satellite Measurements 

2.3.1 Terra/Aqua MODIS data 

 
Second-generation Collection 5 (C005) Level 2 MODIS aerosol products, 

MOD04 and MYD04, from Terra and Aqua, respectively, have been used. The C005 

aerosol retrieval algorithm is an improvement over the previous MODIS aerosol retrieval 

algorithms (C004). Specifically, this new algorithm performs a simultaneous three-

channel inversion to make use of aerosol information contained in the short-wave infra-

red (2.12 μm) channel [Levy et al., 2007]. However, the C005 algorithm shows gaps over 

bright surfaces such as deserts. Therefore, in addition to the C005 aerosol products, the 

recently released MODIS Deep Blue aerosol products, which includes global aerosol 

information over land including bright surfaces, are also used. The Deep Blue algorithm 

has been shown to work well over Sahara deserts as well as several locations in China 

including Gobi and Taklimakan deserts [Hsu et al., 2004; Hsu et al., 2006]. This data 

product is currently available from Aqua MODIS only and is included in the same data 

file as the C005 products. 

MODIS Level-3 data were also obtained for the period 2000-06 from the NASA 

Distributed Active Archive Center (DAAC) to analyze the inter-annual variations and 

climatology of aerosol loadings and cloud properties. Globally gridded monthly mean 
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products, with spatial resolution of 1º by 1º, of aerosol optical properties, such as Aerosol 

Optical Depth (AOD) and Fine Mode Fraction of optical depth (FMF), were used in this 

study along with cloud property datasets, such as Cloud Effective Particle Radius 

(CEPR), Cloud Fraction (CF) and Cloud Top Pressure (CTP). The AOD is an indicator of 

the column loading of all sized pollutants, while FMF represents fine mode particle size 

fraction of the AOD. The AOD is retrieved at 550 nm from MODIS. CEPR consists of 

the radius of water droplets as well as ice particles present in clouds. 

The Daily Level-2 swath data were used, with pixel resolution of the AOD 

product of 10 km, while 5 km for CEPR and 10 km for CTP and CF datasets. The Aqua 

satellite was launched in 2002; therefore data for 2002 onwards were obtained to study 

the morning-afternoon variations from both Terra and Aqua of the aerosol and cloud 

properties. During the analysis of the winter haze and fog (as described in Chapter 4), 

only the collection 4 data were available. Therefore, the respective analysis during winter 

season is carried out using collection 4 products. Since we do not compare any results 

inter-seasonally, therefore the conclusions derived from each season are not inter-

dependent. Moreover, the aerosol products from C004 are in good agreement with 

AERONET measurements (“ground-truth”) during winter season as compared to summer 

season when the surface albedo, particularly in the tropical and mid-latitude regions, is 

higher and influences the accuracies of the aerosol and cloud measurements. Overall, 

however, there is an improvement in the C005 aerosol retrievals over C004 retrievals 

[Jethva et al., 2007]. 
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2.3.2 TOMS Aerosol Index 

 
Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) data used in this 

study were obtained for the period 1979-1992 and 1997-2001 from Nimbus 7 and Earth 

Probe satellite measurements. AI is positive for absorbing aerosols (e.g. dust and smoke 

particles) and negative for non-absorbing aerosols (e.g. sulfates) [Hsu et al., 1996; 

Herman et al., 1997]. Although, TOMS AI data are available during the current time 

period, however due to calibration issues, trend analysis of the data since 2002 is not 

recommended. Hence, we restrict our trend analysis of AI data till 2001. 

 
2.3.3 CERES 

 
The Terra and Aqua satellites carry four Clouds and the Earth's Radiant Energy 

System (CERES) scanners to measure the radiant energy exchange on Earth [Wielicki et 

al., 1996]. The CERES instrument makes broadband radiance measurements at the TOA, 

both in the longwave (LW) and 14 shortwave (SW) [Wielicki et al., 1995]. CERES flight 

models 1 and 2 (FM1-2) have been operating on Terra since its launch into a 1030 Local 

Time (LT) Sun synchronous orbit in December 1999. Aqua, launched into a 1330 LT 

orbit in May 2002, carries flight models 3 and 4 (FM3-4).  The CERES instrument has 

three channels – a SW channel for measuring reflected sunlight (0.3 – 5 μm), an infrared 

(IR) channel (8 – 12 μm) for measuring Earth-emitted thermal radiation “window” 

region, and a total channel (0.3 – 200 μm) for total radiation measurement. In this study, 

we use the Single Scanner Footprint (SSF) product that contains the point spread function 
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weighted MODIS aerosol and cloud properties for each CERES footprint 

(CER_SSF_Terra-FM1-MODIS_Edition2B). The CERES SSF reports measured TOA 

radiances, which are converted to fluxes using angular dependence models and in turn 

marks an improvement over the traditional ERBE-like ES-8 TOA flux data product [Loeb 

et al., 2003b; Loeb et al, 2007]. The SSF retains the mean and standard deviation of the 

imager pixel radiances and cloud/aerosol retrievals separately for the clear and cloudy 

portions of every CERES field-of-view (FOV). The spatial resolution for CERES 

(equivalent diameter at nadir) is ~20 km on Terra and Aqua. 

 
2.3.4 CALIPSO 
 
 

The CALIPSO satellite consists of the Cloud-Aerosol Lidar with Orthogonal 

Polarization (CALIOP) instrument that provides global vertically-resolved measurements 

of aerosol and cloud distribution in the atmosphere. CALIOP can observe aerosol over 

bright surfaces and beneath thin clouds as well as in clear sky conditions. We use the 

Level 1B data product that contains a half orbit (day or night) of calibrated and geo-

located single-shot (highest resolution) lidar profiles, including 532 nm and 1064 nm 

attenuated backscatter and depolarization ratio at 532 nm. The vertical resolution for both 

the profile specific and fixed altitude arrays is 30 meters. The 532 nm total attenuated 

backscatter coefficients are reported for each laser pulse as an array of 583 elements that 

have been registered to a constant altitude grid defined by the Lidar Data Altitude field. 
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2.4 Climate-scale Long-term Data 

2.4.1 Tropospheric Temperatures 

 
Long term analysis of Tropospheric temperatures has been carried out using data 

from the Microwave Sounding Units for the period 1979-2007. The Microwave Sounding 

Units (MSU) operating on NOAA platforms make measurements of microwave radiance 

in four channels ranging from 50.3 to 57.95 GHz. These four channels measure the 

atmospheric temperature in four thick layers spanning the surface through the 

stratosphere. The brightness temperature for each channel corresponds to an average 

temperature of the atmosphere averaged over that channel's weighting function. In the 

case of channel Temperature Middle Troposphere (TMT), most of the signal is from a 

thick layer in the middle troposphere at altitudes from 4 to 7 km, with smaller 

contributions from both the surface and the stratosphere. These MSU datasets are 

corrected for long-term drifts in the measurements that arise from drifts in local 

measurement time that can alias the local diurnal cycle into the long-term record [Mears 

et al., 2003]. Channel Temperature Lower Troposphere (TLT) uses a weighted average 

between the near-limb and nadir views to extrapolate the data to lower altitude, thus 

removing almost all of the stratospheric influence. For each channel, the brightness 

temperature can be thought of as the averaged temperature over a thick atmospheric 

layer. We use the Version 3.2 MSU atmospheric temperature products in this study 

[http://www.ssmi.com]. 
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A recent study has shown that the tropospheric temperature signal has some 

contribution from the stratospheric cooling in the satellite-inferred temperature [Fu et al., 

2004]. We use the methodology of Fu et al. [2004] to minimize the cooling influence of 

the stratosphere penetrating into the tropospheric signal. Further details are provided in 

Chapter 6 in relation with the tropospheric temperature trend analysis. 

 

2.4.2 Rainfall Data 

 
Long-term rainfall data over India are obtained from the Indian regional/sub 

divisional Monthly Rainfall data set generated by the Indian Meteorological Department. 

This dataset is archived at:  

[http://ingrid.ldeo.columbia.edu/SOURCES/.IITM/.All_India/.Rainfall/].  

This dataset is available from 1871 to 2004 from a network of rain-gauges which 

consist of 306 almost uniformly distributed stations for which rainfall data are available 

from 1871 [Parthasarthy et al., 1995]. The hilly regions consisting of four 

meteorological subdivisions of India which are parallel to the Himalayan mountain range 

have not been considered in view of the meager rain-gauge network and low areal 

representation of a rain-gauge in a hilly area. Two island subdivisions far away from 

mainland have also not been included. Thus, the contiguous area having network of 306 

stations over 29 meteorological subdivisions measures about 2,880,000 sq.km., which is 

about 90 percent of the total area of the country. Further details regarding the long-term 

data are provided at: 
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[http://iridl.ldeo.columbia.edu/SOURCES/.IITM/.All_India/.Rainfall/.dataset_documenta

tion.html]. 

In addition, to the long-term rainfall data from gauge stations, we also analyze 

rainfall over India from a spatially-homogeneous dataset from a combined satellite-gauge 

product from NASA’s Global Precipitation Climatology Project (GPCP). The Version 2 

satellite-gauge precipitation estimates and error estimates were obtained since 1979 to 

present on a 2.5 degree grid spatial resolution. These data were obtained from 

[http://ingrid.ldeo.columbia.edu/SOURCES/.NASA/.GPCP/.V2/]. 

 

2.5 Radiative Transfer Model 

 
We used the Fu-Liou radiative transfer code, a delta-four-stream radiative transfer 

algorithm for plane-parallel atmospheres [Liou et al., 1988; Fu and Liou, 1993], to 

estimate the aerosol single scattering albedo (SSA) and heating rate profile of the aerosol-

laden atmosphere during pre-monsoon season. The delta-four-stream approach agrees 

with adding-doubling calculations to within 5% for fluxes and improves considerably 

over the two-stream approach [Liou et al., 1988]. The non-gray gaseous absorption due to 

H2O, CO2, O3, O2, N2O, and CH4 has been parameterized using the correlated k-

distribution [Fu and Liou, 1992]. The radiative effects of Rayleigh scattering, liquid 

water droplets, ice crystal, continuum absorption of H2O, and surface albedo are also 

considered. The shortwave (SW) spectrum (0.2-4.0 mm) is divided into 6 bands: 0.2 - 0.7 

mm, 0.7 - 1.3 mm, 1.3 - 1.9 mm, 1.9 - 2.5 mm, 2.5 -3.5 mm, and 3.5 - 4.0 mm. The 

visible band is further divided in 10 sub-visible bands. 
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We adopted the relative humidity values from the standard mid-tropical 

atmosphere incorporated in the Fu-Liou radiation scheme and temperature profiles from 

AIRS/AMSU tropospheric temperature product. Since surface albedo is an integral part 

of radiative transfer calculations, especially over land, therefore to reduce uncertainties 

associated with forcing estimates, we use surface albedo values that are spectrally 

equivalent with the Fu-Liou bands. The shortwave spectral surface albedo is obtained 

from the compilation of the Surface and Atmospheric Radiation Budget (SARB) working 

group [http://www-surf.larc.nasa.gov/surf/pages/bbalb.html] which uses the 17 scene 

types defined by the International Geosphere Biosphere Programme (IGBP) plus Tundra, 

fresh snow, and Ice scene types. These types are assumed on a 10 minute (1/6 of a 

degree) equal angle map covering the globe. “Cropland” land cover type was selected 

based on the spectral curve source of Briegleb et al. [1986] and solar zenith angle 

adjustments were applied to the spectral surface albedo. In addition, the solar constant for 

each Julian day in the pre-monsoon period was calculated based on the sun-earth 

distance. 
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Chapter 3. Seasonal Variability of Aerosols over the 

Gangetic-Himalayan Region 

 

 

3.1 Introduction 

 
The importance of aerosols and their implications to the regional and global 

climate have been recognized for some time now. Over Asia, particularly, a growing 

body of evidence based on extensive field campaigns has indicated strong effects of 

aerosols on the Earth’s radiation budget and on regional climate. In the past decade or so, 

several field campaigns such as the Indian Ocean Experiment (INDOEX), Aerosol 

characterization experiment (ACE), East Asian Studies of Tropospheric Aerosols: An 

International Regional Experiment EAST-AIRE, with a suite of state-of-the-art 

instruments, have been conducted in order to assess the direct and indirect effects of 

aerosols on the regional climate, radiation and the monsoon rainfall [Ramanathan et al., 

1998; Huebert et al., 2001; Li et al., 2007]. Over India, the INDOEX field campaign was 

particularly successful in recognizing the importance of aerosols. Prior to the INDOEX, 

several studies of aerosol characterization in the form of field experiments have also been 

conducted in southern India as part of the Indian Space Research Organization (ISRO) 
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Indian Middle Atmosphere Program (IMAP) [Krishnamoorthy et al., 1999; Sikka, 2002]. 

However, over northern India, specifically in the IGP, the importance of aerosols and 

their various climatic effects have been little known given the alarming levels of 

pollution in the region as a result of rapid industrialization and urbanization. Moreover, 

the Gangetic plains alone are densely populated with about 600 million people depending 

on the various hydrological and agricultural resources. With the aid of satellite data, 

several studies have recently mapped the extent and magnitude of the aerosol loading 

over IGP. The more common aerosol loading indicator, i.e. Aerosol Optical Depth, has 

been used in these studies to elucidate the high pollution levels in the region [Massie et 

al., 2004; Girolamo et al., 2004; Prasad et al., 2004]. The quantification of aerosol 

loading over a single location in IGP, Kanpur (26.45°N, 80.346°E), has been documented 

which has been made possible through NASA’s AERONET program [Singh et al., 2004]. 

In this chapter, the aerosol characteristics as documented by earlier studies in the past 4-5 

years are reviewed and the integrated picture of the strong seasonal variations of aerosol 

properties observed using ground and satellite measurements are presented. 

 

3.2 Aerosol Scenario over the Gangetic-Himalayan Region 

 
The IGP, one of the most agriculturally productive and fertile regions of the 

world, are home to more than one third of the total Indian population (~600 million) that 

depend on its hydrological resources on a day-to-day basis. These plains are fed by the 

Indus and Ganges rivers on the western and eastern parts, respectively. The Gangetic 

plains, bounded by the Himalayas, to the north, are fraught with high levels of 
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atmospheric pollution throughout the year. Rapid industrialization and urbanization have 

posed a threat to the hydrological resources of this region in recent years. The air quality 

and climate over the IGP have also been affected due to the rise in the concentrations of 

anthropogenic aerosols. The IGP faces dust storms during March-April-May and part of 

June (pre-monsoon period) [Dey et al., 2004; El-Askary et al., 2006]. These dust storms 

originate in the Thar Desert in India and Middle East deserts in the Arabian Peninsula, 

and are transported by westerly winds during the pre-monsoon period. Saharan deserts 

have also been found to be a source of long-range transport of dust aerosols, based on air-

mass back-trajectory simulations [Dey et al., 2004]. These dust storms hit the IGP and are 

not transported further since they are blocked by the high altitude Himalayan ranges. This 

results in the accumulation of large amounts of dust over the IGP. 

       Anthropogenic emissions, in the form of BC and sulfate aerosols from biomass 

combustion, power plants and vehicular pollution, are present throughout the year over 

the IGP [Reddy and Venkataraman, 2002a, b]. These fine particles form thick layers of 

haze in winter, recently termed as Atmospheric Brown Clouds [Ramanathan et al., 2003], 

with their large scale effect on the entire plains. Low single scattering albedo (0.73–0.85) 

indicates highly absorbing aerosols in this region during the winter [Singh et al., 2004]. 

Due to the increase in aerosol concentrations, particularly BC, strong negative trends of 

summer monsoon rainfall, surface evaporation and surface solar radiation have been 

observed over the Indian subcontinent [Ramanathan et al., 2005]. 

Both dust aerosols and fine-mode particles over the IGP are a result of the 

background prevailing meteorology over the Indian subcontinent during pre-
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monsoon/monsoon months and winter months, respectively. The role of the aerosol 

transport plays an important role in determining the net atmospheric loading aerosols 

over the region. Fig. 3.1 shows the typical climatological mean of pre-monsoon and 

winter wind vectors at 850 mb pressure level from the NCEP NCAR reanalysis data from 

1979 to 2004. The transport of dust aerosols into the alluvium of the IGP from the 

western arid regions can be discerned by the prevailing wind fields prior to the monsoon, 

while the northeast monsoon during winter months causes northerly winds to flow from 

the continent towards the ocean. 

 

 

Fig. 3.1 Prevailing wind fields during pre-monsoon and winter period over the Indian monsoon 

region indicated by the climatological mean for the period 1979-2004. Prior to the southwest 

summer monsoon, tropospheric winds (at 850 mb) from the Arabian Peninsula and from the 

Arabian Sea into the Indian subcontinent are visible during May (left). The northeast monsoon 

(often referred to as the retreat of the summer monsoon) is marked by northerly outflow (right) 

from the Indian subcontinent towards the Arabian Sea and the Indian Ocean. 
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3.3 Aerosol Properties from Ground and Satellite Observations 

3.3.1 Aerosol Optical Properties from AERONET 

 
The aerosol loading, in term of the type of aerosols and the optical depth, undergo 

strong seasonality over the Indo-Gangetic Plains with dust aerosols (coarse-mode) 

dominating during the pre-monsoon and monsoon seasons while fine-mode 

anthropogenic pollution aerosols result in dense haze during post-monsoon and winter 

months [Singh et al., 2004; Girolamo et al., 2004; Gautam et al., 2007]. Fig. 3.2 shows 

the climatology of CIMEL sunphotometer retrievals of Aerosol Optical Depth (AOD) 

and angstrom exponent (α) for the 6-year period 2001-2006 over Kanpur. The aerosol 

loading is characterized by the AOD and its spectral dependence is quantified by α 

deduced from a multispectral log linear fit. Aerosol parameters are characterized by AOD 

τa and the Ångström parameter α. Parameter α is computed from a linear fit of log (AOD) 

versus log (wavelength) according to the classical equation of Ångström [1964] 

, a  

where, 

 β is the turbidity coefficient and λ is the wavelength. The variable τa gives an indication 

of the amount of aerosol present in the atmosphere, and α gives an indication of the size 

of the particle. 
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Fig. 3.2 Aerosol Optical Depth and Angstrom Exponent Climatology over Kanpur AERONET, in 

central IGP during 2001-2006. The strong seasonal variability in the aerosol loading and the size 

of particles across the seasons is evident. 

 

Combined with the spectral behavior of AOD, α can be considered as a first-order 

indicator of the size of the particles where low values (<<1) correspond to large sized 

particles and higher values indicate the presence of fine mode particles. The column 

aerosol loading is highest during May-June months with peak average value of 0.8 in 

May. The onset of monsoon rainfall in the northern part of India, including the IGP, starts 

in the latter half of June with the dust activity high in the first half. Aerosol loading in 

June is thus also high and comparable to May due to the transport of dust aerosols by the 

monsoon winds. Grey bars in Fig. 3.2 show mean values of α with lowest value 0.36 in 
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May and higher values (greater than 1) in post-monsoon and winter months. Presence of 

fine-mode particles, resulting from anthropogenic pollution is also evident, although 

considerably less dominant, with α greater than 0.8 in lower aerosol loading conditions. 

Higher angstrom exponent combined with increased spectral sensitivity of AOD at longer 

wavelengths is a characteristic of fine-mode particles [Eck et al., 1999; Dey et al., 2004]. 

During winter months over Kanpur, AOD at shorter wavelengths (330 nm, 380 nm, 440 

nm) is close to that of the pre-monsoon season, however large differences are found at 

longer wavelengths (675 nm, 870 nm, 1020 nm) (Fig. 3.3). 

On the contrary, the spectral sensitivity of AOD during pre-monsoon appears to 

be relatively flat in nature compared to winter season (Fig. 3.3). The extinction of light at 

longer wavelengths due to coarse particles such as dust aerosols (r > 0.6 μm) is higher 

compared to fine-mode particles, as a result there is an observed reduction in the 

sensitivity of spectral AOD. Similar results have been observed by Tanre et al. [2003], 

where higher optical depth associated with low values of α, over regions close to dust 

sources. Irrespective of large differences in AOD at longer wavelengths between the two 

seasons, there is significant spectral difference in AOD of ~0.3 between 340 nm and 1020 

nm in the pre-monsoon season suggesting some contribution of fine-mode particles as 

well to the AOD. Detailed analysis of aerosol optical properties of individual dust storms 

and its comparison to low-dust and fine-mode particle dominated conditions indicates 

large spectral variations of AOD in the pre-monsoon period [Prasad and Singh, 2007]. 
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Fig. 3.3 Spectral variation of Aerosol Optical Depth during pre-monsoon and winter months 

during 2001-2006. Coarser particles such as dust are less sensitive at longer wavelengths 

compared to those in fine-mode due to greater extinction of light due to coarser particles. 

 

In addition to the spectral behavior of aerosol optical depth and the associated 

wavelength exponent, the aerosol size distribution can also be used to infer the size of the 

particles. The aerosol volume size distribution (dV/dln R) has been retrieved from the 

spectral Sun and sky radiance data using the Dubovik and King [2000] approach with the 

initial guess dV/d ln R = 0.0001, n(λi) = 1.5, k(λi) = 0.005, where dV/d ln R denotes 

volume size distribution and n(λi) and k(λi) are the real and imaginary parts of the 

refractive index at wavelength λi, respectively.  
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The bimodal lognormal volume size distribution for each mode, is defined as 

)],/)/ln(5.0exp[)2(/(ln/ 222/1  vRRVRddV   

where,  

V is the columnar volume of particles per unit cross section of atmospheric 

column, R is the particle radius, Rv is the volume geometric mean radius, and σ is the 

geometric standard deviation. The volume size distribution (dV/dlnR, μm3/μm2) shows 

strong variations depending on different aerosol types (Fig. 3.4). 

 

Fig. 3.4 Volume size distribution (dV/dlnR) at fine and coarse modes shows strong variations 

during the summer and winter periods indicating the presence of different aerosol types. 

 

During the pre-monsoon and monsoon seasons (April–August) the volume 

concentration is found to be doubled compared to that during the post-monsoon and 
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winter. Volume concentrations in the fine and coarse modes are almost equal during the 

post-monsoon and winter seasons, however it is much higher in the coarse mode than that 

at the fine mode during pre-monsoon and monsoon seasons [Singh et al., 2004]. Changes 

in spectral dependency of AOD, due to varied contributions of aerosol components, are 

clearly reflected in the aerosol size distribution [O’Neill et al., 2001]. This indicates the 

dominance of the coarser particles during the pre-monsoon and monsoon seasons in the 

atmosphere over the region, whereas both fine and coarse particles are present in other 

seasons [Dey et al., 2004]. Low single scattering albedo (0.73–0.85) indicates highly 

absorbing aerosols in this region during winter [Singh et al., 2004]. 

 
3.3.2 Satellite Characterization of Aerosol loading 

 
Fig. 3.5 shows the AOD and FMF variations, during 2001-06, over three 

urban/industrial cities in the IG plains: New Delhi, Kanpur and Patna. Sulfate and BC 

aerosols belong to the fine mode size category, while dust particles fall in the coarse 

mode category. High AOD values during April-May are attributed to large dust loading 

in the atmosphere, while FMF shows high values during winter due to the 

urban/industrial and bio-fuel emissions. The FMF dominates during winter months when 

the contribution of dust is minimum in the net aerosol loading, where due to greater dust 

contribution during pre-monsoon and summer seasons, the FMF is significantly lower 

during this period. 
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Fig. 3.5 Inter-annual variability of Aerosol Optical Depth and Fine mode fraction from Terra 

MODIS over three urban locations in the IGP: (a) New Delhi, (b) Kanpur and (c) Patna. 
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Comparison of AOD retrieved from MODIS and AERONET, over the IGP, yields 

good agreement during post-monsoon and winter seasons (September–March) and low 

agreement during pre-monsoon and summer monsoon period due to the abundance of 

westerly/southwesterly wind blown dust aerosols from the Middle Eastern, Sahara and 

the Thar deserts over enhanced albedo surface [Tripathi et al., 2005] (Fig. 3.6). Several 

studies in the past, document the higher aerosol loading over the IGP observed from 

satellite and ground observations during winter season in recent years [Massie et al., 

2004; Singh et al., 2004; Girolamo et al., 2004]. Recent studies also indicate the 

dominance of sulfate and black carbon (BC) aerosols during winter season over the IGP 

[Tripathi et al., 2005]. 

 

 

Fig. 3.6 MODIS/AERONET Climatology of Aerosol Optical Depth (AOD) over Kanpur 

(26.45°N, 80.346°E) in central IGP. MODIS overestimates AOD retrievals during pre-monsoon 

and summer months. 

 

MODIS/AERONET AOD Climatology 
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During the winter season, thick haze often prevails over the IGP with pollutants 

caught in the boundary layer due to frequent temperature inversions. Fig. 3.7 shows the 

climatology of AOD during the winter months for the period 2000-06. The AOD is 

higher especially in the eastern part of the IGP. The higher aerosol loading has been 

attributed to the high population density in the eastern IGP (especially the state of Bihar) 

and also to the lower topography and the resulting subsidence of air-mass over this region 

[Girolamo et al., 2004]. The current MODIS aerosol retrieval algorithm uses a dark-

target approach with lack of retrievals over desert areas and other bright reflecting 

surfaces [Kaufman et al., 1997; Remer et al., 2005]. Regions marked in white (Fig. 3.7), 

primarily the Taklimakan and Middle Eastern deserts; show the resulting gaps in the 

MODIS aerosol retrievals. 

 

 

Fig. 3.7 Climatological mean of Aerosol Optical Depth (AOD) during winter months (December-

January) from 2000 to 2006. Higher AOD over the eastern IGP is clearly visible compared to rest 

of northern India. White spaces show resulting gaps in the dark-target MODIS aerosol retrieval. 
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To alleviate the problems with the dark-target approach, especially over bright 

surfaces such as desert/arid and other semi-arid surfaces, Hsu et al., [2004] utilized the 

lower blue part of electromagnetic spectrum to account for resulting gaps over the bright 

surfaces. At 412 nm, there is a considerable enhancement of dust plumes against the 

background of the bright surface and this dust signal is suppressed significantly at greater 

wavelengths, which makes it difficult to distinguish with the underlying surface. The 

usage of shorter wavelength has now been developed into a fully operational aerosol 

retrieval algorithm for only land surfaces called the “Deep Blue” for Aqua MODIS and 

will soon be implemented for Terra and SeaWIFS. Since the operational Deep Blue 

aerosol retrieval algorithm was developed particularly for desert regions, it appears that 

there are gaps over highly vegetated surfaces (Fig. 3.8). 

 

 

Fig. 3.8 Climatological mean of Aerosol Optical Depth during pre-monsoon month of May from 

Aqua MODIS dark-target and Deep Blue aerosol retrievals for the period 2003 to 2006. Passage 

of dust transport is clearly visible from the western desert/arid regions into the alluvium of the 

IGP. 
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While the optical depth due to aerosol extinction from MODIS is a valuable 

indicator of the aerosol loading, however it only provides information of the total 

atmospheric column. For more accurate knowledge of the perturbations caused due to 

aerosols in the Earth’s radiation budget, the vertical profile of aerosols is required. 

Vertical information of aerosols also greatly helps in reducing the uncertainties 

associated with climate forcing. CALIPSO is a recent space-borne lidar which provides 

information about the aerosol profile. A typical lidar profile during winter season 

indicates the peak of the aerosol haze layer to be in the vicinity of 2.5 km (Fig. 3.9a). The 

backscatter due to aerosols is shown in yellow color. During winter period, due to colder 

surface temperatures and enhanced stability of the atmosphere, aerosols are trapped 

within the boundary layer. While during pre-monsoon and summer months, due to 

enhanced convection, aerosols are lofted high into the troposphere (Fig. 3.9b). Together 

with the westerly pre-monsoon winds, the enhanced convection and the steep pressure 

gradient across the Himalayan-Gangetic region steers the aerosols aloft which results in 

higher backscatter due to aerosols at elevated altitudes (>5 km). As we shall see in more 

detail in Chapter 5, effects of vertically extended aerosols on the radiative heating rates 

are modeled. 
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Fig. 3.9 Backscatter profile from the recently launched space-borne lidar, CALIPSO, from 

Southern India to the Himalayas, during winter and pre-monsoon season. Backscatter signal from 

aerosols usually lie in the Yellow-Red color scale, while clouds are marked by pink, grey and 

white colors. The high backscatter in (a) over 10 km is most likely due to cirrus clouds. 
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3.4 Summary 

 
 This chapter presents an integrated picture of characterization of aerosols during 

winter and pre-monsoon/summer seasons through a climatological perspective of aerosol 

measurements from ground-based and satellite-borne observations over IGP. Aerosols 

over India undergo a strong seasonality with fine-mode pollution particles from 

urban/industrial emissions dominating during winter months, while dust aerosols 

transported from western deserts contribute the bulk of the regional aerosol loading. 

There are dramatic differences in particle size during the two contrasting seasons as 

indicated by sunphotometer measurements of optical properties in central IGP. Prevailing 

meteorology (winter north-east and summer south-west monsoon) is one of the most 

important factors contributing to the differences in aerosol properties. Spatial distribution 

of aerosol loading (from MODIS) shows distinct patterns, particularly across the western 

and eastern regions in the IGP. 
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Chapter 4. Winter Haze and Fog over the IGP 

 

 

4.1 Introduction 

 
The air quality and climate over the IGP has also been affected due to the rise in 

the concentrations of anthropogenic aerosols [Ramanathan and Ramana, 2005; Prasad et 

al., 2006]. Especially during the winter season, thick haze often prevails over the IGP 

with pollutants caught in the boundary layer due to frequent temperature inversions. 

During this period, temperature also reaches its minimum value along with increased 

frequency of north-westerlies (commonly known as cold waves in the subcontinent) into 

the IGP. The frequent passage of north-westerlies causes a series of sudden low-high 

pressure regions and result in enhanced moisture content in the boundary layer [Pasricha 

et al., 2003]. Occasionally, fog formation is triggered through a supply of moisture by 

weather systems developed either over the Bay of Bengal or the Arabian Sea [Ali et al., 

2004]. 

       These conditions favor fog formation over the IGP given the high concentrations of 

aerosols. The majority of the fog episodes last from mid-December to January causing 

poor visibility. Significant numbers of deaths in vehicular accidents due to poor visibility 

and disruptions to the air and rail transportations are often associated with severe fog 
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events [Hameed et al., 2000]. In addition, fog may occasionally result in potential hazard 

for vegetation and human health depending upon the chemical composition of fog waters 

[Ali et al., 2004]. 

Several studies in past document the higher aerosol loading over the IGP observed 

from satellite and ground observations during winter season in recent years [Massie et al., 

2004; Singh et al., 2004; Girolamo et al., 2004; Gautam et al., 2007]. The increasing 

concentrations of aerosols may be an important factor in the intensification of fog in 

recent years, since aerosols serve as CCN for cloud formation and their microphysical 

interactions with clouds are known to affect cloud properties [Rosenfeld et al., 2001]. 

However, little attention has been given to the enhanced fog formation that blankets the 

entire IGP during winter season, despite its known consequences.  

In this chapter, MODIS observations of cloud properties are used to derive 

fog/low-cloud distribution over the IGP by separating high-level and precipitating clouds 

[Gautam et al., 2007]. Six years of MODIS data for winter season 2000-06 (December-

January, or DJ) are used to generate the fog/low-cloud and haze climatology in order to 

gain insight about the persistence and widespread nature of the SMOG (smoke and fog) 

over IGP. In addition, surface observations of fog occurrences and meteorological 

parameters such as relative humidity were analyzed to understand the dynamics 

associated with fog formation. 
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4.2 Fog/Low-Cloud over the IG plains 

 
        During winter season, the entire northern India, especially the IG plains, suffer from 

western disturbances (a series of alternate low and high pressure systems), which move 

from west to east, leading to intense haze and fog in the region. A low pressure system 

results in enhanced moisture content in the boundary layer, high winds and clouds, which 

is subsequently replaced by a high pressure system leading to clear sky conditions, low 

winds, radiative cooling of the ground, temperature inversions, and subsequently water 

vapor inversions [Pasricha et al., 2003]. During this period, the temperature also reaches 

its minimum value with increased frequency of western disturbances. These conditions 

are ideal for accumulation of pollutants within the boundary layer and often result in fog 

formation over the IG plains. 

 Trends in poor visibility days due to fog during winter season have been 

significantly increasing over the IGP amounting to 90%, i.e. almost everyday (Fig. 4.1 

from De and Dandekar, 2001). Percentage frequencies of number of days of poor 

visibility during winter season over cities in the IG plains show strong upward trends at 

99% significant level. Strong increasing trends in aerosol loading have also been 

observed over the Indian subcontinent in general, particularly over the IG plains [Sarkar 

et al., 2007]. From a meteorological perspective, the increasing number of poor visibility 

days may also be explained by long-term surface observations of relative humidity. 

Several locations in the IGP are associated with strong increasing trends of moisture 

since the late 1960s. 
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Fig. 4.1 Trends in relative humidity (RH) and air temperature over five cities in the IGP from 

1969 to 1996 (left panel). Trends in poor visibility days over four locations in the IGP during 

winter months (right panel). Over New Delhi, poor visibility days over 90% are recorded in 

recent years, which is evident from the above figure [Figure source: De and Dandekar, 2001]. 
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4.3 Fog/Low-Cloud Detection 

4.3.1 Climatology of Cloud Properties 

 
In an attempt to separate out and characterize fog/low-cloud from other types of 

clouds, we computed the climatological means of Cloud Fraction (CF), Cloud Effective 

Particle Radius (CEPR) and Cloud Top Pressure (CTP) (Fig. 4.2) during DJ months. 

Significantly higher CF is found over the IGP indicating enhanced cloud formation 

during winter as compared to the rest of the Indian subcontinent (Fig. 4.2a). 

Climatological mean with higher cloud fraction indicates the persistence of cloud 

formation during the winter months. CEPR values over the IGP are much lower than the 

precipitation threshold (i.e. 14 microns, which is used as a cutoff between precipitating 

and non-precipitating clouds [Rosenfeld and Gutman, 1994]) and stand out well 

compared to the rest of the subcontinent (Fig. 4.2b). Fig. 4.2c shows CTP over the IGP to 

be ~900 mb, suggesting cloud tops in the vicinity of ~1 km altitude. All these 

observations of cloud properties namely, CF, CEPR and CTP, indicate the presence and 

also the persistence of fog/low-clouds over the IGP. 
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Fig. 4.2 Winter climatology of (a) Cloud Fraction, (b) Cloud effective Particle Radius and (c) 

Cloud Top Pressure indicating the presence of fog/low-cloud formation over the IGP. 
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To further establish the presence of fog/low-cloud, several MODIS Level-2 data 

were analyzed. One such case of 24 December 2004 (Fig. 4.3a) shows a patch of clouds 

extending throughout the plains adjacent to the foothills of the Himalayas. CEPR values 

are less than 14 microns and the cloud tops are at an altitude of ~1.2 km (850 mb) (Fig. 

4.3c and d). Radiosonde data show temperature inversion based at ~975 mb pressure 

level with dew-point temperature very close to the ambient temperature (Fig. 4.3e). These 

observations together suggest the presence of fog/low-cloud over the IG plains. It should 

be noted that fog observations from Terra MODIS may only represent thick fog events, 

since some fraction of fog is expected to burn off at the time of Terra overpass (10:30 

AM local time). 
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Fig. 4.3 (a) Blanket of fog over the IG plains seen from Terra MODIS on 24 December 24 2004, 

(b) fog covered regions in white from the fog detection scheme based on distinct characteristics 

of (c) CEPR, (d) CTP, and (e) radiosonde data showing temperature inversion in the layer of 

~975 mb. 
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4.3.2 Morning-Afternoon comparisons 

 
In addition, comparison of the level of cloudiness in morning and afternoon, Terra 

and Aqua respectively, substantiates the presence of fog. Daily Level-2 data for AOD and 

CEPR from inferred from the Terra and Aqua measurements during winter 2002-03 to 

2004-05 were analyzed to characterize the changes in cloudiness from morning (10:30 

AM) to afternoon (1:30 PM) overpasses, respectively. Fig. 4.4 shows histogram plots for 

AOD and CEPR during winter 2002-03 to 2004-05 from Terra and Aqua, with number of 

retrievals on the Y-axis. 

 

 

 

Fig. 4.4 Morning (10:30 AM) and Afternoon (1:30 PM) histograms from Terra and Aqua over 

Kanpur for (a) AOD, and (b) CEPR. 
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Due to greater fog/low-cloud formation in the morning, the number of aerosol 

retrievals was less from Terra as compared to Aqua. Fog often burns off in the afternoon 

by greater solar insolation, resulting in clear sky conditions and hence higher number of 

aerosol retrievals. Singh et al. [2004], based on AERONET observations, reported higher 

number of aerosol retrievals over Kanpur (located in the central IGP) in the afternoon as 

compared to the morning. Since the level of cloudiness is expected to be higher in the 

morning (due to foggy conditions), the number of cloud retrievals would be higher in the 

morning compared to those in the afternoon. Histogram plots of CEPR, from Terra and 

Aqua, show an out-of-phase relationship with respect to AOD – more CEPR retrievals in 

the morning compared to those in the afternoon. The mean value of CEPR from Terra 

(~8.4 μm) is also slightly greater than that from Aqua (~8.1. μm). Similarly, the number 

of retrievals of cloud fraction was 76 from Terra and 59 from Aqua in the November to 

January period from 2002-03 to 2004-05 (higher in morning compared to afternoon). 

 

4.3.3 Methodology 

      
Based on the distinct characteristics of cloud properties obtained from MODIS 

data as described above, a fog/low-cloud detection scheme was derived to distinguish 

fog/low-cloud (Fig. 4.3b) from high-level and precipitating clouds. Fig. 4.5 shows the 

steps involved in the fog/low-cloud detection. In addition, artifacts in cloud retrievals 

were found in the data, such as in the presence of thick aerosol haze. In heavy aerosol 

loading conditions, aerosol and cloud products (MOD04 and MOD06) showed retrievals 

of both aerosol and cloud properties over the same pixel, respectively. The MODIS cloud 
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mask appears to be a possible solution to deal with such artifacts, since the cloud mask 

classifies pixels as cloudy or clear in order to retrieve their properties. However, in the 

presence of thick aerosol haze (with the help of visual analysis of true color RGB 

images), the MODIS cloud mask for such pixels was often flagged as “undetermined”. 

Therefore, cloud retrievals over the pixels, where aerosol properties were also retrieved, 

were filtered out. Another type of cloud mis-retrieval was encountered over the Thar 

Desert (western India) - MODIS cloud products showing retrievals of cloud properties 

over desert regions in the clear-sky or cloud-free conditions. 

 

 

Fig. 4.5 Flow diagram of the fog detection scheme derived from MODIS Level-2 aerosol and 

cloud products. 
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CTP over the desert regions were invariably ~1000 mb in clear-sky conditions for 

all Level-2 data during December-January. These artifacts were identified during the 

analysis and filtered out. In order to separate fog/low-level clouds from high clouds, 

pixels having CTPs lower than 780 mb were filtered out. Also, high precipitation 

efficiency clouds, with CEPR values greater than 14 microns, were ignored. In essence, 

this scheme generates distribution of fog and clouds with their tops below ~2.1 km. These 

steps were very important in dealing with aerosol-fog/low-cloud interactions and 

subsequently strengthened our analysis and conclusions. 

 

4.4 Spatial Distribution of Fog/Low Cloud Occurrences 

4.4.1 Climatology and Inter-Annual Variability 

 
Following the methodology of detection of the fog/low-cloud, the spatial 

distribution of the frequency of fog/low-cloud occurrences was generated from Level-2 

MODIS data for the winter months (December-January) from 2000-2006. Fig. 4.6a 

shows the spatial distribution of the composite mean fog/low-cloud occurrences from 

2000-06 during winter season. The average number of foggy days over the six-year 

winter period is higher in the central part of the IGP (known as the Terai region) 

compared to the eastern and western regions. The clear demarcation along the foothills of 

the Himalayas is evident indicating the persistence of fog in the low topography/valley of 

the Ganges basin. Majority of the foggy days occur over the IGP in India, however, a 

significant number of fog/low-cloud occurrences are also found over Pakistan and 

Bangladesh on the western and eastern sides, respectively with about 10 days of fog 
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occurrences. Fig. 4.6b shows the fog occurrences identified using surface observations 

recorded over 13 locations in the IGP (including Bangladesh) for the six-year period. The 

tallest bar indicates 20 days of fog occurrences. Foggy days represented by yellow bars 

are overlaid onto the surface topography. For a given day, fog is identified using surface 

observations and by parsing the meteorological SYNOP code. The number of foggy days 

is found to be highest during DJ 2002-03 and DJ 2003-04 with more than 25 fog/low-

cloud occurrences detected by Terra MODIS at 10:30 local-time over the IGP (Fig. 4.7). 

Significantly lower number of fog occurrences is found in the recent years i.e. during DJ 

2004-05 and DJ 2005-06. 
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Fig. 4.6 Top panel shows composite mean fog/low-cloud occurrences for the 6-year winter 

season derived from MODIS cloud properties. Bottom panel shows mean fog occurrences over 

the IGP (tallest bar indicates 20 fog occurrence days), during winter 2000-2006, mapped by 

meteorological surface observations overlaid onto surface topography. 
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4.4.2 Fog Statistics 

 
It is important for sanity check that the fog/low-cloud detection methodology 

works well in drawing any conclusions regarding the spatial distribution of fog 

occurrences. Also, in order to quantify the height of the fog layer, the statistics of the 

cloud tops in the six-year MODIS cloud top pressure data were computed. Fig. 4.8 shows 

the percentage of pixels with cloud tops at different pressure levels from 670 mb to 950 

mb in the fog/low-cloud occurrences from DJ 2000-06. About 80% of the cloud tops are 

in the vicinity of ~2 km (or lower than 2 km) thus indicating that majority of the clouds 

are within the boundary layer. Cloud top pressure for distinguishing fog/low-cloud from 

high clouds was selected as 670 mb onwards based on visual analysis of the RGB images 

and the corresponding cloud properties data. In addition, Hahn et al., 2001 classified low-

level clouds between 1000-680mb that includes fog, stratus, strato-cumulus and cumulus 

clouds. Stratus, strato-cumulus and other types of clouds are formed at higher altitudes 

compared to fog, therefore the fog/low-cloud detection as presented in this study is 

representative of fog and low boundary layer clouds. 
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Fig. 4.8 Inter-annual variability of percentage of pixels of cloud top pressure in the stacked 

fog/low-cloud distribution for each winter year from 2000 to 2006. Roughly 80% of the cloud 

tops are in the vicinity of ~2 km (or lower than 2 km) thus indicating that majority of the clouds 

are within the boundary layer. 
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4.4.3 Prevailing Meteorological Conditions during winter season 

 
It is reasonable to expect that the fog occurrences follow closely the background 

prevailing meteorology governed by critical dynamical variables such as relative 

humidity, night-time surface temperatures and wind speed. These meteorological 

variables were also analyzed by obtaining daily surface observations at nine locations in 

the IGP using data from the Russian weather server archive. The relative humidity is the 

highest during 2002-03 and 2003-04 winter months, while the corresponding surface 

temperature is found to be lower compared to other years (Fig. 4.9). The legend indicates 

different years and the mean of all six years. In general, DJ 2000-2005 exhibit 

comparable values in terms of the RH and temperatures. However, DJ 2005-06 is 

associated with significantly lower RH and surface temperature compared to previous 

years and the climatological mean. The city of Calcutta is associated with higher surface 

temperature since it is located in the southeastern part of the IGP. Surface temperatures 

are generally higher in Calcutta compared to the rest of the IGP. 
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Fig. 4.9 Inter-annual variations of RH, surface temperature and wind speed during winter 2000-

06 over 9 locations in IGP from surface meteorological stations. 
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Wind speed data indicate light winds less than 1 m/s over majority of the stations. 

The prevalence of westerly-north-westerly winds over the IGP is discernible from the 

wind rose histogram plots over the nine locations (Fig. 4.10). The direction orientation in 

the wind rose plot follows the conventional rule: 0, 90, 180, 360 degrees represent North, 

East, South, West, respectively. 

 

   

Fig. 4.10 Histogram rose plot of wind directions over nine locations in the IGP indicating 

westerly-north-westerly winds. 
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  4.5 Aerosol-Fog Coupling 

 
 In this study, one of our primary goals is to study aerosol-fog/low-cloud 

interactions over the IG plains in winter by minimizing the role of dynamics associated 

with fog formation. Meteorological variables from NCEP data such as moisture, surface 

temperature/pressure and wind fields for the period 2000-05 are shown in Fig. 4.11.  

 

 

Fig. 4.11 Winter climatology of (a) water vapor, (b) surface temperature, (c) surface pressure, and 

(d) wind vectors at 850mb pressure level from NCEP reanalysis data. 
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Dry northeast monsoon (with little rainfall over northern India) prevails during 

winter, where calm winds blow off the subcontinent. However, due to the coarse 

resolution of the NCEP data (1.8° by 1.8°), meteorological variables from surface 

observations were also analyzed to better understand their inter-annual variations. Fig. 

4.9 shows the inter-annual variations of relative humidity (RH) over selected locations in 

the IG plains from surface observations. These locations are arranged in a longitudinal 

fashion from west to east. 

         In order to study the interactions between aerosols and fog/low-cloud over the IG 

plains, we selected the period 2001-05 where the values of RH are comparable in all four 

years. The monthly mean RH values for the period DJ 2001-05 are within 75-80% over 

the IG plains. In addition, little inter-annual variation in aerosol loading is found during 

DJ 2001-04, while significantly higher AOD is found over the IG plains in DJ 2004-05 

(Fig. 4.12). Thus, to infer any significant influences of aerosols on fog/low-cloud over the 

IG plains, we generated composite maps of fog/low-cloud frequency (number of days of 

fog/low-cloud occurrences) from MOD04 and MOD06 granules for the period DJ 2001-

05, following the methodology of deriving fog/low-cloud distribution. Fig. 4.13 shows 

the fog/low-cloud occurrences map for DJ 2001-04 and DJ 2004-05. The spatial 

distribution suggests significantly lower fog/low-cloud occurrences in DJ 2004-05 

compared to DJ 2001-04 with maximum number of fog/low-cloud occurrences as 22 and 

15 days in the IG plains for DJ 2001-04 and 2004-05, respectively. 
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It should be noted here that the Terra MODIS data were unavailable for a 10 days 

period from December 16-25, 2003 and henceforth, the mean fog/low-cloud occurrences 

in DJ 2001-04 (Fig. 4.13) are possibly short of a few number of days.  In addition to the 

MODIS detected fog/low-cloud, we also show a composite map of fog occurrences in DJ 

2004-05 from surface observations that indicate 14 days as the maximum number of 

foggy days (Fig. 4.13b, lower panel). The ground data include only the days when sky 

was obscured during fog events, based on the SYNOP codes, as described in chapter 2. 

Similar spatial pattern of fog occurrences from surface observations and fog/low-cloud 

occurrences from Terra MODIS (Fig. 4.13) suggest that the MODIS detected low-cloud 

may actually be fog with their base close to surface. These observations together suggest 

that the dynamical processes alone may not explain the lower fog/low-cloud formation in 

winter 2004-05. 
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To understand the cause of the lower fog/low-cloud occurrences, we carried out 

further investigations by exploring what appears to be significantly higher black carbon 

concentrations in the IG plains, indicated by Goddard Global Ozone Chemistry Aerosol 

Radiation Transport (GOCART) model outputs (Fig. 4.14) as well as by emissions 

inventory from biomass combustion [Reddy and Venkataraman, 2002b]. Recent studies 

also attribute high pollution over the IG plains to the dense network of coal based power 

plants, which significantly affect BC concentrations [Prasad et al., 2006]. Pure BC 

particles belong to the hydrophobic species of aerosols and acquire hydrophilic coating, 

as they age in the atmosphere. As BC becomes sufficiently hydrophilic, it serves as CCN 

for cloud formation. However, these BC particles (part of the CCN population) 

effectively absorb solar radiation and further release the absorbed heat, thereby increasing 

the critical supersaturation of the CCN. This prevents the activation of CCN and further 

reduces the ability of the CCN population in becoming cloud droplets [Conant et al., 

2002]. 
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Fig. 4.14 Black carbon AOD from GOCART model outputs during winter, showing high mass 

concentrations in the IG plains. 

 

        Thus, the higher aerosol loading in winter 2004-05 over the IG plains compared to 

other years, combined with the high concentrations of BC aerosols, may act to suppress 

cloud formation, resulting in lower fog/low-cloud occurrences. Satellite based inferences 

and modeling studies have shown the role of BC or soot on the suppression of the 

fraction of cumulus/stratocumulus clouds [Ackerman et al., 2000; Koren et al., 2004]. 

Our results, presented in this study, are related to different category of clouds i.e., 

fog/low-cloud over IG plains, however inferred from similar mechanism where BC 

aerosols cause reduction of fractional cloudiness. It is also possible that aerosols and 
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cloud formation can be independent of each other and hence not following in sequence. 

However, as shown earlier, here we have carefully chosen the winter years to minimize 

the effect of dynamics and focus on the role of aerosols, as one of the important factors, 

causing reduction of fog in 2004-05. The present work and results inferred are based on 

satellite observations, however, to fully understand the complex interactions between 

haze particles and fog, in-situ observations of the chemical composition of aerosols and 

microphysical properties of clouds over the IG plains are required. 

       

                

Fig. 4.15 The IGP divided into four boxes (overlaid onto the climatological mean Aerosol Optical 

Depth). 
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4.7 Direct Radiative Impacts of Winter Haze at Top-of-Atmosphere 

 

 The direct aerosol shortwave radiative forcing at Top-of-Atmosphere (TOA) in 

cloud-free conditions is defined as 

F=Fclr-Faer , 

where,  

Fclr is the broadband shortwave flux in cloud-free conditions when there is no 

atmosphere while Faer is the broadband flux scattered upwards in the presence of cloud-

free aerosol-laden atmosphere. The aerosol radiative forcing efficiency is defined as the 

change in direct shortwave flux per unit AOD, i.e. W/m2/AOD. Basically, the efficiency 

is given by the slope of the linear regression between the shortwave flux and the AOD. 

The slope, which represents the efficiency, also indicates the absorbing nature of the 

aerosol, while the intercept can be treated as the shortwave flux when no aerosol is 

present in the atmosphere. This approach has been used previously in several studies in 

the past and has been found to be useful with satellite-derived TOA shortwave flux such 

as ERBE and CERES [Hsu et al., 2000; Li et al., 2004; Zhang et al., 2005]. 

We use the CERES Single Scanner Footprint (SSF) shortwave flux at TOA to 

derive the aerosol absorbing and forcing efficiency in conjunction with the MODIS 

Level-2 AOD product embedded in the SSF product. The uncertainty in CERES 

shortwave flux measurements at TOA is mainly due to cloud contamination, radiance-to-

flux conversion and instrument calibration and the value can go up to ~1 W/m2 in direct 

aerosol forcing estimations [Loeb and Kato, 2002]. The optical properties of dust and 
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other types of aerosols over this region have been studied before in detail [Singh et al., 

2004]. The CERES SSF data from Terra were obtained for the two-month period from 

2000-05. The spatial resolution of each CERES SSF pixel is 20 * 20 km at nadir. The 

SSF data containing the short-wave TOA flux and the collocated aerosol/cloud products 

were gridded into 0.25*0.25 km. The CERES flux data were screened for cloud 

contamination by using the co-located MODIS cloud cover information in the SSF 

product.  

We follow a very stringent cloud-screening scheme in order to minimize the 

uncertainties associated with satellite-derived fluxes. The parameter that we use to filter 

out cloudy pixels in the CERES data is: "clear area percent coverage at sub-pixel 

resolution" which ranges from 0-100%. It only considers a CERES pixel as clear when all 

the MODIS pixels within that particular CERES pixel are clear. Only, the CERES pixels 

with sub-pixel clear-area percentage equal to 100% were chosen and the pixels failing the 

threshold test were rejected in the analysis. We set the condition to filter the CERES data 

that are below 100% clear. Same scheme is applied to filter all three parameters i.e. 

AOD, SW and LW fluxes. For the sanity of the final cloud-screened product, all 

individual true color RGB images for a single winter season of DJ 2004-05 were 

eyeballed to check any contamination. It is likely that such stringent scheme filters out 

cases of thick dust/haze plumes in our analysis, however relaxing the threshold may add 

to uncertainties in the estimation of forcing efficiency and may also affect accurate 

knowledge of aerosol absorption.  



 73

 Fig. 4.16 shows the AOD composited for the winter season from 2000-05 from 

Level-2 MODIS data. Following the cloud-screening methodology, the SW and LW 

CERES flux data were composited to represent the climatological mean for the period 

2000-05 (Fig. 4.16). The high shortwave flux over the Thar Desert and the Tibetan 

Plateau clearly captures the high surface albedo for the two regions. Over the IGP, 

significantly higher reflected TOA short-wave flux (160-180 W/m2) is recorded due to 

the presence of the winter haze compared to the region just below south of the IGP. 

However, there is gradient pattern evident between the central and the eastern parts of the 

IGP. The haze looming over the central IGP responds significantly to the reflected TOA 

flux, while the short-wave flux associated with the eastern region is lower by about 10 

W/m2. Since the surface albedo of the two regions is similar and the net aerosol loading is 

comparable, therefore the difference in the TOA reflected flux may be due to the aerosol 

type suggesting additional absorption caused by aerosols in the eastern part.  
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Fig. 4.16 Climatological mean AOD from MODIS and cloud-screened reflected shortwave and 

longwave fluxes at TOA from CERES. 

 

GOCART model simulations have shown the presence of higher BC 

concentrations over the eastern IGP with the population density also higher compared to 

the central/western regions. The short-wave flux absorption is more illustrative in Fig. 

4.17 where only the daily values of AOD greater than 0.4 were selected to construct a 

climatological mean. In addition to the higher soot content, the eastern IGP is also 

associated with higher aerosol loading. The corresponding short-wave flux in the eastern 

IGP, for AOD greater than 0.4, appears to be less than the central IGP. 
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Fig. 4.17 All the AOD pixels in Level-2 data greater than 0.4 were composited together to 

illustrate the higher aerosol loading in the eastern IGP (left panel). Corresponding pixels from 

CERES SSF reflected shortwave flux composite mean at TOA are shown in the right panel. 

 

In order to investigate the absorbing efficiency of aerosols across the IGP, we 

divided the region in four parts from west to east. Fig. 4.18 shows the aerosol absorbing 

efficiency plots for the four regions (see Fig. 4.15) as short-wave flux per unit aerosol 

optical depth. The slope associated with each scatter of points indicates the absorbing 

efficiency of aerosols in that particular region. Fig. 4.18 provides an unclear picture 

associated with region 1. The higher reflected short-wave flux in low aerosol loading 

conditions is most likely indicative of the higher surface albedo of the part of Thar desert 

(or in the vicinity of the desert) included in region 1. Lower slope value (or flatter line 

fitting the points) suggests greater absorbing nature of aerosols. It is found that the 

aerosol absorbing efficiency over region 4 is the lowest compared to other regions. 

Overall, even after using the stringent cloud screening scheme, it appears that some data 

points are marred by cloud contamination. However, regions 3 and 4 yield a better picture 

of the aerosol effects on short-wave flux at TOA. 
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Fig. 4.18 Aerosol absorbing efficiency scatter plots for regions 1-4 (from western to eastern IGP) 

indicating the absorbing efficiency of aerosols per unit optical depth. 

 

We also performed sanity check to see if similar relationship found between SW 

and AERONET AOD and MODIS AOD. Fig. 4.19 shows the scatter plots between SW 

and AOD from AERONET and MODIS over for the 5-year winter period DJ 2000-05. 

The AERONET AOD data is taken only at 10:30 AM (local-time) at Kanpur. The 

CERES SW flux data was filtered out on the basis of AERONET AOD data. There is 

considerable amount of cloud contamination present resulting in higher SW flux values in 

the SW-AERONET AOD plot. Since the resolution of a CERES pixel is 20 km *20 km, 
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therefore a single point cloud screening may not be accurate against a 20km pixel. 

Therefore, it is possible that a good correspondence between SW flux and AOD may not 

be observed over a single point (such as over Kanpur particularly in a cloudy (foggy) 

overcast conditions). However, after averaging all the pixels in a box, we may observe a 

good relationship between the two parameters as previously seen in the multiple grid 

boxes plot. 

 

 

Fig. 4.19 CERES SSF reflected shortwave flux at TOA collocated over Kanpur AERONET for 

the period DJ 2000-05 (top panel). Shortwave flux collocated over Kanpur sunphotometer 

(bottom left, same as top panel but rescaled) and absorbing efficiency shown with CERES pixels 

collocated with MODIS pixels over Kanpur sunphotometer. 
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Next, we obtain the instantaneous short-wave direct aerosol radiative forcing 

based on CERES and MODIS data. Since there is a considerable increase in the pixel size 

at higher scan angles, therefore only the CERES pixels that have viewing zenith angles 

less than 60° and solar zenith angle less than 60° were used in the analysis [Christopher  

and Zhang, 2002]. The aerosol radiative forcing is the difference between the clear-sky 

flux (with no aerosols in the atmosphere) and the cloud-free flux (in the presence of 

aerosols). Since the aerosol loading over IGP is significantly high during the entire winter 

season with none of the daily values of AOD close to zero, therefore the intercept of the 

fitted line is assumed as the clear-sky flux (~ 135 W/m2).  

Fig. 4.20 shows the short-wave aerosol forcing at TOA. There is a significant 

increase in the aerosol forcing in the interval, 0<AOD<0.5 followed by a saturation in the 

TOA signal from AOD greater than 0.5 suggesting increased absorption. A second-order 

polynomial function is used to fit the points, which is more appropriate than the line-wise 

fitting. The forcing value at AOD equal to zero is extrapolated. The aerosol forcing 

increases from -5.7 W/m2 to -39.45 W/m2 in the 0<AOD<0.5 interval. At AOD=1, the 

short-wave forcing is about -40.7 W/m2 (only a unit magnitude higher than at AOD=0.5). 

Majority of the pixels lie (about 47%) lie in the 0.4<AOD<0.6 interval. The saturation of 

the TOA flux at higher aerosol loading conditions suggests increased absorption of the 

short-wave flux by the winter haze possibly due to the excess BC concentrations over the 

eastern region. 
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Fig.  4.20 Shortwave aerosol radiative forcing at TOA shown with a second-order polynomial 

respect to AOD. 
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As previously discussed in section 4.4, the fog/low-cloud formation over the IGP 

follows a spatio-temporal inter-annual variability. The background prevailing 

meteorological condition is one of the most important factors in the formation and extent 

of fog.  

We now investigate the inter-annual variability of the radiative impacts of winter 

haze in order to infer any possible feedback between the fog/low-cloud cover and the 

aerosol absorption. We again consider just the eastern IGP region, due to the presence of 

excess BC concentration, to analyze the absorbing efficiency in individual years. The 

regression slope values suggest the winter seasons of DJ 2000-01 and DJ 2004-05 exhibit 

significantly higher absorption of sunlight due to aerosols (since the SW flux reflected at 

TOA at higher AOD values is lower compared to other years suggesting greater solar flux 

absorption at higher aerosol loading conditions) (Fig. 4.21). Co-incidentally, the number 

of occurrences of fog/low-cloud detected from MODIS is also much smaller during the 

two winter seasons compared to other years. This does not directly imply that the excess 

short-wave absorption and the associated radiative heating inhibited cloud formation. A 

causal link in the opposite sense is also possible such that the lower fog occurrences 

resulted in more cloud-free (and aerosol-laden) days resulting in the excess absorption. 

However, regardless of the cause, in terms of the direct effects of aerosols, the excess 

aerosol radiative heating would provide a negative feedback for fog/low-cloud formation 

and is likely to contribute towards lesser fractional cloudiness overall. 
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4.8 Summary 

 

 Higher AOD persists in northern India (in the IG plains), a distinct pattern not 

present in the rest of India with dust aerosols dominating pre-monsoon and  summer 

seasons, while urban/industrial emissions prevailing in the winter months. Fine mode 

aerosols constitute the majority of the haze during winter months and are found to be 

significantly coupled to the widespread fog formation over the IG plains. Fog/low-cloud 

occurrences distribution over the IG plains was generated for winter 2000-05, by 

separating high-level and precipitating clouds, using various cloud properties obtained 

from MODIS data. Surface observations, during winter, were also used to map fog 

occurrences over the IG plains, complementing MODIS detected fog/low-cloud 

distribution. Fog/low-cloud occurrences in winter 2004-05 were significantly less 

compared to previous years with favorable meteorological conditions for the formation. 

Such changes in fog/low-cloud formation are most likely attributed to the higher aerosol 

loading in DJ 2004-05, combined with excess black carbon concentrations due to high 

population density, biomass combustion and coal-based power plants over the IG plains. 

The 2005-06 winter season was ignored in the analysis of aerosol-fog coupling due to the 

unfavorable background meteorology for fog onset during period (indicated by 

significantly lower RH values in 2005-06 compared to previous years) Since India ranks 

among the leading nations of emissions (with the industrialization likely to grow in the 

future), the role of pollution particles on fog/low-cloud formation should be given serious 
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consideration and be further investigated in terms of the indirect effects of aerosols, as 

well as with detailed studies of their composition. 
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Chapter 5. Pre-Monsoon Dust Aerosol Transport 

 

 

5. 1 Introduction 

 
Mineral dust is considered a major contributor to the aerosol loading in the 

troposphere influencing the seasonal variability of the aerosol optical properties and the 

local radiative forcing [Tegen and Lacis, 1996]. Through perturbations to the radiative 

energy balance, absorbing aerosols, such as dust and/or soot, may also potentially cause 

changes in the global hydrological cycle [Miller et al., 2004], especially over Asian 

monsoon regions [Menon et al., 2002; Ramanathan et al., 2005; Lau et al., 2006]. Over 

India, dust storms are a major climate phenomenon. The swath of desert that stretches 

from Iran through Afghanistan and Pakistan into northwestern India has long been 

recognized as a source of atmospheric soil dust [Grigoryev and Kondratyev, 1981].  

Each year, prior to the onset of the Indian Summer Monsoon season, the IGP in 

the southern flank of the Himalayas, is strongly influenced by the presence of dust 

aerosols, transported from northwestern deserts in India/Pakistan and the Arabian 

Peninsula [Middleton, 1986; Prospero et al., 2002]. The towering Himalayas form a 

barrier to the passage of dust storms, driven by westerly winds, resulting in the 

accumulation of dust, largely over the foothills of the Himalayas and the IGP [Prasad
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and Singh, 2007]. As a result, the atmospheric column aerosol loading during the pre-

monsoon season is highest over the IGP on an annual basis [Singh et al., 2004; Jethva et 

al. 2005; Gautam et al., 2007] combined with the high anthropogenic emissions in this 

region [Guttikunda et al., 2003; Bond et al., 2004; Ramanathan and Ramana, 2005]. This 

chapter presents the climatology of the dust transport over the IGP, their optical 

properties and vertical extent. The radiative forcing due to pre-monsoon dust aerosols is 

estimated from satellite and ground observations as well as from radiative transfer 

simulations. This chapter lays out the ground for the assessment of response of dust 

radiative heating on tropospheric temperatures. 

 

5.2 Aerosol Optical Properties 

 
The strong seasonal variability of aerosols as discussed in Chapter 3 shows the 

presence of enhanced dust loading in the pre-monsoon season. Fig. 5.1a shows the 

relationship between AOD and α over Kanpur, during May. Significant drop in α (where 

α is often close to zero and is found to be negative on some occasions) corresponding to 

high aerosol loading days (AOD > 1) clearly indicates the presence of coarse particles. 

Most of the data points have α less than 0.6 with AOD greater than 0.5 suggesting the 

majority of dust aerosols. This sharp decrease in α is due to the extinction of incoming 

solar radiation at the visible and infrared wavelengths by dust particles, resulting in small 

and even negative values [Hamonou et al., 1999]. Smirnov et al. [1998] have shown 
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similar behavior; decrease in α from 1.5 to 0.14 and increase of AOD at 500 nm from 0.1 

to 0.4 during Saharan dust events. 

Due to the enhanced dust loading over the IGP, dV/dlnR is highest in the coarse 

mode and follows a bi-modal log-normal distribution with 6-year mean values of 0.37 

μm3/μm2 and 0.35 μm3/μm2 centered around 2.2 - 2.9 μm radius (Fig. 5.1b). The size 

distribution parameter has been deduced using nonspherical models on the almucantar 

sky radiance measurements proposed by Dubovik et al. [2002b]. The abundance of 

coarse-mode particles (radius > 0.6 μm) associated with dust is the primary character, 

which differentiates the optical properties of dust from urban and biomass-burning 

aerosols [Dubovik et al., 2002a]. Fine-mode peaks at 0.034 μm3/μm2 and centers around 

0.1 μm. 
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Fig. 5.1 (a) Scatter-plot between Angstrom Exponent and Aerosol Optical Depth from 

AERONET during Pre-Monsoon season 2001-2005 (b) Aerosol Size Distribution during Pre-

Monsoon season from Version 2 AERONET data. 
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5.3 Long-Term Pre-Monsoon Aerosol Climatology 

5.3.1 TOMS Aerosol Index 

 
The spatial extent of the dust-laden regions in South Asia is clearly visible in Fig. 

5.2 which represents the climatological mean of TOMS AI for May and June from 1979 

to 2001 with a gap of satellite data availability (1993-1996). The desert regions of 

Pakistan, Afghanistan, Iran and Thar Desert in Northwestern India as well as the dust-

transported regions such as the IGP exhibit significantly high aerosol index (greater than 

2). Long-range transport of dust from the Arabian Peninsula over the Northern Arabian 

Sea also results in high values of AI. The spatial extent of dust aerosol loading over the 

Northern Arabian Sea appears to be higher in June due to the strong monsoon wind-

blown dust aerosols. Another dust-laden hotspot is the Taklimakan desert, north of the 

Tibetan Plateau, which is one of the major sources of dust emissions in the atmosphere 

and significantly affects the air quality and climate over China [Xuan and Sokolik, 2002]. 

The aerosol loading in these South Asian regions also shows large spatial 

gradients associated with differences in topography. For example, in contrast to the IGP, 

the foothills of Himalayas and the Tibetan Plateau show significantly less aerosol burden. 

Similarly, large spatial differences in AI are observed over the Hindu Kush Mountains 

and the desert regions to the South. A different nature of striking difference in the aerosol 

loading pattern appears over the eastern part of the IGP. In contrast to the high AI values 

over western IGP and the Thar Desert, there is a significant drop in the AI value of about 

1. According to the dates of onset of the South-West (SW) different Indian monsoon 
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rainfall regions, reported by the Indian Meteorological Department, the eastern part of the 

IGP receives rainfall earlier compared to western regions. The Bay of Bengal Branch of 

SW Monsoon brings rainfall to regions in the Southern slopes of Eastern Himalayas as 

early as in the first week of June. It is also widely known that the cumulative monsoon 

rainfall is highest in the North-East regions of the Indian subcontinent. The excess 

rainfall in the first half of June may wash away the aerosols in the atmosphere resulting in 

decrease in the total column loading of natural or anthropogenic particles and hence the 

drop in AI. 

 

 

Fig.  5.2 TOMS Aerosol Index Climatology for May (left) and June (right). 
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5.3.2 MODIS Aerosol Optical Depth 

 

The spatial distribution of AOD in May and the first half of June, four-year mean 

from MODIS data (composite of dark-target [Remer et al., 2005] and Deep Blue AOD 

[Hsu et al., 2004]) for the period 2003-2006, clearly shows the passage of dust loading 

over the Thar Desert in Northwestern India/Pakistan and the IGP (Fig. 5.3). Last fifteen 

days worth of data in June are not included in the analysis since the monsoon rainfall 

over IGP arrives in the latter half of June and the aerosols in the atmosphere are washed 

out by heavy rainfall. The AOD information is projected as a function of surface 

topography in order to distinctly highlight the high level of aerosol loading at elevated 

altitudes (>4km) over the foothills of the Himalayas. The four-year climatological mean 

shows the presence of aerosols over the Himalayan slopes with AOD as high as 0.8. 

These aerosols reach up the slopes of Himalayas and are further vertically transported to 

higher altitudes owing to the strong pre-monsoon winds that hit the slopes of Himalayas 

coupled with the enhanced convection and pressure gradient resulting from large 

differences in topography. Surface observations of aerosol properties have shown the 

transport of dust from the Thar Desert reaching up the central Himalayas resulting in 

significant increase in the aerosol number concentrations in coarse/giant modes and 

influencing other aerosol optical properties [Hegde et al., 2007]. Moreover, the trans-

Himalayan transport of aerosols from the foothills of Himalayas in Nepal advected into 

Tibet has also been observed using a sequence of surface meteorological and 

condensation nuclei (CN) measurements [Hindman and Upadhyay, 2002]. 
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Fig. 5.3 Aerosol Optical Depth (AOD), which is indicator of net atmospheric aerosol loading, 

from satellite data for the period 2003-2006 in May and the first half of June (data from the latter 

half of June is not considered due to the arrival of monsoon rainfall and the subsequent aerosol 

washout from the atmosphere) clearly shows the passage of dust loading over the Thar Desert in 

Northwestern India/Pakistan and the IGP bounded by the Himalayan-Hindu-Kush mountains. 

AOD is projected as a function of surface topography in order to distinctly highlight the high 

aerosol loading (as high as 0.8) at elevated altitudes (>4km) over the foothills of the Himalayas. 

Ground radiometric measurements, part of the AERONET- a global network of sunphotometers 

in central IGP, indicate that the AOD is significantly high all year-round (> 0.4) and peaks during 

May-June (with mean value of 0.8). 

 



 92

5.4 Aerosol Height from CALIPSO 

 
CALIPSO vertical profiles of the total attenuated backscatter data for the month 

of May and first fifteen days of June 2007 were collected and composited to infer the 

aerosol layer height. For example, vertical profile for 13 June 2006 over a location in 

central-eastern IGP is shown is Fig. 5.4a, indicating the height associated with the 

maximum backscatter signal due to aerosols to be in 3-3.5 km range. To remove the high 

backscatter due to clouds or cloud edges from each vertical profile, a simple threshold 

technique was applied to filter out the cloud signal. Qualitative analysis of several 

CALIPSO profiles/images (Fig. 5.4b) and distinction in color scales (yellow/red and 

grey/white) suggest aerosol signal to be less than 0.005 /km/sr while the backscatter due 

to clouds appear to be greater than 0.006 /km/sr. In order to filter out mixed signals that 

may be associated with cloud edges and humidified aerosols or simply the pixels in close 

vicinity to clouds, a 5x5 spatial variability filter, centered on pixels detected a clouds, 

was applied to the entire CALIPSO transect of vertical profiles in our domain (latitude: 

20-35 °N, longitude 70-95 °E). Thus, both the vertical and horizontal variations of clouds 

and the associated mixed signals were screened out in order to focus on vertical variation 

of aerosols. 
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Fig.  5.4 (a) CALIPSO profile on 13 June 2006 over central-eastern IGP, (b) CALIPSO profile 

transect of Total Attenuated Backscatter at 532 nm. 
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The resulting vertical profile was used to infer the peak height associated with 

maximum backscatter due to aerosols. A 10-point moving average was applied to each 

vertical profile (resulting in aerosol layers with thickness of ~300 meters) and the highest 

value in each column was selected to represent the altitude of maximum backscatter due 

to a 300 meter aerosol layer. The peak aerosol layer height (in km) inferred from 

CALIPSO profiles composited during the pre-monsoon season of year 2007 is shown in 

Fig. 5.5. Due to the sparse availability of CALIPSO transects and to further improve the 

visualization of aerosol layer height, values in each 1x1 degree box were averaged to 

show the emerging patterns in our study region. Maximum backscatter due to aerosols 

over the IGP is mostly seen in the 3-4 km altitude and the transport of aerosols from the 

Thar Desert into the western IGP and the foothills of Himalayas appears to elevate 

aerosols to over 4 km. Daily Aqua MODIS RGB images for the entire period were 

visually inspected as a reference to confirm the cloud-filtering scheme used to create Fig. 

5.5. A few artifacts in cloud-screening were identified over the Bangladesh region and 

the eastern slopes of Himalayas. In addition, high backscatter from near-surface 

interactions may have resulted in a few mis-identified pixels as aerosols over the Tibetan 

Plateau. 
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Fig.  5.5 Composite Aerosol Layer Height for May-June 2007 from Level-1B data. Height shown 

in km on color scale. 

 

5.5 Comparing Two Contrasting Dust-dominant Periods 
 
 

Fig. 5.6 shows the composite MODIS dark-target and Deep Blue AOD 

representing the mean of daily Level-2 data. A significant difference in the magnitude of 

the net aerosol loading is discernible between the pre-monsoon month of May 2007 and 

2008 (hereafter M07 and M08, respectively). Although, the patterns of aerosol loading 

are similar over the two periods, however, the entire IGP is characterized by enhanced 

aerosol loading in M08 compared to the previous year. Apparently, the transport of dust 
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is greater in the western IGP, however, few severe dust outbreaks also travel further 

eastward into the IGP (around 85°E) [Prospero et al., 2002]. 

 

 

Fig.  5.6 Composite Aqua MODIS aerosol optical depth from Dark-Target and Deep Blue aerosol 

products over India during the pre-monsoon month of (a) May 2007 and (b) May 2007. The 

enhanced aerosol loading in May 2008 is discernible with over 80% and ~30% increase over the 

northwestern Thar Desert in India and the Indo-Gangetic Plains, respectively. 

 

Over the Thar Desert, there is an increase of over 80% in the aerosol loading, 

while over the transported regions in the IGP, the M08 AOD is found to increase by 

about 30% compared to M07. The enhanced aerosol loading in M08 is also observed at 

elevated altitudes (>3km) over the foothills of the Himalayas resulting in a significantly 

higher monthly mean value of 0.6 compared to smaller AOD of 0.3 (a factor of two 

increase). 
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Detailed analysis of aerosol optical properties over Kanpur, central IGP, from 

CIMEL sunphotometer measurements show the significant influence of coarse-mode 

particles in the enhanced aerosol loading in M08. Histogram of angstrom exponent (α, 

which is a first-order indicator of the size of aerosol, values ranging from 0 - 2) shows 

majority of the data points in M08 with values less than 0.5, while on the other hand, 

M07 is dominated by fine-mode aerosols with α often greater 1 (Fig. 5.7a). Mean α 

during M08 is found to be 0.4 which is about half of that during M07 (α  0.78). The 

significant decrease in α is indicative of the greater extinction of incoming solar radiation 

at the visible and infrared wavelengths by dust particles, resulting in small values 

[Hamonou et al., 1999]. Also, the spectral behavior of AOD during M08 appears to be 

relatively flat in nature compared to M07. The greater extinction of light at longer 

wavelengths due to higher concentration of coarse particles is indicated by an increase of 

a unit magnitude of AOD during M08 with values of 0.53 and 0.5 at 870nm and 1020nm 

compared to M07 (suggesting higher fine-mode contribution in M07). 

 

 

Fig. 5.7 (a) Histogram of angstrom exponent and (b) mean aerosol volume size distribution 

during May 2007 and 2008 from daily sunphotometer measurements over Kanpur, central IGP. 
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In addition to the spectral behavior of AOD and the associated wavelength 

exponent, the aerosol size distribution (dV/dlnR) can also be used to infer the size of 

particles, where V is the columnar volume of particles per unit cross section of 

atmospheric column and R is the particle radius. The pre-monsoon aerosols are 

characterized by a bi-modal log-normal size distribution with dV/dlnR highest in the 

coarse mode with M07 and M08 mean values of 0.11 μm3/μm2 and 0.42 μm3/μm2 (nearly 

quadruple increase in M08), respectively (Fig. 5.7b). There is also an increase in the 

particle radius which is indicated by the peak of dV/dlnR, centered at radius 2.24 μm and 

2.9 μm, in M07 and M08, respectively. The peak of the M07 size distribution in coarse-

mode is so low that it is almost equal to that of the fine-mode peak centered around 0.1 

μm radius.  

The present study also utilizes CALIPSO lidar observations to characterize the 

pre-monsoon aerosol variations in the two years. CALIPSO was launched in April 2006 

with its first measurements available only since middle of June 2006. Therefore, this 

paper focuses on the 2007 and 2008 pre-monsoon seasons of dust prevalence over India. 

CALIPSO Level-2 aerosol layer products during M07 and M08 were compiled over India 

to directly quantify the influence of dust in the two years. Since the western part of India 

is influenced by greater dust contribution, therefore we restricted our analysis to the 70-

85°E area to focus on the dust source and transport. Latitudinal mean AOD from 

CALIPSO, indicated by vertical bars during the two pre-monsoon periods, shows similar 

patterns in terms of the increasing aerosol loading from southern to northern India (Fig. 
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5.8). However, the optical depths in M08 are much higher than M07, especially over 

northern India with values greater than 1. 

 

 

                   

Fig. 5.8 Latitudinal profile of mean aerosol optical depth over India, restricted from 70-85°E, 

during (a) May 2007 and (b) May 2008 using CALIPSO aerosol layer product with depolarization 

ratios (separated in four bins) indicated by different colors in the vertical bars (courtesy: Dr. 

Zhaoyan Liu, NASA LARC). 
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In order to quantify the contribution of dust in the net aerosol loading, we use 

volume depolarization ratios (VDR) derived from CALIPSO backscatter measurements 

[Liu et al., 2008]. VDR is indicative of the type of particles and can be effectively used to 

discriminate spherical aerosols (such as sulfate) with non-spherical (such as dust) 

particles. It is defined as the ratio of the perpendicular and parallel components of the 

attenuated backscatter signal. Higher VDR suggests greater amount of non-spherical 

particles (in cloud-free conditions). The mean optical depths over India were grouped in 

four different bins (Fig. 5.8), based on VDR values vis-à-vis inferring the contributions of 

different level of dust loading in the net aerosol loading. In M08, about 90% AOD over 

the northern parts of India is associated with VDR >0.15 suggesting the dominance of 

dust particles, while nearly 10% optical depths correspond to moderately high VDR 

(ranging from 0.10 to 0.15) suggesting the contribution of local anthropogenic pollution 

mixed with dust. Over southern India, moderately high VDRs suggest the prevalence of 

mixed aerosol types. Overall, the enhanced presence of dust particles appears to be 

predominant in M08. On the contrary, less than 50% of the mean aerosol loading in M07 

accounts for non-spherical particles, with southern India also associated with majority of 

anthropogenic pollution aerosols. 

 
5.5.1 Role of Excess Winter Monsoon Rainfall 

 
In the six-year record of aerosol retrievals over bright surfaces, beginning in 2003 

from the Aqua MODIS Deep Blue aerosol product, M07 AOD is found to be 

significantly lower compared to other previous individual years as well (~40% drop in 
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M07 AOD relative to the mean value for May 2003-2006). Further extending our analysis 

over the entire pre-monsoon season (March-April-May) also indicates significantly lower 

aerosol loading during M07 since 2003 (Fig. 5.9). In addition, angstrom exponent 

obtained from sunphotometer measurements has the highest value of 0.78 in M07 

(suggesting dominance of fine-mode particles), whereas other individual years, since 

2001, are characterized by values in the range of 0.2-0.5 (Fig. 5.9). The size distribution 

parameter, averaged during May 2001-2006, also indicates much higher value compared 

to M07 (coarse-mode peaking at 0.37 μm3/μm2 which is close to that of M08). Our study 

based on detailed characterization of aerosols and their inter-annual variations over the 

source region, i.e. the Thar Desert as well as over the IGP, suggests an unusually weak 

dust-laden pre-monsoon season during 2007. 

What is the cause for this anomaly? One of the primary factors in determining 

dust emissions over desert regions is the wetness of the surface which is influenced by 

the amount of rainfall that the region receives [Tegen and Miller, 1998; Prospero et al., 

2002]. Heavy rainfall results in the increase of soil moisture thereby reducing dust 

emissions over source regions which has a negative influence on the dust loading. It has 

also been shown that even during the prevalence of strong surface winds, heavy rainfall 

affects dust emissions over source regions [Deepshikha et al., 2006]. Over India, the 

summer monsoon rainfall during June-July-August-September accounts for more than 

70% of the annual precipitation, while the winter monsoon, also known as the retreat of 

the southwest summer monsoon, contributes very little to the annual rainfall amount 

during December-January-February (DJF). The climatological mean winter rainfall (DJF) 
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over the Thar Desert is very low (~7 mm) as indicated by long-term record of rainfall 

from 1979 to 2007 (using data from the Global Precipitation Climatology Project). 

However, it is found that that the Thar Desert received the highest rainfall in the past 

three decades during the winter months of December 2006 and January-February 2007, 

i.e. preceding the 2007 pre-monsoon dust season.  February 2007 is marked with an 

anomalous sharp increase, 44 mm (59 mm, indicated by data from the Tropical Rainfall 

Measuring Mission (TRMM) Satellite) which is nearly fourfold of the climatological 

mean rainfall over the Thar Desert and may have very likely negatively influenced the 

dust-activity during the pre-monsoon season of 2007, making it an unusually weak dusty 

period as observed in this study. 

Our literature survey indicates that the present study is one of the first to examine 

the possible role of winter rainfall in influencing the immediately following dust activity 

over India, especially over the northern subcontinent including the dust source region. In 

addition to their strong influence on aerosol optical properties, dust transport over the 

IGP significantly affects regional air quality, therefore the relationship between winter 

rainfall and spring dust seasons should be further investigated for reliable model 

forecasting of dust emissions as well. Through the integrated approach of using MODIS, 

CALIPSO and ground measurements, our study highlights the synergetic characterization 

of dust in quantifying the contribution of dust in the tropospheric aerosol burden. Due to 

their solar absorption effects in altering the Earth’s radiation budget and potentially the 

hydrological cycle as well, it is thus imperative to continuously monitor dust aerosols 
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over source and sink regions in order to better understand their spatio-temporal variability 

from satellite and ground observations. 

 

 

Fig.  5.9 Inter-annual variations of the mean AOD (vertical bars) over the Thar Desert from Aqua 

MODIS Deep Blue product during March-April-May (MAM), Angstrom Exponent in May from 

2001 to 2008 obtained from sunphotometer measurements in central IGP (green line), and 

Accumulated Rainfall (from TRMM data) over the Thar Desert from 2001 to 2008. 

 

5.6 Dust Radiative Effects 

5.6.1 Aerosol Forcing Efficiency at TOA from CERES SSF 

 
Fig. 5.10 shows the CERES shortwave flux at TOA from Terra versus the 

sunphotometer AOD. Since the local-time of Terra overpass is 10:30 AM, therefore the 

average value of sunphotometer retrieved AOD data points within ± 1 hour of the 
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overpass were co-located with the CERES observations. Due to the stringent cloud-

screening procedure, a significant number of data points were filtered out during the 

analysis. The resulting regression line through the points appears to be very flat in nature 

with a slope value of 9 W/m2 and an offset value of 224.5 W/m2 (indicating the flux at 

TOA under cloud-free clean conditions). The mean aerosol forcing for the 6-year period 

ranges from +6.9 to 25.2 W/m2. This value is in close agreement with the forcing 

estimations (+2 to 26W/m2) conducted by Prasad et al. [2007] for the pre-monsoon 

period of year 2005. Using the slope of the regression line, we find the aerosol forcing 

efficiency at TOA per unit optical depth to be -8.7 ± 2.3 W/m2. 

 

 

Fig. 5.10 Aerosol absorbing efficiency at TOA from CERES SSF data co-located over Kanpur 

sunphotometer during pre-monsoon season for the period 2001-2006. 
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5.6.2 Surface Forcing from Pyranometer 

 
In order to assess the solar flux attenuation due to aerosols, surface flux data were 

obtained from a Kipp and Zonen CM-21 pyranometer (305-2800 nm) that measures the 

total solar spectrum. The pyranometer is part of the Solar Radiation Network (Solrad-

Net), a companion to the AERONET and is collocated with the CIMEL sunphotometer at 

Kanpur. The flux sensor records the instantaneous irradiance at 2-minute intervals. 

Instantaneous flux measurements were subjected to a cloud screening procedure 

following the methodology of Conant [2000] and Schafer et al. [2002], wherein a time 

variability filter was required to eliminate scattered and peripheral clouds in the 

hemispherical field-of-view. A pre-processing step for this procedure requires the 

ordinary variability associated with the solar zenith angle to be normalized out. Flux 

measurements that match with concurrent CIMEL sunphotometer measurements within a 

± 2 min time frame were only selected for further analysis. Points were restricted to a 

narrow interval between 25 and 30 degree solar zenith angle so as to strictly focus on the 

aerosol attenuation of flux. Further, air-mass correction factor was applied to the AOD to 

account for slant height variations. In addition, a criterion on particle size (Angstrom 

Exponent less than 0.7) was introduced to remove fine-mode aerosols from the analysis. 

The instantaneous aerosol radiative forcing efficiency at the surface, i.e. the 

change in shortwave flux per unit AOD, is the slope resulting from linear regression of 

surface flux as a function of aerosol optical depth and is estimated to be -174.15 Wm-2 

(Fig. 5.11). In addition, compared to the TOA forcing estimated from CERES 
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observations, surface forcing efficiency from pyranometer measurements is derived from 

a tight scatter of points. The mean surface forcing was estimated to be -87 W/m2 for the 

pre-monsoon period and the highest decrease in flux at surface as high as -231 W/m2 

during a heavy dust loading event with high AOD and alpha close to zero, or accurately, 

1.4 and 0.00016, respectively. The large magnitude of the surface forcing efficiency is an 

indication of strong absorption associated with the high aerosol loading over this region.  

 

 

Fig. 5.11 Aerosol absorbing efficiency at surface from instantaneous pyranometer solar flux 

measurements collocated with Kanpur sunphotometer during pre-monsoon season period 2006. 

 

Model calculated and pyranometer observations of surface forcing efficiency per 

unit optical depth in Delhi, ~400 km northwest of Kanpur, during entire pre-monsoon 

period (April to June) of 2003 were reported to be -161.5 and -136.3 W/m2 respectively 
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[Singh et al., 2005]. These values are significantly less than that over Kanpur since the 

mixture model for radiative transfer calculations over Delhi consisted of only desert dust 

and urban aerosols, while additional soot is combined with other aerosol types in our 

model calculations over Kanpur. Over the northern Indian Ocean, forcing efficiency was 

estimated to be ~ -75 Wm-2 [Satheesh and Ramanathan, 2000]. However, these results 

pertain to the South Asian haze during the winter time northeast outflow when the 

influence of dust is minimum. 

 

5.5.3 Single Scattering Albedo estimation 

 
We used the Fu-Liou radiative transfer code, a delta-four-stream radiative transfer 

algorithm for plane-parallel atmospheres [Liou et al., 1988; Fu and Liou 1993], to 

estimate the aerosol single scattering albedo (SSA) and heating rate profile of the aerosol-

laden atmosphere during pre-monsoon season. SSA is an approximation of the 

scattering/absorbing nature of aerosols and is a key variable in determining aerosol 

impacts on radiation and climate. In the case of SSA being unity or close to 1, aerosols 

are characterized as predominately scattering. Absorbing aerosols are generally 

characterized when SSA < 0.9 indicating significant absorption of sunlight with the 

subsequent aerosol-induced heating responsible for warming the troposphere. 

Optical properties of 18 types of atmospheric aerosols are incorporated from the 

Optical Properties of Aerosols and Clouds (OPAC) database [Tegen and Lacis, 1996; 

Hess et al., 1998]. In order to simulate the optical and chemical properties, a series of 
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candidate aerosol mixture models were constructed from a combination of selected 

aerosol components/types from OPAC for this study: (i) dust_0.5μm -  represents a 

combination of desert dust in all three modes together with a certain part of the water-

soluble component, (ii) water soluble – consists of scattering aerosols, that are 

hygroscopic in nature, such as sulfates and nitrates present in anthropogenic pollution, 

and (iii) soot - not soluble in water and therefore the particles are assumed not to grow 

with increasing relative humidity. For more information about detailed aerosol 

components and their properties, see Hess et al. [1998]. In order to be consistent with 

observations, the daily AERONET retrieved AOD values over Kanpur for the pre-

monsoon period were used as inputs to the Fu-Liou code. 

The vertical distribution of aerosols in the Fu-Liou code is assumed to be 

exponential such that the aerosol extinction scale height is used to represent the vertical 

distribution. In this study, a Gaussian distribution of aerosol profile was assumed with the 

aerosol layer height inferred from CALIOP observations (from section 5.4) and was used 

to specify the peak height of the aerosol layer. 

Mixing ratios were varied iteratively until a close agreement was achieved in the 

slope and offset values between the observed pyranometer flux and model simulated flux 

at surface. The OPAC derived aerosol models consisting of mixing ratios in the range: 

73-81% dust, 12-17% water soluble aerosols with an addition of 6-10% soot, were used 

as inputs to the Fu-Liou code along with peak aerosol layer height and aerosol optical 

properties from AERONET. Fig. 5.12 shows the model calculated SSA plotted as a 

function of increasing wavelength. The SSA, representing that of the mixture, at 
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approximately 550 nm was estimated to be 0.88 and a close agreement was found 

between the spectral SSA from AERONET and model derived SSA with only a 

difference of 2-3%. 

 

 

Fig. 5.12 Model simulated single scatter albedo (SSA) of pre-monsoon aerosols (blue circles), 

constrained by pyranometer surface flux and sunphotometer aerosol measurements). Black 

squares indicate the spectral SSA from AERONET (error bars represent the standard deviation). 

Grey and magenta symbols represent the SSA of dust_0.5μm and sulfate aerosols, respectively. 

Spectral SSA of soot is not shown (which is much below the y-axis scale). 
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5.6.3 Heating Rate Profiles 

 
The effect of dust-layer forcing has been previously studied in several papers and 

the associated radiative heating due to Saharan dust absorption of shortwave flux has 

been found to influence the lower troposphere [Liu and Ou, 1990; Alpert et al., 1998]. 

Several studies suggest significant atmospheric radiative heating caused due to mineral 

dust, especially in the lower troposphere, in solar wavelengths and a cooling in long 

wavelengths [Carlson and Benjamin, 1979; Quijano et al., 2000; Won et al., 2004]. The 

instantaneous shortwave heating rates associated with the specified mixture model and 

other input parameters, as described above, were further estimated using the radiative 

transfer model. Since the input aerosol concentrations in the model were maximum 

around 600 mb, therefore a direct response in the lower troposphere in the form of a 

Gaussian distribution of heating rate is seen, peaking around 3 km (as high as 9 K/day) 

(Fig. 5.13). This aerosol-induced heating appears to penetrate well into the mid-

troposphere and results in increased heating rates in the 5-6 km altitude range. The effect 

of dust on instantaneous shortwave heating rate has been also found at elevated layers in 

the atmosphere [Won et al., 2004; Kim et al., 2004]. In particular, Kim et al., [2004] 

estimated instantaneous heating rates to be 4-5 K/day caused due to increased dust 

loading and enhanced water vapor in the 3-4 km altitude range over Gosan, Korea. 
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Fig. 5.13 Shortwave (red) and longwave (blue) heating rate profiles from radiative transfer 

simulations during pre-monsoon period of 2006. Curves represent the mean of all profiles and 

error bars represent the standard deviation. 

 

In addition, the response of dust layer forcing has been found to significantly 

influence the lower-tropospheric temperatures in the 1.5-3.5 km altitude range [Alpert et 

al., 1998]. Likewise in this study, the response of aerosol-induced heating was also 

observed in instantaneous temperatures partitioned in several atmospheric layers. 

Temperature profiles from space-borne sensor AIRS/AMSU (using microwave retrieval) 

were co-located over AERONET measurements at Kanpur for a four-year period from 

2003-2006 in May and were subsequently grouped in high-dust and low-dust loading 
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days based on the combined information from AOD and Angstrom Exponent (α). The 

four-year period sounding profile data reveal a significant temperature difference of 2-2.4 

K in the 4-7 km altitude range associated with high dust loading compared to that of low 

dust-laden atmosphere (Fig. 5.14). Radiative heating, caused due to aerosols, of such high 

magnitude may potentially affect tropospheric temperatures and may also result in 

changes thermodynamics and regional circulation patterns. 

 

 

Fig. 5.14 Red and blue curves represent mean of temperature profiles in high-dust loading 

conditions (AODmean-1.1, Angstrom Exponent (AE)mean-0.07) and  low-dust loading (AODmean-

0.68, AEmean-0.87), respectively. Inset image shows the difference in the mean temperature 

profiles. 
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5.7 Summary 

 
This chapter focuses on the pre-monsoon dust aerosol transport from the western 

arid/desert regions in the Arabian Peninsula and the Thar Desert in India. Bulk of the net 

aerosol loading during pre-monsoon is contributed by dust aerosols, observed in particle 

size distribution as indicated by sunphotometer radiometric measurements in central IGP. 

Long-term satellite-derived aerosol loading clearly shows the influence of dust over the 

swath of desert from the Middle-East into the IGP. The accumulation of dust loading is 

also observed over the foothills of the Himalayas as indicated by the climatological mean 

from MODIS data (AOD as high as 0.8). We used sunphotometer measurements, 

CALIPSO-derived aerosol peak height and pyranometer surface solar flux measurements 

to calculate the aerosol absorption and heating rates using a radiative transfer model. The 

pre-monsoon aerosols are found to cause significant solar absorption, about 12% 

(indicated by the SSA value of 0.88) of the incoming sunlight and also enhanced 

radiative heating rates in the middle troposphere in the IGP. The warming effect is also 

observed in instantaneous temperature profiles, which is likely to influence the 

thermodynamics and regional atmospheric circulation. 
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Chapter 6. Long-Term Climate Trends Over India 

 

 

6.1 Introduction 

 
Fundamental to the onset of the Indian Summer Monsoon is the land-sea thermal 

gradient from the Indian Ocean to the Himalayas-Tibetan Plateau. The orography of the 

Himalayas-Tibetan Plateau (HTP), which acts as an elevated heat source, is crucial to the 

onset and strength of the monsoon, and sets this region apart from other tropical/sub-

tropical regimes [Yanai et al., 1992; Webster et al., 1998]. Warm air rising over the 

landmass throughout the troposphere, in response to the heating of the HTP, causes the 

inflow of moist air from the ocean towards the continent. Moreover, the Himalayas act as 

a barrier to the moisture-laden strong monsoon winds, resulting in heavy rainfall over 

South Asia that forms the bulk of the annual precipitation during each summer, from June 

through September. The importance of the seasonal heating of the HTP during pre-

monsoon and early summer has long been recognized in influencing the intensity of the 

monsoon circulation and rainfall [Flohn, 1957]. 

The Himalayas also contain the largest ice-covered regions of the Earth’s surface 

outside the poles and their glaciers form a source of major rivers in South Asia, such as 
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the Indus and the Ganges, that serve about 700 million living in the highly fertile Indo-

Gangetic Plains (IGP) that encompass parts of northern India, Pakistan and Bangladesh. 

Along with the monsoon rainfall, rivers originating from the glaciers provide water 

needed for agriculture which is the mainstay of economy of the South Asian countries. In 

addition, fresh water discharge from the rivers into the Bay of Bengal, and subsequently 

into the northern Indian Ocean, is important in regulating the oceanic nutrients 

production and salt budget [Tomczak and Godfrey, 1994]. 

In recent decades, South and East Asia have witnessed a dramatic increase in 

atmospheric pollution due to the growing population and energy demands, accompanied 

by rapid urbanization and industrialization. The influence of absorbing aerosols over 

these monsoon-dominated regions has been shown as potentially altering rainfall patterns 

[Menon et al., 2002]. Mostly, through general circulation model (GCM) simulations, 

recently, several studies have examined the role of aerosol absorption of sunlight in 

affecting monsoon circulation and rainfall variability over South Asia [Menon et al., 

2002; Ramanathan et al., 2005; Lau et al., 2006; Meehl et al., 2008]. Aerosol-induced 

surface dimming over the Indian Ocean results in less evaporation from the ocean 

surface, thereby reducing moisture inflow into South Asia which in turn causes 

weakening of the monsoon rainfall [Ramanathan et al., 2005]. On the other hand, it has 

also been demonstrated that dust mixed with soot aerosols causes enhanced heating in the 

middle/upper troposphere, over northern India and the foothills of the Himalayas, leading 

the strengthening of the meridional tropospheric temperature gradient and resulting in the 

advancement of the monsoon rainfall in early summer [Lau et al., 2006]. 
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Together with the increasing concentrations of greenhouse gases, GCM results 

suggest that absorbing aerosols have significantly caused warming of the lower 

troposphere over Asia [Ramanathan et al., 2007]. In general, the global tropospheric 

warming, in recent decades, is recognized to be partly of anthropogenic origin as 

simulated by GCMs [Santer et al., 2000; Hansen et al., 2002]. Consistent with model 

simulations, microwave satellite observations of free troposphere since 1979 have also 

shown an upward trend in the tropospheric temperatures [Santer et al., 2000; Mears et 

al., 2003; Fu et al., 2004]. In the context of rising global surface and tropospheric 

temperatures likely inducing changes in the Earth’s hydrological cycle [Allen and Ingram 

2002; Held and Soden, 2006; Wentz et al., 2007] and in spite of the increasing trend of 

heavy rainfall events over India; albeit, the summer monsoon rainfall has been relatively 

stable in the past century [Goswami et al., 2006]. Vis-à-vis the strong control of seasonal 

heating over the HTP on South Asian monsoon dynamics and the regional hydrological 

cycle; and global climate change, we examine here tropospheric temperature trends using 

satellite-borne Microwave Sounding Unit (MSU) data [Mears et al., 2003; Fu et al., 

2004] over the Indian Monsoon region from 1979 to 2007, and explore its implications to 

the recent monsoon rainfall variability. 

 

6.2 Tropospheric Temperature Trends 

 
Since 1979, the MSU has provided an unprecedented measure of global 

temperatures for several atmospheric layers from the lower troposphere to stratosphere. 
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As most of the HTP stands over 4 km, tropospheric temperatures over the Himalayan 

region pertain to the mid-troposphere, corresponding to the 4-7 km atmospheric layer as 

recorded by the MSU. We adopt the methodology of a previous study [Fu et al., 2004] by 

applying statistical combinations to different MSU channels in order to minimize the 

influence of stratospheric cooling on the tropospheric temperature signal. We first obtain 

the brightness temperatures averaged for the mid-tropospheric temperatures (TMT) and 

the lower stratospheric temperatures (TLS) from the MSU data archive of Remote 

Sensing Systems (RSS) [http://www.ssmi.com] [Mears et al., 2003]. 

 

                             

Fig. 6.1 Vertical relative weighting functions for each of the channels, namely Temperature 

Lower Troposphere (TLT), Temperature Middle Troposphere (TMT), Temperature Tropopause 

Stratosphere (TTS), Temperature Lower Troposphere (TLS). The vertical weighting function 

describes the relative contribution that microwave radiation emitted by a layer in the atmosphere 

makes to the total intensity measured above the atmosphere by the satellite [source: 

http://www.ssmi.com]. 
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Fig. 6.1 shows that the weighting functions of TLS (channel 4) and TMT (channel 

2) peak in the stratosphere and mid-troposphere, respectively. Fu et al., [2004] used the 

MSU channel 4 brightness temperature to remove the contribution of the stratosphere to 

TMT as channel 4 is sensitive mainly to stratospheric temperature changes. They define 

the free-tropospheric temperature as the mean temperature between 850 and 300 hPa 

(T850-300). Using a global network of surface radiosonde observations, Fu et al. [2004] 

derive this temperature from the measured brightness temperatures of MSU channels 2 

and 4. The resulting temperature (T850-300) peaks at the same level as channel 2 but is 15% 

larger. Enhancement of the tropospheric temperature signal and its long-term global 

trends compared to earlier methodologies are discussed in Chapter 3 of the 2007 report of 

the IPCC. 

Fig. 6.2a shows the zonal mean (40-100 ºE) latitudinal profile of mid-tropospheric 

temperature trend for the pre-monsoon period of March-April-May from 1979 to 2007. 

Trends are calculated from the temperature anomaly, i.e. after removing the 

climatological seasonal mean from the time series. A steep temperature gradient pattern 

is evident from the equatorial Indian Ocean to the South Asian landmass peaking around 

30ºN. We find that the Himalayan-Gangetic region is marked by the strongest positive 

trend resulting in a statistically-significant warming of 2.7 ºC in the last three-decade 

period (Fig. 6.2b). Spatial extent of the warming extends from the Himalayas to the 

western arid regions of Pakistan, Afghanistan, Iran and the Arabian Peninsula with 

appreciable warming also recorded over the Hindu-Kush Mountains. The northern 

Arabian Sea is also associated with a larger increase in tropospheric temperatures which 
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is comparable to that of the arid landmass to its north. On the contrary, regions south of 

10ºN, experience weak positive-neutral trends, especially over oceanic regions such as 

the Indian Ocean and the Bay of Bengal. 

Apart from the emergence of the strengthened land-sea gradient, there is a sharp 

east-west pattern across the Tibetan Plateau (TP) and the Himalayan region. Most of the 

TP experiences relatively smaller (positive) warming trends compared to the strong 

western Himalayan warming. Only the region around 30ºN, 100ºE is marked by a weak 

cooling trend. Overall, there is a warming of 0.8 ºC averaged over the entire South Asian 

monsoon region during May. 
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6.3 All-India Monsoon Rainfall 

 
It is reasonable to anticipate that strengthening of the pre-monsoon land-sea 

tropospheric temperature gradient may influence the monsoon rainfall variability, 

particularly the onset of the monsoon. We analyze the historical record of the All India 

Monsoon Rainfall [Parthasarathy et al., 1995] to examine its relationship with the 

tropospheric temperature rise in recent decades. The seasonal mean monsoon rainfall, 

averaged over June-July-August-September (JJAS), shows some inter-decadal variability 

since 1871 but lacks a significant long-term trend (Fig. 6.3a). Since early 1900s there is 

an increasing trend of monsoon rainfall that exists until the late 1950s followed by a 

relatively stable period from 1970s to recent years. However, a closer look at the data, by 

separately analyzing individual months, reveals that the June rainfall has steadily 

increased in the past decades and is on the rise since 1960s (Fig. 6.3b). As with the 

satellite tropospheric temperature data coverage, there is a nearly 200% increase in June 

rainfall over the Indian subcontinent since late 1970s. 
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Fig. 6.3 Long-term trends of monsoon rainfall. (a) All India Monsoon Rainfall data averaged 

over JJAS since 1871 associated with a weak weakening trend (dashed line). Black line indicates 

an 11-year moving average over the entire time series and (b) June rainfall since 1871 shows a 

significant increasing trend since 1960s. 



 123

In addition, spatial trend analysis of rainfall, from gauge and satellite 

measurements, indicates strong upward trends over the Indian Monsoon region including 

the Arabian Sea and the Bay of Bengal (Fig. 6.4). A previous study also reported the 

strengthening of sea surface winds over the Arabian Sea during early summer monsoon 

period since 1997, observed using surface measurements [Goes et al., 2005].  

 

 
Fig. 6.4 Spatial trend analysis of June rainfall, from gauge and satellite measurements, indicates 

strong upward trends over the Indian Monsoon region including the Arabian Sea and the Bay of 

Bengal from 1979 to 2007 (Units: mm/day/year). This 2.5 degree global grid rainfall data comes 

from the Global Precipitation Climatology Project (http://precip.gsfc.nasa.gov/). 

 

The land-sea thermal gradient, and thus the monsoon circulation, is also governed 

by the Himalayan snow cover extent in spring and early summer. Since a substantial 

fraction of solar radiation is required for the melting of snow accompanied by less energy 

available for heating the underlying ground surface, therefore, in general, excessive 
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snowfall results in colder surface temperatures [Barnett et al., 1989]. Reduced snow 

cover, on the contrary, is considered to be responsible for stronger land-sea thermal 

gradient [Meehl, 1994]. Concurrent with the warming trends reported here, a progressive 

decline in snow cover extent has been observed from satellite data over the HTP annually 

and in May as well since 1979 [Goes et al., 2005]. The observations that the tropospheric 

warming and the declining snow cover in May occur simultaneously suggests a plausible 

physical scenario for the recent increasing trend of June rainfall. 

In contrast to the steadily increasing June rainfall in recent decades, all remaining 

monsoon months, from July to September, are characterized by rainfall deficit since the 

late 1970s (Fig. 6.5). Apparently, as the MSU data show, the pre-monsoon temperature 

rise over the Himalayas significantly diminishes during JJAS (Fig. 6.6). The land-sea 

tropospheric temperature gradient appears to be rather stabilized with very little warming 

recorded over the arid regions to the west of the Himalayas as well. In fact, oceanic 

regions south of 10°N exhibit upward trends comparable to the continental regions to the 

north and are even higher compared to the Indian subcontinent (which is associated with 

weak negative-neutral trends). Following the reduced warming, the observed deficit from 

July to September (Fig. 6.5, nearly 200% decrease in each month) appears to have 

compensated the marked rainfall increase in June resulting in a weak weakening/stable 

trend of the recent composite JJAS rainfall. 
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Fig. 6.6 The June-July-August-September (JJAS) tropospheric temperature trends show a 

significantly diminished warming trend over the Himalayas and henceforth a weakened land-sea 

tropospheric temperature gradient since 1979-2007 (Same color scale as in Fig. 6.2b - May 

warming trend). (Units: °C/Year). 
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6.4 Enhanced Dust Transport and the Himalayan Tropospheric 

Warming 

 
The anomalous atmospheric warming at higher elevations, during the pre-

monsoon period also marks the period of high dust activity over the Himalayan-Gangetic 

region that constitutes the bulk of regional aerosol loading, particularly in May [Singh et 

al., 2004]. During the strong pre-monsoon inflow, dust aerosols are transported from the 

Northwestern deserts in India/Pakistan and the Arabian Peninsula to the Himalayan-

Gangetic region [Middleton, 1986; Prospero et al., 2002]. The towering Himalayas form 

a barrier to the passage of dust storms resulting in the accumulation of dust particles, 

largely over northwestern India and the foothills of the Himalayas. Dust aerosols, mixed 

with heavy atmospheric pollution over northern India, result in maximum aerosol loading 

prior to the monsoon and peaks in May (as discussed in Chapters 3 and 5). With the 

arrival of rainfall, net aerosol loading significantly drops, during the monsoon months, 

due to the subsequent aerosol washout from the atmosphere [Singh et al., 2004]. 

The observed warming over the Himalayan-Gangetic region since 1979 is 

accompanied by an increase in aerosol loading over South Asia, particularly over the 

desert dust-laden regions, in May as recorded by Total Ozone Mapping Spectrometer 

(TOMS) satellite observations in the past two decades. Fig. 6.7 shows the spatial extent 

of the increase over dust-laden regions and the enhanced transport of dust-raising activity 

into the alluvium of the IGP. Linear trend of TOMS Aerosol Index (AI) in May (units-

AI/year) from (A) 1979-1992 and (B) 1997-2001, indicating significant increases in the 



 128

atmospheric loading of absorbing aerosols, particularly over desert dust-laden regions 

and enhanced dust-transport activity over the Arabian Sea and further into the alluvium 

of the Indo-Gangetic Plains, northern India, and the foothills of the Himalayas. The data 

from 1979-1992 corresponds to the Nimbus 7/TOMS satellite, while the period 1997-

2001 corresponds to the Earth Probe (EP) satellite. We avoid merging the two time series 

and then calculating trends due to the data gap of 4 years during 1993-1996 and the 

relative biases between the two satellite instrument wavelengths. Furthermore, we 

restricted the analysis from EP/TOMS to 2001 since there are calibration issues with the 

instrument since 2002. 

Due to enhanced convection and large-scale topographic variations in the 

Himalayan-Gangetic region, aerosols transported with the pre-monsoon winds are 

vertically advected to elevated altitudes (upto 8 km as shown in recent space-borne lidar 

measurements and air-mass trajectory simulations [Liu et al., 2008]). A satellite image 

from NASA’s Terra MODIS instrument shows the spatial extent of a circulating dust 

plume over Northern India/Pakistan and Nepal reaching up the central Himalayas (see 

Fig. 6.8a). Deposition of dust over the Himalayan snow cover is also evident by the 

brownish tinge. Vertical extent of aerosols piling up against the slopes of Himalayas, well 

over 5 km, is also evident from the lidar backscatter (see Fig. 6.8b). 

 

 

 

 



 129

 

 

 

Fig.  6.7 Linear trend of Total Ozone Mapping Spectrometer (TOMS) Aerosol Index (AI) in May 

(units-AI/year) from 1979-1992 (left) and 1997-2001 (right). White spaces represent spurious 

trends. 
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Fig. 6.8 Aerosols at elevated altitudes reaching up the foothills of the Himalayas during pre-

monsoon season. (a) Satellite image from NASA’s Terra MODIS instrument on 9 June 2003 

showing the spatial extent of a circulating dust plume over Northern India/Pakistan and Nepal and 

reaching the Central Himalayas and (b) Backscatter profile from the recently launched space-

borne lidar, CALIPSO, from Southern India to the Himalayas, reveals the vertical extent of 

aerosols at elevated altitudes (>5 km) piling up against the southern slopes of the Himalayas. 

Inset image shows the lidar transect on 12 May 2007. Backscatter signal from aerosols usually lie 

in the Yellow-Red color scale and clouds are marked by pink, grey and white colors. 
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The pre-monsoon aerosols cause significant absorption of sunlight in the 

atmosphere; about 12% of the incident shortwave solar flux and cause enhanced radiative 

heating rates in the middle troposphere and further influence instantaneous temperature 

profiles (see Chapter 5 for relevant discussions).  

The annual mean tropospheric warming over the Himalayan region is estimated to 

be about 1 °C for the period 1979 to 2007 from this study. Isotopically inferred 

temperatures from Himalayan ice cores in the past millennium have also indicated 

warming at elevated sites over the HTP accompanied by increasing dustiness in the 20th 

century [Thompson et al., 2000]. Dust deposition over snow cover acts to reduce the 

snow albedo and enhances absorbed solar radiation and snow melt rates [Painter et al., 

2007]. Together with the tropospheric warming, the increasing dustiness over the snow 

cover may also be responsible for the declining Himalayan snow cover. Although it may 

appear valid, however, it is not straightforward to attribute the increasing aerosol loading, 

especially the presence of dust aerosols at elevated altitudes as shown here, to the 

observed warming. A causal link in the opposite sense may also exist such that warming 

of the Himalayas at higher elevations and the subsequent rising motion may lead to 

enhanced inflow of air-mass from arid landmasses during pre-monsoon season.  

Regardless of the cause, we believe that the warming trends appear to be 

amplified at elevated altitudes, particularly on a seasonal-to-interannual scale, due to the 

induced heating of increasing dust and anthropogenic activity over the Himalayan-

Gangetic region. In addition, presence of enhanced water vapor, associated with the 

transport of dust plumes, may also increase radiative heating rates subsequently adding to 
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the net atmospheric warming [Kim et al., 2004; Prasad and Singh, 2007]. As the 

atmosphere warms, its capacity to hold water vapor increases which in turn provides a 

positive feedback to the tropospheric warming. Increased rainfall in the early monsoon 

season may lead to regional atmosphere-land feedback that cools the land surface 

[Bollasina et al., 2008] subsequently reducing rainfall during the peak monsoon months 

(July-August).  Our results regarding the positive trends in tropospheric warming over 

HTP, increased aerosol loading and enhanced rainfall in June are consistent with the 

elevated heat pump effects by dust and soot aerosols [Lau et al., 2006] and related recent 

studies [Lau and Kim, 2006; Bollasina et al., 2008; Meehl et al., 2008]. 

Although it is difficult to predict future composite JJAS rainfall trends [Goswami 

et al., 2006], however, our findings raise the intriguing possibility that if the tropospheric 

temperature trends continue, then in the coming years, the South Asian region could 

experience a wetter monsoon in early summer followed by a drier period. Our findings 

also have important bearings on agricultural practices and crop productivity which has 

always been vital to the South Asian socio-economic infrastructure. Together with the 

possible alterations to the monsoon dynamics on a seasonal-to-interannual time scales, 

the observed warming at higher elevations, if continues, may also have direct 

implications to the Himalayan glaciers and snowpacks and in turn the hydrological cycle 

over much of South Asia, which has received growing scientific attention [Barnett et al., 

2005]. 
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6.5 Summary 

 
Of the greatest relevance to the onset and intensity of the Indian summer monsoon 

is the land-sea thermal gradient from the equatorial Indian Ocean to the South Asian 

landmass which is due to the rapid pre-monsoon heating of the Himalayas-Tibetan 

Plateau compared to the relatively cooler Indian Ocean. Here we show that the early 

summer monsoon rainfall over India has strengthened with a nearly 200% increase since 

1970s as indicated by historical rainfall data. The steady increase in rainfall is led by 

enhanced pre-monsoon warming of 2.7 ºC observed over the Himalayas and the 

subsequent strengthening of the land-sea thermal gradient as indicated in the longest 

available record of microwave satellite measurements of tropospheric temperatures from 

1979-2007. The enhanced tropospheric warming is accompanied by increased 

atmospheric loading of absorbing aerosols, particularly dust at elevated altitudes, raising 

the possibility that aerosol solar heating has amplified the widespread warming, thus 

influencing recent monsoon rainfall variability. Combined analysis of changes in 

tropospheric temperatures and summer monsoon rainfall in the past three decades, 

suggest the future possibility of an emerging rainfall pattern of a wetter monsoon over 

South Asia in early summer followed by a drier period. 
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Chapter 7. Conclusions and Future Directions 

 

7.1 Summary 

 

 Tropospheric aerosols are a major component of the global climate system and are 

the least understood factor in influencing the Earth’s radiation budget and climate 

forcings [IPCC 2007]. Through their radiative perturbations and significant influences on 

cloud microphysics, there is a growing body of evidence that aerosols induce changes in 

the global and regional hydrological cycle as well [Ramanathan et al., 2001; Menon et 

al., 2002; Miller et al., 2004; Ramanathan et al., 2005; Lau et al., 2006]. It is imperative 

that a sound knowledge about aerosol optical, physical and radiative properties is known 

so as to make any inferences and better understanding of their implications on climate. 

Particularly over heavily polluted regions, such detailed information would allow one to 

model reliable projections of regional and global climate change. The advent of NASA’s 

Earth Observing System (EOS) mission accompanied by the launch of several key 

atmospheric sensing satellite and ground-based instruments has provided much needed 

information about these suspended particulates in the atmosphere and further allows us to 

analyze various physical properties and their direct and indirect effects on climate.
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This dissertation focuses on the Indian subcontinent, which consists of about 1/6th 

of the world’s population. Particularly, the northern plains, Indo-Gangetic Plains (IGP), 

are experiencing rapid urbanization and industrialization accompanied by growing 

economical expansion. This is at the cost of tremendously increasing levels of pollution 

from industries, coal-fired power plants, vehicles as well as bio-fuel cooking in 

surrounding rural places. It is reasonable to anticipate that the regional climate and 

environment are undergoing changes due to the heavy pollution. In addition, the IGP are 

strongly influenced by severe dust storms during the spring season which contributes 

towards the bulk of the regional net aerosol loading on an annual basis. 

Determination of the effects of different aerosol types on the atmospheric forcing 

is essential to account for in order to infer associated changes in other significant 

atmospheric components such as clouds, radiation budget and tropospheric temperatures, 

and precipitation. Of the greatest relevance to the people living in India (especially IGP), 

is the summer monsoon rainfall (owing to its huge implications to the socio-economic 

infrastructure) and its failure or extreme behavior is among the largest unresolved climate 

anomalies (or rather realistically - natural disaster) that this region faces from time to 

time. In this dissertation, efforts have been made to shed light on resolving some of the 

aforementioned challenging science issues by studying the interactions between aerosols 

and the regional climate and radiation through the comprehensive analysis of satellite and 

ground observations; and state-of-the-art radiative transfer model simulations. The major 

findings of the dissertation are summarized as follows. 
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The first and foremost task was to understand the aerosol optical properties and 

their seasonal variations. Meteorological conditions play a vital role in determining the 

source and magnitude of aerosol loading. Two major contrasting seasons emerge, namely 

the winter north-east monsoon season and the pre-monsoon/monsoon period which 

prevails during the spring/summer months. These two seasons are contrasting because the 

wind fields are different, both in magnitude and orientation and therefore influence the 

aerosol properties and build-up. During the winter north-east outflow, winds are usually 

calm and are northerly (from the sub-continent towards ocean), while due to the rapid 

pre-monsoon heating of the Himalayas-Tibetan Plateau, strong moist winds blow from 

the Arabian Sea/Indian Ocean towards the subcontinent.  

Winter months are marked by very low surface temperatures during nights and the 

air above the surface is comparatively hotter which causes the atmosphere to be stable 

resulting in pollutants being caught in the boundary layer leading to thick hazy 

conditions. As indicated by radiometric observations in the IGP, these particulates (such 

as sulfate, soot) fall in the fine-mode category of aerosol size. During the pre-monsoon 

season, dust aerosols are transported, from the western desert/arid regions in the Arabian 

Peninsula and the Thar Desert in India, into the alluvium of the IGP with the strong 

westerly winds. Due to the high-altitude Himalayan ranges, dust particles are not 

transported further which leads to the enhancement of the net aerosol loading.  

During the pre-monsoon season, the aerosol optical depth (AOD) peaks annually 

(~0.8) and the mean particle size distribution (dV/dlnR) is highest in the coarse mode that 

follows a bi-modal log-normal distribution with six-year mean values of 0.37 μm3/μm2 
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and 0.35 μm3/μm2 centered around 2.24 - 2.9 μm radius (about three times larger than 

during the winter season). Spatial distribution from satellite observations (MODIS) 

provide a clear picture of enhanced aerosol loading patterns over northern India. The 

Eastern IGP region stands out in terms of higher AOD which has been attributed to 

higher population density, lower topography and greater air-mass subsidence [Girolamo 

et al., 2004], whereas the AOD pattern is strongly governed by dust transport resulting in 

higher optical depths in the northwestern regions. Recent satellite-based lidar 

measurements (CALIPSO) characterize the aerosol vertical distribution indicating winter 

haze trapped within the boundary layer (around 2 km) while due to strong winds, 

enhanced summer convection and topographic variations in the Himalayan-Gangetic 

region, pre-monsoon aerosols are vertically extended to elevated altitudes (> 4 km). 

The pollution levels in northern India have risen in recent decades as indicated by 

increasing trends in poor visibility days accompanied by increasing moisture content of 

the atmosphere since 1960s [De and Dandekar, 2001]. Since aerosols act as cloud 

condensation nuclei (CCN) and influence cloud formation, therefore the role of winter 

haze in influencing the widespread foggy conditions over the IGP was investigated in this 

dissertation. The extent of fog is huge which engulfs the IGP, stretching on a swath of 

1500 by 400 km, during winter months and is clearly visible in satellite images. The first 

step was to understand the fog distribution and to separate fog from other types of clouds. 

Extensive MODIS cloud properties datasets were used to generate fog/cloud distribution 

on a daily basis and computed the fog/low-cloud occurrences from MODIS as well as 

from surface meteorological observations. The number of foggy days estimated over a 
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period of two months (December-January) for a six-year period (mean) was over 20 days. 

The spatial distribution indicates distinct differences across the IGP and a clear inter-

annual variability in both the winter haze and fog was evident.  

I extrapolated microphysical inferences using aerosol transport model outputs 

(GOCART) to suggest that the excess soot concentrations over eastern region was a 

critical factor in determining the persistence of fog/low-cloud distribution. The important 

lesson learned from this study is that the background meteorology (such as relative 

humidity, temperature and wind fields) has to be carefully isolated in order to understand 

the microphysical coupling between the haze and fog since the dynamical conditions are 

required at the onset of fog. Further, the role of aerosol absorption was investigated in 

influencing fog occurrences over the eastern IGP. The aerosol forcing at the Top of 

Atmosphere (TOA) increases from -5.7 to -39.45 W/m2 in the low aerosol loading (AOD 

close to zero) to medium aerosol loading conditions (AOD~0.5). However, during heavy 

aerosol loading conditions (around AOD~1), the shortwave aerosol forcing saturates and 

is estimated to be about -40.7 W/m2 (only a unit magnitude higher than at AOD=0.5) 

suggesting increased solar absorption possibly due to the excess soot over the eastern 

region. In general, an inverse relationship between aerosol absorbing efficiency and the 

fog/low-cloud occurrences was found such that higher absorption caused due to aerosols 

leads to lower foggy days. 

The pre-monsoon aerosols were also found to be significantly absorbing, causing 

about 12% absorption of shortwave solar flux as suggested by radiative transfer model 

simulations constrained with instantaneous pyranometer solar flux and sunphotometer 
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aerosol measurements. The subsequent instantaneous radiative heating caused due to 

aerosol absorption is estimated to be ~6.5 K/day that peaks around 3.5 km in altitude. 

This aerosol-induced heating appears to extend well into the middle troposphere and 

results in enhanced heating rates (4.5-2 K/day) in the 4-7 km altitude range. In addition, 

the response of aerosol solar absorption is also observed in temperature profiles from 

satellite measurements that reveal a temperature increase of 2-2.4 K in the middle-

troposphere, i.e. associated with high-dust loading conditions compared to that of low-

dust environment. 

 A likely response of the enhanced solar absorption due to aerosols, particularly 

dust at elevated altitudes over the Gangetic-Himalayan region, is also observed in the 

longest available record of satellite microwave temperature measurements from 1979 to 

2007, accompanied by increase in the atmospheric loading of absorbing aerosols during 

the pre-monsoon season (as indicated by TOMS satellite measurements). Temperature 

data show widespread tropospheric warming around 30 °N with a 2.7 °C statistically-

significant warming recorded over the western Himalayan region. Further, it is shown 

that the pre-monsoon land-sea gradient has strengthened in the 29-year period. The 

strengthening of the land-sea gradient is followed by a threefold increase in the early 

summer monsoon rainfall over India (during June). The increased rainfall eventually 

weakens during the remaining of the monsoon season which is led by the weakening of 

the land-sea gradient averaged over June-July-August-September (JJAS). Combined 

analysis of changes in tropospheric temperatures and summer monsoon rainfall in the 
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past three decades, suggest the future possibility of an emerging rainfall pattern of a 

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

 

7.2 Further study 

7.2.1 Aerosol-Monsoon Linkage 

 
One of the immediate projects extending from this dissertation is the better 

understanding of the linkages between aerosols and Indian summer monsoon rainfall. 

There have been a few general circulation model (GCM) studies recently on the effects of 

aerosol solar absorption on the rainfall variability [Ramanathan et al., 2005; Lau et al., 

2006]. The observational results from this dissertation regarding the tropospheric 

temperatures and monsoon rainfall complement the modeling results of Lau et al. [2006]. 

However, reliable and more accurate information of the absorbing nature of aerosols is 

needed, particularly, of the pre-monsoon aerosols of which dust is a major component. 

Quantitative measurements of aerosol single scattering albedo is crucial in understanding 

the associated tropospheric warming and surface dimming effects and thus aerosol solar 

absorption effects on the Indian summer monsoon. Future planned NASA missions such 

as the Radiation Aerosol Joint Observation – Monsoon Experiment over the Gangetic 

Himalayas Area (RAJO-MEGHA) would provide detailed information about aerosol 

optical and radiative properties and will help in accurate estimations of the aerosol 

radiative forcing. The information about the aerosol absorption would be incorporated 

into a GCM with dynamical ocean together with the addition of greenhouse gases to 
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examine their net response on tropospheric temperatures. The improved dark-target 

(C005) and Deep Blue over bright areas aerosol products will be together used to 

constrain the radiative transfer model for reliable estimates of the single scattering 

albedo. If the model simulations follow the current observed scenario (drawn from this 

dissertation), it would be a paradigm shift in the conventional monsoon rainfall regime 

with more rainfall in early summer followed by a drier period which is opposite to the 

current monsoon rainfall distribution. In addition, the response of enhanced aerosol layer 

on temperature fields is to be better understood, in general. Temperature anomalies 

induce changes in thermodynamics and regional atmospheric circulations. 

 

7.2.2 Winter Haze-Fog Coupling 

7.2.2.1 Cloud resolving Model 

 
 One of the limitations of the haze-fog study in Chapter 4 is that it heavily draws 

conclusions from observations. The microphysical couplings between the two phenomena 

could gain more insight by entailing cloud resolving model simulations. Cloud resolving 

models such as the 2-D version of the Goddard Cumulus Ensemble [Tao et al., 2007] 

would be useful to the haze-fog interactions as they include parameterization schemes for 

microphysics, radiation and surface processes. Specifically, the evolution of fog could be 

simulated with varying aerosol concentrations (and types such as hydrophilic or 

hydrophobic shell types) with constant background meteorological conditions. This 

would better help in understanding the interactions with excess soot aerosols in the 

eastern IGP. Sensitivity studies of essential water cloud microphysical properties such as 
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liquid water path, optical depth and effective radius is to be carried out. Apart from the 

evolution, the burning of fog in afternoon hours is also a key area to investigate and to 

quantify the role of soot aerosols in the suppression of fog as opposed to the enhanced 

incident solar flux in afternoon. Since there are no measurements of cloud properties 

available over the IGP, therefore reliable information about cloud properties from TRMM 

and MODIS could be used as a surrogate to constrain the model simulations. 

 

7.2.2.2 Morning-Afternoon Comparisons 
 

Since the Terra and Aqua overpass occurs during morning (10:30 AM local-time) 

and afternoon (1:30 PM local-time), respectively, comparing the CERES TOA SW flux – 

AOD relationship between the two time intervals should be made. Fewer samples of 

AOD and the associated flux values are expected during morning compared to that in the 

afternoon (fog may burn off in the afternoon hours leading to clear-sky conditions). 

Evaporation of fog droplets in the afternoon may lead to fog processed aerosols in the 

atmosphere. Changes in the properties of these aerosols, during morning-afternoon, could 

be analyzed using AERONET/MODIS observations. Furthermore, it will be interesting to 

observe the differences in the morning-afternoon calculations of the diurnally averaged 

radiative forcing. A recent paper [Jones and Christopher, 2006] addresses the 

comparison of SW radiative forcing between Terra and Aqua using CERES data due to 

dust aerosols over the Atlantic Ocean. In addition, the absorption of incoming solar 

radiation by light absorbing aerosols (such as soot) and the associated radiative heating of 

the atmosphere may add to the evaporation of fog droplets – a similar mechanism where 
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soot causes reduction in cloudiness [Koren et al., 2004]. Thus, radiative forcing 

calculations will also help in quantifying the contribution of absorbing aerosols in 

suppressing the formation/persistence of fog in the afternoon hours, i.e. as the amount of 

incident solar radiation increases during the day.  
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Appendix 

 

Definitions 

Aerosol Optical Depth (τ): It is the optical depth due to the extinction of light by the 

aerosol component in the atmosphere. In other words, AOD is the integrated extinction 

coefficient over a vertical of unit cross section. 


z

exta
dzz

0

)(  

where, 
            
  τa is the Aerosol Optical Depth, 
             z is the height, 

σext is the extinction coefficient. 
 

The extinction coefficient depends on the scattering and absorbing properties of the 

particles in the atmosphere. 

scaabsext
   

σext determines the attenuation in the intensity caused due to the scattering and absorption 

coefficients. AOD typically decreases with increasing wavelengths and are much smaller 

in the longwave radiation as compared to the shorter wavelengths. The spectral 

dependence of AOD depends on the type of aerosols. For example, for soot particles, 
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AOD decreases in the visible spectrum, whereas for dust particles, the spectral sensitivity 

is less and is flatter compared to smaller particles. 

 

Aerosol Index (AI): Aerosol Index is the difference between the observations and model 

calculations of absorbing and non-absorbing spectral radiance ratios. It can be defined as: 

])()[(log100
380

340

380

340
10 calobs R

R
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R
AI   

where, 

 R340 and R380 are the radiances at 340nm and 380nm. 

Compared to AOD, AI is more of a qualitative indication of the loading of aerosol. AI is 

usually retrieved by the TOMS/OMI sensors. TOMS was originally developed to retrieve 

Total Ozone Column; however it was shown using the above equation that AI can be 

retrieved using the ultra-violet (UV) part of the electromagnetic spectrum. Since UV 

wavelengths are smaller than visible part of the spectrum, therefore the AI is much 

sensitive to absorbing aerosols and is therefore also known as absorbing aerosol index. It 

is dimensionless. Positive values indicate absorbing aerosols, while negative values imply 

presence of non-absorbing aerosols. 
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Angström Exponent (α): It is a measure of the size of the aerosol particulate. 


 

  )(
0

o  

where,  

  λo is the reference wavelength, 
  α is the Angstrom Exponent 
 

Angstrom exponent can be retrieved by the solar reflective channels with the above 

equation. As evident from the above equation, α is a strongly wavelength dependent 

parameter. Physically, it ranges from 0-2. Smaller particles such as soot, sulfate (in the 

accumulate mode) fall under 1< α<2, while large particles such dust, sea salt (coarse 

mode) fall under 0< α<1. Angstrom exponent combined with AOD provides useful 

information about the size of aerosol and can be further used to constrain radiative 

transfer models to estimate the forcing due to aerosols. 

 

Mie Scattering: Aerosols suspended in the atmosphere scatter as well as absorb the 

incoming solar radiation. Scattering is the attenuation of light caused due to the 

redirection of light in another direction by a particle in the atmosphere. Since the particle 

size varies, depending upon the type of anthropogenic emissions (or natural aerosols), 

therefore thee particles scatter in their own characteristic way as a function of λ. The size 

distribution of particles can be given by: 


 r2

  

where,  r is the radius and χ is the size parameter of the particle. 
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For particles sizes almost equal to the wavelength of the incoming light, mie scattering 

theory prevails, which was proposed by Gustav Mie. As can be seen from above 

equation, size parameter decreases with increasing wavelength. Usually, the range of the 

size parameter is 0.1< χ<50. Particle sizes less than this range are characterized by 

Rayleigh scattering (molecular scattering). In general, natural and anthropogenic aerosols 

are characterized by Mie scattering. 

 

Aerosol Size Distribution: 

Three main categories exist in characterizing aerosol particle size: 

(i) Nuclei Mode: spontaneous nucleation of (gas) particles smaller than 0.04 μm (d) 

(ii) Accumulation Mode: 0.04<d<0.5 μm, resulting from coagulation and in-cloud 

processes. 

(iii) Coarse Mode: particles larger than 1 μm in diameter. Usually, dust particles fall in 
this category; however soot and sulfate particles may also exist owing to the second 
half of their log-normal characteristic. 

 
Clouds on the other hand are much larger in size than aerosols. Clouds are usually greater 
than 10 μm. 
 
A quantitative measure of the aerosol size can be derived from their radius: 
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Effective radius (re) is defined as the ratio of third and second moments. n(r) is the 

contractions of particles/droplets (in case of clouds) in the radius range from r to r+dr.  
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Aerosols exhibit different size distributions as follows: 

Pwer-Law (Junge) Distribution: 

  Crr)(  

where, 

 η(r)dr is the number of particles per unit volume in the size range r to r+dr. 

 

Log-normal Distribution: 
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where,  

rg and σg are the parameters indicating the mean particles size and its variation. 

Most aerosol species are characterized by the log-normal distribution. Mineral dust 

usually follows a Junge distribution. 

 

Cloud droplets normally follow a gamma distribution: 
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where, 

 No is the total concentration of droplets in volume, 
 j is a constant (integer), 

rm is the characteristic radius. 
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In terms of the optical properties, aerosols and cloud depend on the following parameters 

in relation to the scattering and absorption: 

 

- Extinction Coefficient (σext) 

Extinction caused by aerosols (and clouds) is a summation of the scattering and 

absorbing components. In terms of the optical depth, the aerosol/cloud optical depths can 

be integrated over the extinction coefficient of particles/droplets in the vertical column: 
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The single scattering albedo (ωo) determines the contributions of the scattering and 

absorbing properties of aerosols and cloud droplets: 

scaabs
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Aerosols undergo most of the scattering and absorption in the visible part of the 

spectrum, while cloud droplets absorb solar radiation significantly in the near-IR 

spectrum. The absorption in clouds can be defined as 1- ωo and depends on the 

following: 

- number concentration of cloud droplets 
- size and composition of droplets 
- amount of water vapor in the volume 
- strength of water vapor absorption 
- existence of aerosol 
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The scattering by aerosols/clouds depend on the asymmetry parameter as well that can 

be derived from the scattering phase function. Phase function describes the dependence 

of scattered radiance on scattering angle. It can be expanded in the Legendre polynomial 

expansion as follows: 
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where,  
  μ=cos(θ), 
  pe(μ) is the Legendre polynomial of order l.  
 

The asymmetry parameter determines the direction in which the radiance will be 

scattered. ‘g’ (asymmetry parameter) is less variable in water clouds and is better known 

than the extinction coefficient or ωo. 

The radiative impacts of aerosols and clouds are most pronounced and clearly 

discernible at the surface and at the top of atmosphere. The radiative transfer (RT) 

through the atmosphere consisting of air molecules, aerosols, clouds and underlying 

surface (assuming the atmosphere is homogeneous in the horizontal plane and only 

varies vertically, the basic RT equation for radiance at any direction I(μ, ) is given by): 
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  σe is the volume extinction coefficient, 
  σs is the scattering coefficient, 
  Jo is the source function of the medium. 
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 Dynamics also plays an important role or rather has an influence on aerosols and 

clouds. Wind speed, updraft velocity, turbulence structure and other meteorological 

conditions determine the formation and persistence of cloud droplets in the atmosphere. 

Humidity or moisture or the amount of water vapor present in the atmosphere also 

determine the formation of cloud droplets. This can be understood by the following: 

kCSN   

where,  

  N is the concentration of droplets and S indicates supersaturation. 

 From the above equation, it is clear that cloud droplets depend on supersaturation. 

In the presence of aerosols and at a few tenths of supersaturation, cloud formation 

occurs. Chemical composition of aerosols determines the microphysical structure of 

cloud droplets and also influences the albedo of clouds. Under varying conditions of 

relative humidity, different species of aerosols such as soot, sulfate, sea salt, and dust 

behave differently which further have direct implications on the radiative forcing of 

aerosols and also the associated microphysical modifications in the cloud structure. 

 

External/Internal Mixture 

How aerosols mix with an existing cloud also determines the way aerosol-cloud 

interactions take place in the atmosphere. In an external mixture model, aerosol particles 

get mixed within cloud layer. Absorbing aerosols interstitial to the cloud droplets – 

external mixture have been shown to significantly enhance cloud absorption in visible 

spectrum, whereby usually cloud absorption is negligible. Most of the absorption takes 
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place in the near-IR spectrum. To illustrate these results, we consider a clear cloud and a 

contaminated cloud (externally missed). The ratio in the absorptions of these two clouds 

(contaminated/clean) shows anomaly in visible spectrum (figure taken from Stephens 

and Tsay, 1990). 

 

Internally mixed aerosols cause more absorption than the external mixture. In the case of 

internal mixture, the aerosol is either soluble or insoluble. In the case of soluble, the 

aerosol particle mixes well with the cloud droplet and grows in size. Insoluble aerosol 

CCNs may interact with clouds in three ways namely, solid core, shell, randomly 

distributed. 
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Importance of relative scattering and absorption to aerosol remote 

sensing 

The reflection function for a diffusely reflected radiation at the top of atmosphere can be 

defined as: 
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In the above expression, I is the radiance, τ is the aerosol optical depth, ωo is the SSA, μo 

is cosine of solar zenith angle, μ is cosine of the viewing zenith angle and   is the 

azimuth angle. The reflection function can be thought of as albedo since it is normalized 

by the incoming solar flux Fo. The above equation can be further expanded with the 

contributions of diffuse and direct transmission and surface albedo effects: 

),,(),,(*
),(1

),,;,(),,;,( ooatmoatm
oatmg

g
ooatmoo tt

rA

A
RR 





  

where,  

 Ratm is the reflection function (atmospheric contribution), ratm is the spherical 

albedo, Ag is the ground albedo (lambertian) and tatm is the transmission function. 

           Ratm is also known as the path radiance which is detected by a space-borne sensor 

above a non-reflective surface and is the result of backscattering to space by aerosols and 

molecules in the atmosphere. Therefore, from the above equation, path radiance and 

surface contribution are two major factors that determine the radiance received by the 

sensor. To further understand these two contributions and also the physical basis of 

aerosol remote sensing, the following figure is shown from the above equation: 
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The above figure describes the remote sensing of aerosols, especially the 

importance of scattering and absorption in remote sensing. This figure is taken from 

King et al. [1999] which adapted the figure from Fraser and Kaufman [1985].  

Difference between the reflection function (path radiance) and surface reflectance is 

plotted against the surface reflectance for varying aerosol optical and single scattering 

albedo. The solid lines represent mostly scattering aerosols (ω=0.96) with different τ, 

while dashed lines represent strongly absorbing aerosols (ω=0.81). In the case of 

strongly absorbing aerosols, we see that the sensor is not able to distinguish between the 

aerosol loading and the sensitivity beyond Ag>0.1 is reduced or lost. This implies that 

the retrieval system works well over dark surfaces which are below Ag<0.1. In other 

words, beyond Ag>0.1, the signal received by the sensor cannot distinguish between the 

underlying surface from the aerosol contribution. Similarly, for scattering aerosols, we 

see that the critical surface reflectance (CSR) is below Ag<0.3. 
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