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Abstract 

 

Aerosols are suspended particles that can significantly impact air quality as well as weather 

through their different effects. Among the aerosol species, black carbon is known to have a 

significant climate impact due to its strong sunlight absorption capability. Indo-Gangetic Plain 

is a distinguished hotspot of diverse aerosols and the largest source of black carbon in India. 

The westerlies carry emissions from the Indo-Gangetic Plain towards North-East India through 

atmospheric transport along the southern slope of the Himalayas and contribute to the aerosol 

burden over North-East India. The pre-monsoon season is a period of high aerosol loading over 

North-East India, with the highest atmospheric heating and aerosol optical depth with an 

increasing trend. An increase in direct radiative forcing over the region has also been reported. 

Moreover, studies have also reported a declining rainfall trend and an increasing rainfall 

intensity over this region. 

This study first investigated the direct and semi-direct radiative effect of atmospheric 

aerosols and black carbon, specifically on the rainfall mechanisms responsible for the pre-

monsoon rainfall over North-East India with the WRF-Chem model. Aerosol radiative effects 

affected rainfall according to the height of the terrain in the North-East India region. Aerosol 

effects, in general, tended to increase total rainfall over lower-terrain areas, whereas moisture 

reduced between 2-3 km, which decreased total rainfall over high-terrain areas. However, 

irrespective of the increase in total rainfall, aerosol effects suppressed rainfall for more duration 

than it caused enhancement. The semi-direct effect was found to be responsible for cloud 

reduction below 2 km altitude, thus affecting mainly lower-level clouds, which reduced rainfall 

formation. The study also differentiated the impacts of aerosols emitted locally within the NE 

India region and those transported from outside this region to ascertain whether local or 

transported aerosols were more impactful in influencing this region’s rainfall during this 

season. The role of different aerosol effects on radiative forcing and rainfall was also studied. 
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Results show that aerosols transported primarily from the Indo-Gangetic Plain were 

responsible for about 94% of the PM10 mass over North-East India’s atmosphere and 64% of 

near-surface PM10 concentration. Transported aerosols contributed >50 % of black carbon, 

organic carbon, sulfate, nitrate, ammonium and dust aerosol concentration and hence a major 

contributor to air pollution. Hence, the effects were much greater with transported aerosols. 

The indirect aerosol effect was found to be the major effect and more impactful with transported 

aerosols that dominated both rainfall and radiative forcing and suppressed rainfall significantly 

than the direct and semi-direct effect. Thus, this study found that emission control policies 

implemented in Indo-Gangetic Plain will reduce air pollution as well as the climatic impacts 

of aerosols over the North-East India region. Moreover, black carbon was also found to be 

responsible for suppression of lower intensity and enhancement of higher intensity rainfall may 

also contribute to the observed increase in higher intensity rainfall. These results provide 

insights into the effects of aerosols on pre-monsoon rainfall patterns and the mechanisms 

involved. 

The study also compared the performance of planetary boundary layer parametrization 

schemes to select a suitable scheme to accurately predict meteorological parameters during the 

pre-monsoon and monsoon season with the WRF model at an enhanced resolution of 3 km grid 

size compared to the 10 km used in WRF-Chem. The study found that the enhancement in 

resolution showed significant improvement in prediction performance. The HONG scheme was 

found to be suitable for the region.  

Keywords: Semi-direct effect; North-East India; Black carbon; Aerosol radiative feedback; 

Rainfall; Pre-monsoon; planetary boundary layer 
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NOAA National Oceanic and Atmospheric Administration 

OC Organic carbon 

PBL Planetary boundary layer 

PBLH Planetary boundary layer height 

PM10 Particulate matter with aerodynamic diameter less than 10 µm 

PM2.5 Particulate matter with aerodynamic diameter less than 2.5 µm 

RF Radiative forcing 

SW Short-wave 

TKE Turbulent kinetic energy 

TOA Top-of-the-atmosphere 

WRF Weather Research and Forecasting 

WRF-Chem Weather Research and Forecasting with chemistry 
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1.  Introduction 
 

1.1 General 

 

The atmosphere is a combination of several gases along with tiny specs of suspended solid and 

liquid particles known as aerosols. These particulates not only impacts air quality and health 

but are indispensable with respect to the effects on local, regional and even global weather 

patterns (Rosenfeld, 2012; Lohmann and Feichter, 2005; Manoj et al., 2012; Menon et al., 

2002; Ackerman et al., 2000; Fan et al., 2008; Choudhury et al., 2020). They vary significantly 

in their sizes, ranging from nanometres to 100 µm depending upon the source and method of 

formation (Wallace and Hobbs, 2006). They even vary considerably in number concentration 

and chemical constitution, both spatially and temporally. Aerosols have both natural and 

anthropogenic sources. They are released from sea sprays, dust emissions, forest fires or 

anthropogenic sources as primary particles; or may be formed in the atmosphere from gas-to-

particle conversion processes of both natural and anthropogenic gas emissions known as 

secondary particles; each source having their distinct physical and chemical characteristics 

(Wallace and Hobbs, 2006). While the proportion of natural emissions greatly exceeds the 

latter, there is a growing imbalance due to the increasing anthropogenic emissions, such that 

the natural balance of the aerosols in the atmosphere is disturbed. 

The climate effects of aerosols are well recognized though not sufficiently quantified. 

These effects are broadly recognized as four different types: direct, semi-direct, first indirect 

and second indirect (Baklanov et al., 2014a). The scattering and absorption of solar radiation 

by aerosols is termed direct effect (Mitchell, 1971). This affects the amount of solar radiation 

reaching the Earth’s surface which further affects the stability of the underlying atmosphere. 

The absorption and heating are done by light-absorbing aerosols such as BC, dust and organic 

carbon (Ramachandran et al., 2020). The heating increases the atmospheric temperature, which 
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increases the saturation vapour pressure of cloud droplets which evaporates them, thus reducing 

cloud cover (Koch and Del Genio, 2010a). This is known as semi-direct effect. Aerosols are 

also a critical requirement in the cloud formation process and take part as CCN for cloud droplet 

formation. However, the presence of a greater quantity of aerosols affects this process and the 

subsequent impacts are known as aerosol indirect effect. Indirect effect causes the formation 

of a larger number but smaller cloud droplets (Braham, 1974). This increases the reflectivity 

of clouds, causing an increase in cloud albedo, a decrease in surface radiation and an increase 

in the reflected radiation. This is known as the first indirect effect (Twomey, 1977). The 

increase in the droplet number and decrease in droplet radius affect cloud life time, rainfall and 

rainfall intensity, known as the second indirect effect (Albrecht, 1989). The indirect and direct 

effects of aerosols act in competition with each other and the indirect effects are found to be 

dominant (Makar et al., 2015). Bauer and Menon (2012) has defined the total aerosol forcing 

as the summation of direct, semi-direct and indirect forcing. The graphical representation of 

different aerosol effects is shown in Figure 1.1. The first figure in Figure 1.1 shows the direct 

effect as explained in the second paragraph of section 1.1. The subsequent figure shows a cloud 

which is unperturbed by any aerosol effect and the figures after this shows the different 

consequences of semi-direct, first indirect and second indirect effect. 

 

Figure 1.1: Different effects of aerosols (Source: Davies (2014)) 

TH-3320_186104022



20 
 

Thus, aerosols interact with the atmosphere in numerous ways. Radiation and water, 

both key elements to our survival, are largely regulated by these microscopic and sub-

microscopic particles. Thus, aerosols regulate the Earth’s energy budget and hydrological 

cycle. These effects are of prime importance to the beings of the biosphere, as they determine 

the nature of the environment around them. However, the aerosol effects differ spatially 

depending on the constituents of aerosols, their physical and chemical properties as well as the 

quantity. Ambient aerosols are generally composed of species such as inorganic ions, organic 

compounds, BC, and mineral dust. Inorganics mainly contain sulfate, nitrate, and ammonium, 

while organic aerosols consist of a large number of chemicals (Wallace and Hobbs, 2006). 

Some of these aerosol compositions are inherited during their formation, while some aerosols 

undergo further chemical modifications after release with respect to their mixing state and 

chemical composition due to numerous chemical reactions and mechanisms in the atmosphere. 

The mechanisms include processes like condensation, coalescence, homogenous nucleation 

and heterogenous nucleation. Cloud condensation nuclei are a subset of these aerosols that can 

form and activate as cloud droplets when the ambient water vapour pressure is greater than the 

saturation vapour pressure (Wallace and Hobbs, 2006). This composition and mixing state 

modify the aerosols’ properties both physically and chemically. The physical properties include 

light extinction, refractivity, aerosol size mode and aerosol size distribution, while 

hygroscopicity is the primary relevant chemical property.  These new properties of the aerosols 

have significant impacts on its ability to interact with direct and indirect effect processes like 

cloud droplet formation, cloud droplet size, CDNC and cloud albedo (Koch et al., 2011). Wang 

(2013) observed that the radiative and microphysical effects of aerosols are determined 

primarily by the particles’ size and chemical composition. The chemical composition also 

defines the hygroscopicity of the particles and along with size, it determines the activation 
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probability to act as a CCN. The presence of sulfate and nitrate in the mixture makes the particle 

more hygroscopic and makes it more susceptible to act as CCN.   

BC is the light-absorbing component of carbonaceous aerosol. It is a constituent of soot 

which is a combustion product (Andreae and Crutzen, 1997). BC is formed from incomplete 

combustion processes. They form by the condensation of intermediate combustion products 

like benzene and pyrene. Sources of BC include the burning of fossil fuels and biomass such 

as wood and crop residue. Black carbon aerosols are expected to remain in an internally mixed 

state due to the presence of sulfates and other organics at the source of formation (Lesins et al., 

2002). Bond et al. (2013) found that BC strongly absorbs visible light with a mass absorption 

cross-section of at least 5 m2 g-1 at 550 nm wavelength as compared to other absorbing aerosols 

like dust and brown carbon with a mass absorption cross-section of 0.009 and 1 m2 g-1 

respectively. Bond and Bergstrom (2006) found BC absorption refractive index to be the 

highest amongst all the aerosol species with a reported refractive index is 1.95-0.79i, the 

imaginary part representing the index of absorption. Mixing of BC with other aerosol 

components is found to further enhance the absorbing capacity (Moffet and Prather (2009). 

The process involves conversion of fresh fractal forms of soot into internal mixtures of soot, 

sulfate, organics, nitrate, ammonium and water, which enhances its absorption capacity further 

(Liu et al., 2015).  

The climate effects of BC are many. BC being a constituent of aerosols, is involved in 

interactions with the clouds and radiation like most other aerosols such as sulfate, nitrate, and 

mineral dust, but the absorbing nature of BC is what makes it stand out from the others with 

respect to its climate effects as an aerosol. BC can also alter atmospheric circulation (Zanis, 

2009) by changing the atmospheric heating and stability to affect monsoon (Lau et al., 2006) 

and severe storms (Rosenfeld, 2006). Strongly absorbing aerosols have been found to 
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invigorate and restructure convective clouds due to solar heating and induced convection by 

these aerosols (Koren et al., 2005), thus enhancing precipitation. 

North-East India is a region located in the easternmost part of India. Geographically, it 

is characterized by its hilly terrain, dense forests, and numerous rivers. It is blessed with 

abundant rainfall, resulting in a diverse range of flora and fauna, making it a biodiversity 

hotspot. The North-Eastern region of India is one of the highest rainfall regions in the world 

(Jain et al. 2013), with most of the rainfall in pre-monsoon and monsoon seasons. The region 

is known for its rich cultural diversity, with a vibrant mix of ethnicities, languages, and 

traditions. Northeast India has significant historical and strategic importance. It shares borders 

with Bhutan, China, Myanmar, and Bangladesh, making it a crucial gateway for trade and 

cultural exchanges. The economy of Northeast India is primarily agrarian, with agriculture and 

allied activities being the mainstay of livelihood for the majority of the population. The Indo-

Gangetic Plains, also known as the Indus-Ganga Plain, is a vast region in the northern and 

eastern parts of the Indian subcontinent. It stretches across several countries, including India, 

Pakistan, Nepal, and Bangladesh, and covers an area of approximately 2.5 million square 

kilometres. The region has a predominantly flat terrain with a gradual slope from the Himalayas 

in the north to the Thar Desert in the west. The plains are crisscrossed by numerous rivers and 

their tributaries, forming an intricate network of water bodies that provide irrigation for 

agriculture and support a diverse ecosystem. The plains are formed by the alluvial deposits 

brought by the mighty rivers Ganges, Brahmaputra, and their tributaries, as well as the Indus 

River in the western part. The fertile soil, enriched by centuries of sedimentation, makes the 

Indo-Gangetic Plains one of the most agriculturally productive regions in the world. However, 

the Indo-Gangetic Plains also face challenges such as overpopulation, rapid urbanization, and 

water scarcity. The IGP is a global source of diverse aerosols (Ojha et al., 2020; Kumar et al., 
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2018) that impacts regional and global climate (Ramanathan et al., 2005; Tripathi et al., 2005; 

Sarangi et al., 2015). 

 Atmospheric transport also plays an important role which extends the climatic impacts 

to the transported region from the source region (Lee et al., 2022). Air masses transport aerosols 

from the IGP to nearby regions, which also impacts air quality (Bhat et al., 2022; Ojha et al., 

2012). Bonasoni et al. (2010) showed that pollutants from the IGP follow the southern slope of 

the Himalayas as a path into the Bay of Bengal and NE India and similar observations were 

made by Gogoi et al. (2017). The Indian region experiences westerly wind flows during the 

pre-monsoon (Kant et al., 2019), during which, along with local emissions, long-range 

transport of dust from Thar desert also takes place (Sarkar et al., 2019), which ultimately flows 

into the NE India. This flow also transports the high amount of aerosols generated in the IGP 

into the NE region. Among the aerosols, BC is a high climate-influencing aerosol component 

due to its strong absorption capability (Bond et al., 2013; Nenes et al., 2002; Koch and Del 

Genio, 2010) and IGP is the largest source region of it in India (Rana et al., 2019). Several 

studies (Guha et al., 2015; Sarkar et al., 2019; Chatterjee et al., 2010) found BC, among other 

aerosols measured at sites in NE India to be transported from the IGP. Moreover, in the NE 

India region, an increase in BC emissions was observed along with high BC concentrations 

near the surface level (Chaudhury et al., 2022; Singh and Gokhale, 2021). Tiwari et al. (2016) 

and Dhar et al. (2017)  observed maximum BC concentration during this season in this region, 

along with the highest surface RF. As a result high dust and black carbon concentration is 

observed in this region with aerosol optical depth also being maximum during this period with 

an increasing trend (Dahutia et al., 2018; Dahutia et al., 2019; Gogoi et al., 2017; Pathak et al., 

2010 ; Pathak et al., 2016). Thus, the aerosols in pre-monsoon are more absorptive which 

contributes to highest heating rate during this season (Nair et al., 2017) and strong vertical 

transport leads to having surface black carbon concentration same as at 850 hPa over NE (P. 
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Singh et al., 2020). Pathak et al. (2016) had observed elevated aerosol layers over NE. Dust is 

a major aerosol in this season transported from the Thar desert (Gogoi et al., 2009). Hence, the 

presence of high quantities of both BC and dust causes high atmospheric warming. A recent 

study (Subba et al., 2023) showed also gave similar conclusions and reported an increase in 

direct radiative forcing over NE India. 

 The pre-monsoon rainfall not only provides respite to the summer heat but is also an 

important source of water for the preparation of land for crop-related activities (Sinha et al., 

2019) and with NE India being an agrarian economy. However, several studies show a 

decreasing trend of pre-monsoon rainfall in NE India (Mondal et al., 2018; Kumar et al., 2010; 

Mondal et al., 2015; Dash et al., 2007; Jain et al., 2013). Dahutia et al. (2018) also observed a 

decreasing trend of cloud droplet radius over different locations in NE. Also, it was said that 

the decreasing trend of precipitable water vapor led to a lesser probability of cloud formation. 

The lower moisture content, along with the increase in CCN, leads to a reduction in cloud 

droplet radius, which ultimately affected rainfall. Panicker et al. (2014) observed semi-direct 

effects over Guwahati in an experimental study, while Panicker et al. (2016) observed indirect 

effects showing the prevalence of both effects in the region.  

Since the NE region becomes a hotbed of absorptive aerosols during pre-monsoon, 

there is a possibility of existence of semi-direct effect on the rainfall and may explain or add to 

the already available mechanisms in literature. The indirect effect may further complement the 

semi-direct effect. Moreover, how much is the contribution of transported aerosols to air 

pollution and climatic effects compared to those emitted within NE India region? What is the 

role of different aerosol effects on the rainfall mechanisms? The effect of transported aerosols 

on different regions of the world has been studied (Krishnamohan et al., 2021; Wang et al., 

2020; Bagtasa et al., 2019) but none of them covered the IGP and its climatic impact on a 

nearby region. Moreover, the direct and indirect effect was found to be involved in large-scale 
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suppression as well as catastrophic floods (Wang et al., 2022), which show the involvement of 

aerosols in extreme weather events. Choudhury et al. (2020b) also found aerosols to be 

responsible for high rainfall events near the Himalayan foothills. A recent report (Vinay Kumar 

and Venkateswara Naidu, 2020) showed an increase in higher-intensity rainfall during pre-

monsoon over NE India. Studies have shown an increase in BC emissions over India and over 

NE India (PTI, 2022).This provides an opportunity to understand whether BC impacts rainfall 

intensity and whether it may have any role in the increase in extreme rainfall events over NE 

India.  

The PBL, the lowermost layer of the atmosphere is directly influenced by the Earth’s 

surface and responds to forcing within a period of one hour or less (Stull 1988). Turbulences 

within the PBL are responsible for distributing heat, momentum, moisture into the upper 

atmosphere (Boadh et al., 2016; Shi et al., 2021). Hence, its realistic reproduction is vital for 

forecasting weather through numerical simulation (Xie et al. 2012) as well as air quality. 

Turbulent mixing through eddies is needed to accurately represent the atmosphere's vertical 

thermodynamic and kinematic structure (Cohen et al. 2015).  However, these turbulent eddies 

have such temporal and spatial scales that mesoscale models cannot resolve them and hence 

are required to be parametrized. The accuracy of turbulence parametrization is also critical for 

predicting and initiating the development of clouds. It is also crucial for accurate prediction of 

the planetary boundary layer processes, moisture, wind speed, and wind direction required for 

predicting convective clouds and precipitation (Cohen et al. 2015; Shin and Hong 2015; Xie et 

al. 2012). Parametrization involves relating the unresolved turbulent components of moisture, 

heat and momentum with the known variables. However, depending on whether the unresolved 

components at a grid point are defined in terms of known quantities at the adjacent grid points 

or many grid points in the vertical, PBL parametrization schemes are divided into two classes: 

local and non-local (Warner 2011). Within this classification, the PBL schemes differ 
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according to the orders of closure, which represents the highest order of the prognostic 

equations for turbulent components. Higher-order closure schemes involve lesser 

approximation and more predicted components. Moreover, turbulence also plays an important 

role in the atmospheric distribution of air pollutants (Chen et al., 2022). Climate models such 

as WRF and WRF-Chem use parametrizations to predict meteorological parameters as well as 

chemical species of air pollutants. Thus, the evaluation of these parametrizations is necessary 

for accurate prediction of the state of the atmosphere. 

WRF and WRF-Chem are state-of-the-art regional climate models developed by NCAR 

and NOAA, along with the collaboration of other organisations. WRF is mainly used for 

atmospheric research and forecasting, while WRF-Chem is mainly used for the study of air 

quality and climatic impacts of chemical species. WRF uses several integrated models to 

predict radiation, boundary layer, precipitation, heat and moisture fluxes from the land surface, 

together which predicts the overall state of the atmosphere. The radiation schemes involve the 

radiative transfer equation, which calculates the quantity of solar radiation reaching the earth's 

surface. Friction velocities and exchange coefficients for moisture and heat are estimated by 

the surface layer schemes. The land surface model then estimates the heat and moisture fluxes 

from the land surface. The boundary layer parametrizations predict the turbulent mixing of 

heat, moisture and momentum and define the state of the atmosphere nearer to the surface. 

Cumulus parametrizations are responsible for sub-grid scale convective transport of moisture 

and heat and sub-grid scale rainfall, while grid-resolved rainfall processes are simulated by the 

microphysics scheme. In addition, the parametrizations used in WRF, WRF-Chem includes 

additional chemistry schemes which simulate the chemical state of the atmosphere and affect 

the predicted meteorology to give the climatic impacts.   
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1.2 Scope and objective 

 

The primary objective of the study is to investigate the role of aerosols on the rainfall 

mechanisms that affect the pre-monsoon rainfall, which may be responsible for the decreasing 

pre-monsoon rainfall trend over NE India, using the WRF-Chem model. BC primarily being a 

product of anthropogenic activities and having significant climatic impact, its role in such 

climatic effects was specifically investigated. Moreover, through qualitative and quantitative 

comparison of the impacts of local and transported aerosols, the study also tried to find the 

source region of aerosols that has a greater impact on the atmosphere over NE India during the 

pre-monsoon season. However, the conclusions from the simulations with WRF-Chem are 

based on simulation period of 10 days and hence does not account for long-term climatic 

changes and their impacts. In addition, the suitability of the planetary boundary layer 

parametrization schemes over NE India was checked using the WRF model. The results of this 

research can add to the understanding of the working of the pre-monsoon atmosphere over NE 

India and thus be helpful for policy formation w.r.t selection of emission control region and 

weather forecasting. Key tasks to fulfill the objectives are: 

1. Setting up the model – selection of study period, model domain and model 

configuration 

2. Development of model inputs – selection of meteorological initial and boundary 

conditions and preparation of inputs, preparation of chemical initial and boundary 

conditions, selection of emission inventories and development of emission files 

3. Designing simulations – editing chemical initial and boundary condition and emission 

files 

4. Performing simulations and model validation by comparison with observed data 

5. Analysis, post-processing and interpretation of outputs 
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1.3 Novelty statement 

 

This the first detailed study of the aerosol effects on the pre-monsoon atmosphere over NE 

India, using a state-of-the-art regional climate chemistry and regional climate model. 

1. The different aerosol effects’ roles on radiative forcing and rainfall over NE India 

have been investigated. 

2. The separate impacts of local and transported aerosols on air pollution and climatic 

impacts over NE India have been identified.  

3. The critical mechanism which may be responsible for the decline of rainfall trend 

over NE India has been identified. 

4. The direct effect of BC on rainfall intensity has been studied. 

5. A comparative study to identify the planetary boundary layer parametrizations using 

the WRF model, suitable for the NE India region. 

1.4 Thesis outline 

 

The thesis is divided into seven chapters. A brief description of them is given below. 

Chapter 1: Introduction – highlights the importance of the topic and the requirement for 

the study of the North-East India region. It describes the main aim, objectives, scope, novelty 

statement and organization of the thesis. 

Chapter 2: Literature Review – reviews the literature on the observed aerosol effects 

and their impacts, methods of study as well as modelling of the aerosol effects with WRF- 

Chem model. Focus is given to NE India. The chapter also reviews the literature regarding the 

evaluation of planetary boundary layer parametrizations with the WRF and WRF-Chem model.  
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Chapter 3: Pre-monsoon aerosol flow and its direct and semi-direct effect on rainfall - 

discusses how the pre-monsoon aerosol flow from the IGP influences the rainfall over the NE 

India region through aerosol direct and semi-direct effects.    

Chapter 4: Comparison of climatic effects of local and transported aerosols - compares 

the impacts of different aerosol effects on the atmosphere over NE India during pre-monsoon 

season. Also, it compared the contributions of transported aerosols and locally emitted aerosols 

within NE India on the climatic impacts to ascertain their importance.  

Chapter 5: Direct aerosol effect of black carbon on rainfall intensity – describes how 

the increase in black carbon emissions can cause changes to rainfall intensity over NE India 

through direct aerosol effects. Also, it discusses the decrease of rainfall amount with a 

continuous increase in black carbon emissions.    

Chapter 6: Comparison and evaluation of planetary boundary layer parametrization 

schemes – explores the suitability of different planetary boundary layer schemes for better 

prediction of meteorological parameters at a finer resolution and suggests better-performing 

schemes.  

Chapter 7: Findings and Conclusions – outlines the findings and conclusions from the 

entire research work, limitations and future scope. The key findings are highlighted. 
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2.  Literature review 
 

The literature study has been carried out pertaining to the topics relevant to the aims and 

objectives of the study. The review has been focussed mainly on the following topics: 

1. Trends in rainfall and rainfall characteristics over India 

2. Sources of pollutants in NE India during pre-monsoon 

3. Observational studies on aerosols effects  

4. Quantification of aerosol effects and impacts through models  

5. Parametrization of planetary boundary layer in WRF and WRF-Chem 

2.1 Trends in rainfall and rainfall characteristics over India 

 

This section describes the prevailing atmospheric condition during the pre-monsoon season 

over NE India and the climatic issues observed during this period. 

 Mondal et al. (2018) established a decreasing rainfall trend over central and eastern 

parts of India through statistical methods using different rainfall datasets from 1998 to 2015 on 

annual scale. Similar kind of observations were also made by Mondal et al. (2015) and Kumar 

et al. (2010). Dash et al. (2007) had also reported the highest decline in rainfall to be occurring 

over several states of NE India, namely Tripura, Nagaland, Mizoram and Manipur. In case of 

seasonal trends, Jain and Kumar (2012) had reported negative rainfall trends over several 

basins in NE India which was also further verified by Mondal et al. (2015) and Mondal et al. 

(2018). Konwar et al. (2012) had studied the regional trends of monsoon rainfall in India from 

1979 to 2010. They observed that low to medium intensity (5-100 mm day-1) rainfall was 

decreasing in the Eastern region of India due to decreasing trend of vertical moisture transport. 

In contrast to this, a recent study, Vinay Kumar and Venkateswara Naidu (2020) reported that 

the frequency of heavy rain, very heavy rain and extremely heavy rain days has increased over 
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NE India during pre-monsoon. The enhanced rainfall activity was related to increase in higher 

water vapor at surface and convective available potential energy. This is further supported by 

Chaudhuri and Middey (2013), who also observed an increasing trend of convective available 

potential energy during over NE India during this season. These studies, thus indicate a 

decreasing rainfall trend but increase in frequency of higher intensity rainfall during the pre-

monsoon season, both of which indicate a problem. The long-term rainfall decrease may lead 

to water scarcity, while the increase in rainfall intensity leads to flash floods. Thus, several 

studies have identified the presence of a climatic issue over this region, which may be purely 

natural or contributed by anthropogenic factors, or a combination of both. Dahutia et al. (2018) 

however had attributed the decreasing pre-monsoon rainfall trend to different effects of 

aerosols through an observational study. They had observed an increasing trend of aerosol 

optical depth over NE India, with highest values during pre-monsoon. The study attributed the 

declining rainfall trend to decreasing precipitable water vapor and cloud droplet radius. The 

lower moisture content was reported to be caused by decrease in surface radiation by the 

increasing aerosol loading (indicated by increasing AOD trend), which reduced surface 

evaporation. The increasing aerosol mass also led to the increase in CCN, leading to a reduction 

in cloud droplet radius., Both of these factors reduced the possibility of rain droplet formation, 

which ultimately affected rainfall. This identifies as an anthropogenic factor to explain the 

negative rainfall trend. Moreover, Wang et al. (2022) also explains that although higher amount 

of aerosols in stratiform clouds can cause rainfall suppressions, aerosol invigoration can cause 

catastrophic floods in localized areas. The observations made by Koren et al. (2005)  that 

strongly absorbing aerosols can enhance precipitation by invigorating clouds also calls for 

investigation for possible role of BC in causing increasing rainfall intensity.  

While other factors may have also contributions on the negative rainfall trend and 

increasing rainfall intensity, the anthropogenic aerosol aspect is worth investigating, as its 
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emissions can be controlled to a greater extent through policies and interventions to reduce its 

negative effects. Hence, the sources of these aerosols, their characteristics and their effects 

need to be ascertained.    

2.2 Sources of pollutants in NE India during pre-monsoon 

 

NE India is located to in close proximity to the eastern side of the IGP, which is recognised as 

pollution hotspot in India and the world (Chawala et al., 2023) due to its high population 

density. It is a source of diverse aerosols (Ojha et al., 2020) which has been found to impact 

regional as well as global climate (Ramanathan et al., 2005; Tripathi et al., 2005; Sarangi et al., 

2015). This diversity is reported by Brooks et al. (2019) which found organic matter to  

dominate the submicron aerosol mass (43 %), followed by sulfate (29 %), ammonium (14 %), 

nitrate (7 %) and black carbon (7 %) inside the IGP. However, sulfate was the dominant species 

(44%), followed by organic matter (30 %), ammonium (14 %), nitrate (6 %) and black carbon 

(6 %) outside the IGP. However, within India, IGP is the largest source of BC (Rana et al., 

2019) which has numerous climate impacts, as described before. Additionally, Brooks et al. 

(2019a) studied the BC physical and optical properties over IGP, north-west and NE India. BC 

concentration was highest in IGP during pre-monsoon. Moreover, the mass absorption cross 

section was higher (8.08 m2 g-1) for NE India than over IGP (6.76 m2 g-1) with mass absorption 

cross-section of BC aloft higher than those at the surface. This suggests that BC particles go 

transformation due to aging by long-range transport from IGP to NE in pre-monsoon. 

India being one of the fastest developing economies and accounts for a bulk of the BC 

emissions. Solutions (2010) suggests that the bulk (25-35%) of the world's BC emissions are 

from India and China. These emissions of BC along with other pollutants were seen to be 

increasing from the past few decades. Several studies (Sadavarte and Venkataraman, 2014; 

Bond and Bergstrom, 2006; Sindhwani and Goyal, 2014;  Lu et al, 2011; Singh et al, 2020; 
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Kumar et al, 2023) have indicated increasing BC emissions over last two decades in India. 

Moreover, estimates of BC emissions from 1990 to 2030 by GAINS model 

(http://gains.iiasa.ac.at) also show an increasing value, mostly contribute by the residential 

sector, as shown in Table 2.1.  

Table 2.1: BC emissions from India (Gg) 

Sector 1990 1995 2000 2005 2010 2015 2020 2025 2030 

Combustion-energy 2 3 2 2 1 1 1 1 1 

Residential 471 498 511 590 628 623 616 610 604 

Manufacturing industry 82 109 145 231 255 297 331 354 381 

Production processes 7 7 5 5 5 5 5 5 5 

Road transport 33 44 62 78 78 31 31 34 37 

Other mobile sources 

and machinery 

16 23 32 44 58 71 86 102 120 

Waste treatment and 

Disposal 

18 13 14 15 16 16 16 17 18 

Agriculture 69 70 69 64 65 63 62 60 59 

Total 698 766 842 1029 1104 1107 1149 1184 1227 

 

However, as already discussed in Section 1.1, emissions from the IGP are also 

transported by the Westerlies from the IGP to NE India and hence the pollution and the climatic 

impacts may be a combination of the local emissions within NE India and those transported 

from the IGP. Interestingly, Tiwari et al. (2016) had estimated that the annual BC emissions 

from Guwahati, the largest city in NE India and the emissions were found to be highest in the 

pre-monsoon season contributing to highest BC concentration in this season. BC 

concentrations were found to increase near the surface level in different studies over Guwahati 

(Chaudhury et al., 2022; Singh and Gokhale, 2021). Moreover, many studies (Dahutia et al., 

2018; Dahutia et al., 2019; Gogoi et al., 2017; Pathak et al., 2010 ; Pathak et al., 2016) report 
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highest aerosol concentration and highest aerosol optical depth in this period with contributions 

of dust from the Thar Desert (Gogoi et al., 2009). Dahutia et al. (2019) and Pathak et al. (2016) 

observed that dust and carbonaceous aerosols were predominant in the vertical column during 

pre-monsoon over NE India, which is explained by Singh et al. (2020) to be due to strong 

vertical transport from the IGP.  

2.3 Observational studies on aerosols effects 

 

This section gives an account of the effects from aerosols from different observational studies 

mostly over different locations in India including NE India to justify its occurrence in the 

atmosphere. 

 Tiwari et al. (2016) did a year-long study on the radiative effects of BC in Guwahati in 

2013-2014. The annual mean atmospheric radiative forcing was found to be +30.16 W m-2, 

with annual mean atmospheric heating rate by BC was 0.86 K day-1, indicating atmospheric 

heating by the absorbing aerosols in the region. Moreover, the annual mean radiative forcing 

at the surface was -21.1 W m-2, indicating cooling at the surface. Similar observations were 

reported by Pathak et al. (2010) over Dibrugarh in NE India with surface cooling observed at 

the surface but with highest forcing efficacy and heating rates during winter and pre-monsoon, 

respectively. Chakrabarty et al. (2012) also reported BC induced radiative forcing of -63.4 and 

+11.1 W m-2 at the surface and TOA, respectively over Guwahati. The lower atmospheric 

heating rate was found to be 2 K day-1. Talukdar et al. (2019) explains the consequence of 

direct effect on atmospheric stability. They found that an increase in the surface concentration 

of BC causes a significant decrease in convective available potential energy over Gadanki, 

India. BC caused a decrease in the lapse rate which reduced buoyancy for air parcels, thus 

increasing atmospheric stability. 
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In addition to direct radiative forcing, Panicker et al. (2014) studied the semi-direct 

effect of BC aerosols over Guwahati. BC was observed to cause significant heating in the 

clouds and reducing the cloud liquid water content and cloud fraction thus inducing a cloud-

burning effect over the region. They suggested that this might reduce the rainfall over the 

region. Heating rates in the range of 1.5-2.5 K day-1 were observed which correlated negatively 

with liquid water content. The heating was also found to be responsible for reducing the cloud 

effective radius by 1.07- 1.63 µm. Negative correlations were also obtained between cloud 

fraction and heating rate, as shown in Figure 2.1.  

 

Figure 2.1: BC induced cloud heating rate vs Cloud fraction (Source: Panicker et al. (2014)) 

 

The above study also reports the presence of elevated BC concentrations, caused by strong 

vertical transport, which were also observed by Rahul et al. (2014). They had carried out 3-day 

aircraft observations of vertical profiles of BC over Guwahati during CAIPEEX in 2009. The 

mean 3-day profile above ground level is shown in Figure 2.2. 
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Figure 2.2: BC vertical profile over Guwahati (Source: Rahul et al. (2014)) 

 

They also observed that apart from heating induced near the surface due to anthropogenic 

surface loading of BC, a second layer was also formed in the upper atmosphere, which led to a 

heating rate of 2 K day-1. This verifies that presence of elevated BC concentrations over NE 

India.  

 However, such profiles are also observed by Babu et al. (2011) who had carried out an 

in-situ measurement of the atmospheric BC profile over central India. They found two peaks 

of BC concentration one at 4.5 km and the other at 8 km above ground level. They observed a 

large decrease in environmental lapse rate and an increase in stability, caused by the heating 

induced by BC. The profile and lapse rate are shown in Figure 2.3. 
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Figure 2.3: Vertical profile of BC (left) and lapse rate, ambient temperature (right) with altitude (Source: 

Babu et al. (2011)) 

 

Nair et al. (2016) carried out aircraft measurements of aerosol absorption over IGP during 

November-December 2012 and April-May 2013 and enhanced absorption was observed in 

spring in the lower free troposphere while it decreased near the surface. Increasing absorbing 

aerosol optical depth gradient from west to east IGP was observed. This also supports and 

complements the findings of Brooks et al. (2019a). Direct radiative forcing increased from 

winter at 24.9 W m-2 to spring at 34.0 W m-2, indicating the presence of more absorptive 

aerosols. Hence, Nair et al. (2017) found the aerosols in pre-monsoon  to be more absorptive 

with highest heating rate during this season.  

 However, in contrast to rainfall decrease mechanism suggested by Panicker et al. (2014)   

due to semi-direct effect, Devara and Manoj (2013) suggested that increased heating by the BC 

aerosols over Central India could cause a low-pressure uplift and cause a large-scale 
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convergence of moisture from the surrounding area leading to increased rainfall. This suggests 

that, aerosol heating can cause increase or decrease in rainfall through different mechanisms.  

 In addition to the direct and semi-direct effects, Panicker et al. (2016) had studied the 

BC-induced indirect radiative forcing over NE India by doing in-cloud measurements of BC 

concentration and other cloud parameters. BC aerosols were also found to reduce the cloud 

albedo by 1.5-2.0% over the region and were also responsible for the reduction of droplet 

radius. The indirect forcing due to BC was -24 to -37.1 W m-2 at the surface and +2.5 to +14.8 

W m-2 at TOA. 

2.4 Quantification of aerosol effects and impacts through models  

 

The above literature indicates the presence of different aerosol effects over different locations 

including NE India. These effects are simulated by climate models to quantify their impacts 

and mechanisms. Lohmann and Feichter (2005) suggested that aerosols affect the climate by 

changing the cloud characteristics in different ways. A brief description is given in Table 2.2, 

which would be helpful in understanding the subsequent literature. 

Table 2.2: Overview of different aerosol effects on clouds 

Effect Description 

Cloud albedo or Twomey effect (1st 

indirect effect) 

More numerous smaller cloud particles reflect more solar radiation 

Cloud lifetime effect (2nd indirect 

effect) 

Smaller cloud droplets decrease the rainfall efficiency, thereby increasing 

cloud lifetime 

Semi-direct effect Absorption of solar radiation by soot may cause evaporation of cloud 

droplets  

Surface energy budget effect (direct + 

indirect effect) 

Increased aerosol and cloud optical thickness decrease the net surface solar 

radiation 
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2.4.1 Aerosol effects and their quantification 

 

Bauer and Menon (2012) had studied the aerosol direct, semi-direct and indirect effects 

between pre-industrial emissions in 1850 and emissions in 2000 using the GISS Model. The 

total aerosol effect was considered as the sum of direct, semi-direct and indirect effects. This 

is also followed by Ghan et al. (2012a) using the Community Atmosphere Model v5.1.. They 

had decomposed the total anthropogenic aerosol radiative forcing into direct, indirect and semi-

direct effect between 1850 and 2000 emissions. The following methodology was used to 

estimate the different effects: 

ΔS = S2000 – S1850                                                                                              (1) 

Direct = Δ(S – Sclean)                                                                                          (2) 

Indirect = ΔSnoanthrad, clean                                                                                      (3) 

Semi-direct = ΔS – Direct – Indirect                                                                (4) 

Where S = Total forcing, including clouds and aerosols 

 Sclean = Total aerosol forcing, including clouds but excluding aerosols 

Snoanthrad, clean = Total forcing excluding scattering absorption and scattering by 

aerosols 

The results showed that cloud-borne aerosols showed a significant semi-direct effect. 

Indirect effects were found to be the most dominant. 

Similar approach is used by Nabat et al. (2014) for estimation of direct and semi-direct radiative 

forcings.  

 Ackerman et al. (2000) did a study in the northern Indian Ocean during February-March 

of 1998 and 1999 on semi-direct effects of soot, and found that soot particles significantly 
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reduce areal coverage of clouds. They suggested that soot-induced solar absorption amplifies 

the reduction in cloud cover and liquid water path. The semi-direct effect increased the aerosol 

forcing by 7.5 W m-2. Modelling results showed that soot reduced daytime cloud fraction by 

25-40%. Similar studied with different models were performed by other studies (Hill and 

Dobbie, 2008; McFarquhar and Wang, 2006; Johnson et al., 2004; Fan et al., 2008) which 

reported absorbing aerosols to evaporate cloud droplets and decrease cloud LWP and reduced 

rainfall. Lindeman et al. (2011) had examined the semi-direct effect of BC with WRF-Chem 

in Barrow, Alaska during a campaign study. It was seen that the atmosphere was affected by 

BC aerosols even if it is present in small quantities in the atmosphere. BC by its semi-direct 

effect, heated the lower troposphere by 0.15 K. In order to separate the semi-direct effect, four 

scenarios were created. One scenario contained no BC while the others contained different 

levels of BC. Semi-direct effects were estimated by comparing the results from the different 

scenarios. In a more recent study, Wang et al. (2018) had studied the radiative effects of BC 

and sulfate on cloud properties with the WRF-Chem and found semi-direct effects of BC on 

cloud droplets where a significant reduction in cloud droplet mass is found. On the contrary, 

Takemura and Uchida (2011) had reported contrasting results. They did global simulations 

with BC and without BC conditions to assess the semi-direct effects of BC on parameters: 

cloud droplet effective radius, rainfall and liquid water path. In East and South Asia, it was 

observed that there was an increase in all the aforementioned parameters. The reason behind 

this was observed to be the increased heating near the surface which caused increased 

evaporation and atmospheric instability leading to enhanced parameters. 
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 Baklanov et al. (2014) stated that aerosols are necessary for cloud formation and the 

aerosol influence cloud properties such as cloud droplet radius, CDNC and cloud albedo. 

Modelling-wise this is verified by Yang et al. (2011), who found that the simulation of aerosol 

number, aerosol composition and optical properties and coupling these with clouds can lead to 

significant improvements in simulated stratocumulus cloud’s optical and microphysical 

properties such as cloud top effective radius, cloud water path, and cloud optical thickness 

compared to when such couplings were turned off and hence suggested for its use. Chapman 

et al. (2009) shows the impact of this coupling by comparing the impacts of point emission 

sources on aerosol-cloud-radiative processes with the WRF-Chem model by including and not 

including them in separate scenarios. The additional aerosols from these sources scattered 

incoming solar radiation. Moreover, the additional aerosols caused the clouds to be more 

optically thick and caused lesser rainfall compared to when point sources were not included. 

Thus, indirect aerosol effect was found to be involved. Over the Unites States of America Wang 

et al. (2015) studied the impacts of the direct and indirect effects of aerosols over the with the 

WRF-Chem model. The indirect aerosol effect was found to be dominant with net surface 

radiation reduction by 12 W m-2 due to aerosol indirect effects compared to 4 W m-2 due to 

direct aerosol effect. CCN, CDNC, COT and CF greatly increased by a domain-wide mean of 

0.9 ×1010 cm-2, 1.2 and 0.01, respectively, causing a significant reduction of the shortwave 

radiation. Aerosol indirect effects suppressed the precipitation with a region average of 0.12 

mm day-1 due to the formation of small-size CCNs. The areas with a large decrease of 

precipitation corresponded well with the increase of cloud liquid water path. Over the same 

domain with WRF-Chem, Zhang et al. (2010) found that aerosols reduced incoming by up to 

11.3 W m-2 in January and 39.5 W m-2 in July which decreased 2-m temperature by 0.16 °C 

and 0.37 °C in January and July, respectively. Total column CDNC increased by up to 4×106 

cm-2 in January and up to 11.8×106 cm-2 in July, with higher values over regions where CCN 
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concentrations and cloud fractions were high. Liu et al. (2016) checked the climatic impacts of 

anthropogenic aerosols over East Asia with the WRF-Chem model. Anthropogenic aerosols 

reduced net shortwave flux at the surface by up to 40.5-57.2 W m-2, 2-m temperature by up to 

0.5-0.8 °C., NO2 photolytic rates by up to 0.06-0.1 min-1 and the planetary boundary layer 

height by up to 83.6-130.4 m. Anthropogenic aerosols increased the column cloud droplet 

number concentrations by 3.6-11.7×108 cm-2 and cloud optical thickness by 19.8-33.2 which 

indicated the effect of indirect aerosol effect. Anthropogenic aerosols decreased precipitation 

in most areas by up to 3.9-18.6 mm during the study period of 4 months. The impact on 

radiation was more due to indirect effect than direct effect. 

2.4.2 Aerosol effects on rainfall  

 

The literature covered in this section with focus on the aerosol effects on rainfall, as it is the 

primary meteorological parameter under study in this thesis. 

 Soni et al. (2018) studied the direct radiative effect of BC aerosols on the Indian 

monsoon by using WRF-Chem. It was observed that during the pre-monsoon season, lower-

troposphere heating led to increased instability and convection over India, which brought moist 

air from the Bay of Bengal which led to an increase in rainfall in NE India.  Gogoi et al. (2017), 

through model simulations with WRF-Chem found that this atmospheric heating was highest 

in the western part of the NE India, mainly attributed to fossil fuel. A recent study (Subba et 

al., 2023) reported 43% increase in direct radiative forcing over NE India from -11.2 Wm-2 to 

-16.0 Wm-2 from 2001 to 2020. 

With respect to monsoon rainfall, Kedia et al. (2016) used the WRF-Chem model to 

study the aerosol effects on monsoon rainfall in July 2010 over India. The aerosol effects 

exerted a strong influence on the rainfall magnitude and spatial distribution. Rainfall increased 

over central and eastern IGP due to an increase in moisture transported from the Bay of Bengal. 
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Adding to the above study, Kedia et al. (2019) had studied the specie-wise effect of different 

aerosols on convective and non-convective rainfall with WRF-Chem during a normal monsoon 

year 2010 in June – September. The effect of aerosols was found to be non-negligible. Dust 

increased non-convective rainfall in NE and rainfall decreased when dust was removed. Similar 

effects were seen for BC. Biomass burning reduced both convective and non-convective 

rainfall over NE, but the effect was stronger on convective rainfall. Sea salt emissions were 

found to decrease rainfall.  

On the other hand, Fadnavis et al. (2019) observed that the presence of an Asian 

tropopause aerosol layer reduces rainfall during monsoon in India. This is amplified during the 

El-Nino year, when the aerosol contribution is more from East Asia, which makes the aerosol 

layer thicker which enhances droughts during monsoon season, by reducing surface 

evaporation.  Manoj et al. (2012) had related the aberrant break of the Indian Monsoon in 2009, 

during which Central and North India received deficient rainfall which caused droughts to 

indirect aerosol effect. Thus, the reduction in rainfall due to decrease in surface evaporation is 

further worsened by indirect aerosol effects. Cherian et al.( 2017) studied the effect of BC on 

indirect effect with a general circulation model. BC enhanced CDNC by 10-15% in BC 

emission regions which resulted in higher cloud water due to lower cloud water to rain water 

conversion and lower rainfall. In contrast, Kant et al. (2021) observed studied the aerosol-

climate interaction of a certain wintertime hot weather event. Enhancement in rainfall through 

cloud invigoration was suggested due to the positive AOD and rainfall relationship. Moreover, 

Lau et al. (2006) with the help of GCM augmented with aerosol optical depth from the 

GOCART model studied the effect of dust and BC on the Indian monsoon. They observed that 

during the pre-monsoon season aerosols accumulated in the Tibetan Plateau and created a 

heated region. This created low-pressure areas and draws in more moisture from the Indian 

Ocean leading to the intensification of the Indian monsoon. 
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 Ramanathan et al. (2005) did a climate simulation of the South Asian region from 1930-

2000 to understand the climate effects of brown carbon containing BC on the observed trends. 

A strong correlation was found between the increasing emissions and the atmospheric forcing 

and decreasing surface forcing, shown in Figure 2.4. The surface dimming led to decreased 

evaporation levels reducing sea surface temperature which is required for cloud formation and 

rainfall. A reduction of monsoon rainfall of ~5% (±3%) from 1930 to 2000 was seen and was 

consistent with observed monsoon rainfall data. This is further supported by Shiogama et al. 

(2010) and Ming et al. (2010). 

 

Figure 2.4: Change in emissions and radiative forcing (Source: Ramanathan et al. (2005b)) 

 

Moreover, Menon et al. (2002) studied the climate effects of BC in India and China with a 

global climate model. They found that BC may be responsible for altering the vertical motions 

of air and altering the hydrological cycle. It was suggested that BC may be responsible for the 

increased rainfall in southern China and drought-like conditions in the northern areas of both 
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India and China. Ramanathan and Carmichael (2008) however, suggested that it is difficult to 

predict the net effect of black carbon on global rainfall and suggested investigating rainfall at 

regional scales. 

2.5 Planetary boundary layer parametrizations in WRF and WRF-Chem 

 

The PBL parameterizations are responsible for modelling the processes in the lowest levels of 

the troposphere, such as aerosol transport and dispersion as well as the meteorology within it 

and hence for the air quality and regional weather. Hence, the testing of different 

parametrizations is an important exercise to judge its suitability in the study domain and study 

period. A brief description of the mostly used PBL parametrizations found in the literature is 

provided below. 

1. YSU scheme (Hong et al., 2006): It is a first-order, non-local scheme with an explicit 

entrainment layer and a parabolic eddy-diffusivity profile in an unstable mixed layer. 

PBLH is defined on the basis of bulk Richardson number calculated starting from the 

surface. For stable cases, the threshold value is 0 and 0.25 for unstable cases.  

2. ACM2 scheme (Pleim, 2007): It is a first-order, non-local scheme with non-local 

upward mixing and local downward mixing.  

3. MYJ scheme (Janjić, 2001): It is a local, 1.5-order prognostic TKE scheme. PBLH is 

defined as the height where TKE decreases to 0.2 m2 s-2. 

4. MYNN3 scheme (Nakanishi and Niino, 2006): It is a second-order, local closure 

scheme. PBLH is defined as the height at which TKE falls below 1 × 10-6 m2 s-2. It is 

necessary to note that the MYNN or MYNN2 scheme mentioned hereafter is the lower 

or one and half order version of MYNN3. 

TH-3320_186104022



48 
 

5. QNSE scheme (Sukoriansky et al., 2005): It is similar to MYJ. PBLH is defined as the 

height where TKE decreases to 0.01 m2 s-2. 

6. HONG scheme (Shin and Hong, 2015): It is based on TKE and is scale dependent for 

vertical transport.  

2.5.1 For predicting air quality with WRF-Chem 

 

Shi et al. (2021) found the MYNN scheme to be suitable for the prediction of PM2.5 and NO2, 

while YSU for O3 in the Yangtze River Delta, China, among the four tested schemes of YSU, 

ACM2, MYNN and MYJ, carried out during July and November. Similarly, Cuchiara et al. 

(2014) found YSU to show the highest agreement with observations for the prediction of O3 

over Houston, Texas among YSU, ACM2, MYJ and QNSE. Among similar studies in India, 

only two studies are found in the literature: Mohan and Gupta (2018) and Gunwani et al. (2023). 

Mohan and Gupta (2018) tested ACM2 and YSU schemes over Delhi, India to predict air 

quality during June 2015. ACM2 was reported to be more appropriate for prediction of O3 and 

PM10. In addition, Gunwani et al. (2023) reported MYNN and MYJ to more accurately predict 

PM2.5 concentration over the IGP during the winter season on 2017-2018. This shows that, the 

performance of schemes may vary location-wise, as Delhi is also within the IGP, and season-

wise. The above two studies carried out in India also shows that different schemes give better 

performances with different chemical species.  

 2.5.2 For predicting meteorology with WRF 

 

Non-local schemes are found to be more appropriate for unstable atmospheric conditions while 

stable atmosphere by local schemes. Cohen et al. (2015) had studied the effect of several local 

and non-local PBL schemes with WRF to simulate severe cold events in the United States. 

They observed that non-local schemes inducing non-local mixing is necessary to predict the 

lower tropospheric lapse rates. Banks et al. (2016) had carried out a similar as a part of the 
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Hygra-CD campaign over Athens. The non-local schemes consisting of YSU, ACM2 and 

TEMF were found to give the best results when compared with the observations. Xie et al. 

(2012) carried out a similar study over Hong Kong at 27 km, 9 km and 3 km resolution with 

local and non-local schemes and found the non-local scheme, ACM2 to be the best performing. 

Moya-Álvarez et al. (2020) had carried out a sensitivity analysis of PBL schemes in a 

mountainous region in the central Andes of Peru for forecasting of rainfall between 2009 and 

2012 in the months of January, February and March. The schemes producing more unstable 

conditions in the boundary layer with weaker winds were found to be producing more rainfall.  

MYNN3 scheme was adjudged to be the overall best for rainfall forecasting in the region, but 

is a local scheme. These studies thus, generally recommends the use of a non-local scheme. 

Moreover, the Table 2.3 lists similar studies carried out for regions in India. 

 

 

 

 

 

 

 

 

 

TH-3320_186104022



50 
 

Table 2.3: PBL sensitivity studies carried out in India 

Study Study location, season Recommended schemes for meteorological 

parameters 

Gunwani and Mohan 

(2017) 

India, Winter and pre-

monsoon 

Temperature: ACM2 

Relative humidity: QNSE 

Wind Speed: ACM2 and MYNN 

Boadh et al. (2016) Nagpur, winter and 

summer 

All parameter: YSU and MYNN 

Mohan and Bhati (2011) Delhi, winter and summer Temperature and relative humidity: ACM2 

Hariprasad et al. (2014) Kalpakkam, monsoon,  All parameter: YSU and MYNN 

Panda and Sharan (2012) Ahmedabad-Delhi-

Jodhpur, summer and 

winter 

All parameter: MYJ 

Madala et al. (2014) Gadanki, pre-monsoon Rainfall: MYJ 

Madala et al. (2015) Ranchi, all seasons All parameter: ACM2 

Rai and Pattnaik (2019) India, monsoon Rainfall: YSU and ACM2 

Gunwani et al. 2020 Delhi, pre-monsoon All parameter: TEMF (Angevine, 2005) 

 

There have been few studies in India in the last decade which evaluated the performances of 

PBL schemes with WRF model. Among the studies in India, only one study (Gunwani and 

Mohan 2017) covered India's NE region, which was limited to evaluation of the meteorological 

parameters during December (winter) and May (pre-monsoon) at 10 km grid grids size for all 

of India.  

2.6 Summary of literature review 

 

The review finds the presence of a negative rainfall over NE India during the pre-monsoon 

season trend but also an increase in frequency of higher intensity rainfall, both of which indicate 

a problem for the inhabitants of the biosphere. Negative rainfall trend might reduce the 
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availability of water while increase in frequency of higher intensity rainfall indicates a health 

hazard through occurrence of floods. Due to being in close proximity, the region also observes 

emission transport by the Westerlies during this season from the IGP, which is considered as 

one of the pollution hotspots of the world and the largest source of BC in India. Hence, a 

mixture of different pollutants is transported from the IGP during this season. The literature 

also shows that the absorption capability of BC increases during its transport from the IGP to 

NE India and coincidentally, the region observes the highest atmospheric heating during this 

period. Moreover, the aerosol mass loading over this region has seen an increasing trend along 

with the BC concentration. This gives possible hints that links different aerosol effects and 

rainfall trend. In addition, the literature also finds the occurrence of different aerosol effects 

over NE India through observational studies which verifies its presence in the region. Direct 

and semi-direct effect was found to cause surface cooling, atmospheric heating and evaporation 

of clouds. Moreover, indirect effect was also found to affect clouds. Hence, the aerosol-cloud-

radiation-rainfall processes need to be studied owing to the coincidence of high aerosol loading 

and negative rainfall trend over NE India during the pre-monsoon season. The seasonal rainfall 

pattern during pre-monsoon is shown in Figure 3.3.2 and which mainly due the westerly and 

southerly wind flow moisture transport from other regions outside NE India, as described in 

Section 3.3.2.  

BC aerosols through its atmospheric warming creates instability over NE India which 

enhance this southerly wind flow and causing more rainfall (Soni et al., 2018) and is the only 

literature found for aerosol effect on pre-monsoon rainfall. The literature review finds 

modelling studies are more focussed on aerosols effects on monsoon rainfall. Moreover, 

several studies showed an increase in BC emissions in the last two decades. Global scale studies 

carried out by different models (Menon et al., 2002; Ramanathan et al., 2005; Lau et al., 2006) 

in different regions of the world shows different nature of results and may be a function of the 

TH-3320_186104022



52 
 

region,  which needs to be studied on a regional scale (Ramanathan and Carmichael, 2008) as 

its effects vary regionally. Hence, the effect of BC on rainfall was found to be uncertain with 

its increase in emissions and is required to be studied on a regional scale. 

 The two important studies giving directions to the objectives of this thesis as 

well as showing the research gap are Dahutia et al. (2018) and Soni et al. (2018). Dahutia et al. 

(2018) has added tried to explain the decreasing rainfall trend as a result of aerosol effects 

while the modelling study (Soni et al., 2018) explained the direct effect of BC on the wind flow 

causing increased rainfall. However, none of the studies quantify the roles of different aerosol 

effects and their mechanisms on the established wind flow responsible for causing rainfall. 

Indirect effect is generally found to be a dominant mechanism in literature but not covered in 

this study (Soni et al., 2018). Moreover, these studies did not distinguish between the quantity 

of transported aerosols and aerosols generated within NE India and their impacts, which would 

be helpful to identify the region of influence. Overall, none of the studies quantify the influence 

of the emissions in IGP over the climatic effects observed over NE India. Thus, this study can 

shed light on the declining rainfall trend in a detailed manner, taking into account the role of 

all aerosols in general and BC specifically. Also, the literature also show enhancement in BC 

emissions in last decades but does not show whether and how this can impact rainfall quantity 

and intensity over NE India and whether it has any relation on the increasing rainfall frequency.  

The literature also finds that PBL parametrization to be an important aspect for 

modelling dispersion of air pollutants as well as modelling of meteorology. Also, most of the 

studies have suggested the use of non-local schemes to simulate the boundary layer as they 

ensure better mixing within the layer. However, the performance of schemes varied from region 

to region and season depending on the prevailing weather conditions. Hence, it is suitable to 

test different PBL schemes to judge their suitability in the modelling domain. The review did 

not find any PBL parametrization sensitivity study with WRF-Chem for dispersion chemical 
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species over NE India in pre-monsoon season. The literature shows that ACM2, YSU, MYJ 

and MYNN schemes are generally tested and used for air quality modelling with WRF-Chem. 

Hence, these schemes were tested with WRF-Chem for finding a suitable PBL scheme for 

pollutant dispersion in the study period. Additionally, there is no study to date which evaluates 

the PBL schemes' performance with the WRF model in NE India during pre-monsoon and 

monsoon for prediction of meteorology. Hence, PBL schemes were tested with the WRF model 

for meteorology prediction at a higher grid resolution. The study is extended to the monsoon 

season to check whether similar or different PBL schemes are suitable as both these seasons 

are rainfall periods for this region. 
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3.  Pre-monsoon aerosol flow and its direct and semi-direct 

effect on rainfall 
 

3.1 General 

 

The chapter analyses the flow pattern of aerosols during the pre-monsoon season and its direct 

and semi-direct radiative effect on the rainfall over NE India during this period. The study first 

makes a comparative analysis between different planetary boundary layer parametrization 

schemes w.r.t prediction of different chemical species. The best-performing scheme is then 

utilized for aerosol flow analysis and assessing the influence of direct and semi-direct effects 

of aerosols on the pre-monsoon rainfall mechanisms. The pre-monsoon season is a transition 

period from the dry and colder winter (December – February) towards the hotter and wetter 

monsoon (June – September). The pre-monsoon period is marked by moderate to high 

temperatures, Westerlies, and initiation of rainfall in this region, whereas the monsoon season 

is characterized by high rainfall from the South-West monsoon and high temperatures. 

3.2 Methodology 

 

3.2.1 Model domain 

 

The study used version 4.2.1 of the WRF-Chem model (Grell et al., 2005). Being an online 

coupled two-way model, both atmospheric chemistry and meteorology affect each other. The 

model domain for the simulations is shown in Figure 3.1, which also shows the terrain height 

in the domain. The domain covers the IGP, NE India, along with other regions of the Indian 

subcontinent. The domain is selected based on a preliminary investigation that showed NE 

India to be receiving air flows from the western and southern directions. The northern boundary 

of the IGP and NE India is bounded by the Himalayas. The NE India region is bounded by the 

black lines within the red box, which consists of hilly terrain, with hill ranges in the south and 

mountain ranges in the north, forming the narrow region of Brahmaputra River valley along 
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the east-west direction. The domain extended from 10.64 to 31.22 °N and 71.67 to 100.43 °E 

with 300 (east-west) × 232 (north-south) grid points at 10 km resolution. The model extended 

from the surface up to a height of 17 km, divided into 45 levels. The level spacing between the 

surface and the next level is 40 m. The dashed lines indicate the location of the vertical cross-

sections in Figure 3.7. 

 

Figure 3.1: Domain used in WRF-Chem model simulations with the red box showing the location of NE 

India region within the modelling domain 

 

3.2.2 Model inputs and configuration 

 

ERA5 reanalysis datasets (Hersbach et al., 2020) were used for meteorological initial and 

boundary conditions. The dataset consists of hourly analysis at 30 km spatial resolution up to 

a height of 80 km. 
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The chemical initial and boundary conditions were developed from CAM-Chem output 

data (Lamarque et al., 2012). Anthropogenic emissions at 0.1°×0.1° were taken from the 

CAMS emission inventory (Granier et al., 2019). The inventory is based on the EDGARv4.3.2 

inventory (Crippa et al., 2018) for 2010, extended to subsequent years based on the trends in 

CEDS inventory (Hoesly et al., 2018).  Fire emissions were taken from the FINN inventory 

(Wiedinmyer et al., 2010), which estimates fire emissions of gases and aerosols from open 

burning sources based on satellite observations. Biogenic emissions from the terrestrial 

ecosystem were estimated online with the MEGAN model v2.04 (Guenther et al., 2006). The 

MOZART chemistry model (Emmons et al., 2010) and the MOSAIC (Zaveri et al., 2008) 

aerosol model simulated atmospheric chemistry. MOZART includes 85 chemical species and 

196 chemical reactions. MOSAIC (Zaveri et al., 2008) is a sectional aerosol model with 4 bins 

that assumes the aerosols to be internally mixed. At a point in space, within a particular bin, all 

the aerosols present at that point are mixed together so that all the particles have the same 

composition, while the other bin might have a different composition. Bin sizes range from 

39.0625-156.25 nm, 156.25-625 nm, 625-1250 nm, and 1250-10000 nm dry diameters. The 

model considers 12 aerosols such as sulfate, methanosulfonate, nitrate, chloride, carbonate, 

ammonium, sodium, calcium, BC, organic carbon, liquid water and other inorganic species 

such as silica, trace metals, minerals, all together specified as “other inorganic mass”, which is 

considered as dust aerosol. In contrast to the other aerosols, dust aerosols are simulated online 

that depend on the land use category and wind speed among other factors, described in Zhao 

et al. (2010). The change in composition and number concentration of aerosols between 

different bins occurs due to different aerosol processes such as gas-particle partitioning, 

homogenous nucleation, coagulation, dry removal, wet removal, heterogeneous chemistry and 

acting as nucleation sites for cloud droplets and ice particles. The estimation of aerosol optical 

properties in WRF-Chem is described in Fast et al. (2006). 
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The physics parametrization schemes that were used included the RRTMG scheme 

(Iacono et al., 2008) for both short-wave and long-wave radiation, NOAH land surface model 

(Tewari et al., 2004), Grell-Freitas cumulus scheme (Grell and Freitas, 2014) for sub-grid scale 

convective transport of moisture, heat, gases and aerosols and Morrison microphysics scheme 

(Morrison et al., 2009). MOSIAC is coupled with the Morrison microphysics scheme for CCN 

activation into cloud droplets. However, the MOZART-MOSAIC scheme in this study does 

not support cloud droplet activation of aerosols and hence only the direct and semi-direct 

effects are analysed. Only the wind components above the boundary layer were nudged using 

spectral nudging. Four planetary boundary layer schemes were evaluated and details regarding 

it is provided in the next section. 

3.2.3 Simulation details 

 

Rainfall over the NE India region increases continuously from March to May, which may be 

verified from observed rainfall in Figure 3.2, sourced from IMD 

(https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_Bin.html. ) by Pai et al. (2014). The 

data consists of daily rainfall data at 0.25° × 0.25°. Hence, the mid-season period of 10 days 

from 10th to 19th April 2018 was used for the study. A period of 13 days from 7th to 19th April 

2018 was simulated. However, the period of 3 days from 7th to 9th was taken as model spin-up. 

Model outputs from 10th to 19th were used for analysis. Moreover, April 2018 period was also 

an El-Nino Southern Oscillation and Indian Ocean Dipole neutral period and hence was 

suitable for rainfall analysis with aerosols. The months of March and May were also simulated 

for the same duration as April but only used for aerosol flow analysis.  
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Figure 3.2: Mean daily observed rainfall (mm day-1) from 2001-2020 in a) March b) April c) May 

 

Table 3.1: Description of simulations 

 Simulation name Description of simulation 

1. NOR With standard emissions and aerosol radiative effects turned on 

2. NOFEED Same as NOR but with aerosol radiative effects turned off 

3. NO_BC_ABS Same as NOR but with absorption by BC disabled 

4. 2NOR Same as NOR but with 2×BC emissions 

5. 4NOR Same as NOR but with 4×BC emissions 

 

A brief description of the simulations carried out for this study is provided in Table 3.1. 

NOR simulation represents the normal atmospheric scenario with standard emissions from 

CAMS emission inventory and with aerosol radiative feedbacks turned on in the model. The 

NOR simulation was conducted separately with different planetary boundary layer (PBL) 

schemes to evaluate and compare which scheme best predicts chemical species. Four PBL 

schemes were tested: YSU scheme (Hong et al., 2006), ACM2 scheme (Pleim, 2007), MYJ 
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scheme (Janjić, 2001), MYNN3 scheme (Nakanishi and Niino, 2006). These schemes were 

selected based on their frequent use with the model available in literature as well as on 

suggestions from the modelling community. The chemical species outputs of these four 

simulations were evaluated and the best performing PBL scheme was used for the remaining 

simulations in Table 3.1, as well for simulations in Chapter 4 and 5. The same PBL scheme 

was also used for the simulations of March and May.  

NOFEED is similar to NOR, except with aerosol radiative feedbacks turned off. Hence, 

the difference between the NOR and NOFFED scenarios gives the effect of aerosol radiative 

feedback due to all aerosols, or called as aerosol direct effect and described in the Section 1.1. 

A similar approach has been used before in Wang et al. (2015). 2NOR and 4NOR, respectively, 

have twice and four times the standard BC emissions compared to NOR. NO_BC_ABS is 

similar to NOR but with no solar radiation absorption by BC and hence no atmospheric heating 

by BC. Thus, the difference between NOR, 2NOR, 4NOR and NO_BC_ABS help to study the 

influence of changing atmospheric heating due to BC on radiation, clouds and rainfall and 

rainfall characteristics, called as the semi-direct effect, as described in Section 1.1. The process 

of changing emissions also helps to bridge the uncertainty with emission inventories, as 

Gadhavi et al. (2015) found emission underestimation in  BC emission rates to be the primary 

reason behind model underestimation of BC concentration. The approach of finding the BC 

semi-direct effects by changing emissions is taken from Lindeman et al. (2011), but in this 

study, the absorption due to BC is disabled instead of turning off the emissions. This allowed 

only the absorptive component of the BC refractive index to be turned off while allowing 

scattering. A similar approach was used by Ghan et al. (2012). 
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3.2.4 Model evaluation 

 

The NOR simulations with the four different PBL schemes were first evaluated against 

MERRA-2 global model dataset for comparison of predicted chemical species. Furthermore, 

evaluation of meteorology was also carried out against surface station and gridded dataset.  

Mean error (ME), root mean square error (RMSE) and index of agreement (IOA) were used as 

statistical parameters. 

3.2.4.1 Evaluation of chemical species 

 

The M2T1NXAER_5.12.4 dataset from the MERRA-2 global model (GMAO, 2015) provides 

one-day averaged surface level concentrations of organic carbon, BC, sulfate and dust 

(https://disc.gsfc.nasa.gov/datasets/M2T1NXAER_5.12.4/summary). MERRA-2 model is run 

at 0.625° × 0.5° spatial resolution. Hence, the M2T1NXAER_5.12.4 is regrided to match the 

WRF-Chem model output resolution. The statistical evaluation of MYNN3, ACM2, YSU and 

MYJJ over the whole modelling domain and NE India using this MERRA-2 dataset is provided 

in Table 3.2. 
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Table 3.2: Statistical evaluation of chemical species. RMSE and ME in µg m-3 

 
 

NOR-MYNN3 NOR-ACM2 NOR-YSU NOR-MYJ 

  Whole 

domain 

NE 

India 

Whole 

domain 

NE India Whole 

domain 

NE India Whole 

domain 

NE India 

BC RMSE 0.70 0.64 1.09 0.89 0.67 0.77 0.70 0.66 

IOA 0.51 0.53 0.50 0.52 0.50 0.50 0.49 0.52 

ME 0.21 -0.13 0.40 -0.01 -0.19 -0.48 0.19 -0.14 

Organic carbon RMSE 4.60 5.44 5.77 6.61 4.51 5.29 4.70 5.36 

IOA 0.49 0.47 0.49 0.48 0.51 0.48 0.49 0.48 

ME -0.45 -2.99 0.22 -2.13 -0.62 -3.01 -0.28 -2.67 

DUST RMSE 38.62 23.90 41.63 28.40 53.04 41.63 39.77 25.86 

IOA 0.39 0.37 0.35 0.33 0.33 0.26 0.35 0.33 

ME -16.25 -16.75 -22.57 -21.34 -45.23 -39.03 -17.91 -20.15 

sulfate RMSE 2.47 2.88 2.39 2.82 2.45 2.86 2.48 3.02 

IOA 0.40 0.46 0.40 0.46 0.39 0.42 0.37 0.41 

ME 1.39 -1.01 1.29 -0.58 1.30 -0.43 1.22 -0.70 

Mean of all 

species 

RMSE 11.60 8.22 12.72 9.68 15.17 12.64 11.91 8.72 

IOA 0.45 0.46 0.44 0.45 0.43 0.41 0.42 0.44 

ME -3.78 -5.22 -5.16 -6.01 -11.18 -10.74 -4.19 -5.92 

 

The best statistical values are represented by bold letters. The results show that MYNN3 

performed the best among all the schemes, with most of the chemical species, including BC, 

and dust, both throughout the domain as well as over NE India. ACM2 performed the best with 

sulfate while YSU simulated OC better. Overall, it was observed that MYNN3 had the least 

RMSE (whole domain: 11.60 µg m-3, NE India: 8.22 µg m-3), highest IOA (whole domain: 

0.45, NE India: 0.46) and least ME (whole domain: -3.78 µg m-3, NE India: -5.22 µg m-3) 

considering all the chemical species.  Hereafter, the NOR-MYNN3 simulation is called as 
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‘NOR’ simulation and is used for the subsequent evaluation in this study and simulations in  

Chapters 4 and 5.  

3.2.4.2 Evaluation of meteorology 

 

Surface station datasets (https://mesonet.agron.iastate.edu/sites/locate.php) from IMD were 

used to evaluate meteorological parameters of 2m temperature, 2m relative humidity, 10 m 

wind speed and wind direction at Bangalore (13.20 °N, 77.70 °E), Delhi (28.56 °N, 77.11 °E), 

Kolkata (22.65 °N, 88.45 °E), Mumbai (19.10 °N, 72.86 °E), Patna (25.59 °N, 85.08 °E) and 

Guwahati (26.10 °N, 91.58 °E) against the NOR simulation.  IMD gridded rainfall dataset by 

Pai et al. (2014) as mentioned before was used to evaluate rainfall. This dataset was regrided 

to match model output resolution for comparison. 

 The meteorological performance statistics are shown in Table 3.3. According to Emery 

et al. (2001),  RMSE value of 2.0 K, IOA > 0.7 and ME ±0.5 K was proposed for temperature 

and the acceptance criteria of IOA > 0.7, RMSE < 20%, and ME < 10% were considered for 

relative humidity as used by Gunwani and Mohan (2017). Also, according to Emery et al. 

(2001), ME should be ±0.5 m/s, IOA > 0.6 and RMSE should be within 2.0 m/s for wind speed. 

Considering these criteria, the model under-predicts temperature and performs well with 

relative humidity and wind speed. In the case of wind direction model shows a large RMSE, 

which may also be related to slow wind speeds as under-prediction is observed (Carvalho et 

al., 2014).  

Statistically, over the NE India region, rainfall in NOR has an RMSE of 21.26 mm/day, 

IOA of 0.40 and ME of 9.22 mm/day. Overestimated rainfall may also be due to the non-

inclusion of indirect effects in this high aerosol loading region. In terms of rainfall 

performance, the model overestimates rainfall but the spatial distribution is similar shown in 

Figure 3.3. Rainfall overestimation with the same model was also observed in Kumar et al. 
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(2015). The overestimated rainfall, especially over higher terrain, may be a feature of the model 

as seen in the same study and also in Soni et al. (2018). However, the objective of this study to 

analyse the response of the meteorological parameters and rainfall to different emission 

scenarios and to aerosol effects and hence their accurate prediction is not necessary.
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Table 3.3: Performance statistics of meteorological parameters 

 
Temperature (K) Relative humidity (%) Wind speed (m/s) Wind direction (°) 

 
ME RMSE IOA ME RMSE IOA ME RMSE IOA ME RMSE IOA 

Bangalore -1.99 2.25 0.93 2.10 10.39 0.96 0.00 1.15 0.56 -15.82 44.95 0.81 

Delhi -0.72 1.84 0.96 2.45 7.75 0.94 -0.73 1.74 0.62 6.98 91.65 0.80 

Kolkata -2.87 3.86 0.79 14.08 16.94 0.78 -0.21 1.81 0.57 11.81 59.59 0.50 

Mumbai -1.95 2.48 0.82 1.69 10.60 0.85 -1.17 1.58 0.78 10.41 81.42 0.63 

Patna -0.16 1.86 0.95 1.54 10.87 0.92 0.27 1.48 0.65 1.57 85.49 0.82 

Guwahati -1.45 2.59 0.78 5.03 11.99 0.76 -0.47 1.85 0.37 36.35 137.46 0.58 

Mean -1.54 2.46 0.89 4.37 11.31 0.89 -0.37 1.55 0.63 2.99 72.62 0.71 

 

 

Figure 3.3: Spatial distributions of total rainfall (mm) in WRF-Chem (left) and IMD (right) 
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3.3 Results and discussions 

 

3.3.1 Aerosol flow analysis 

 

The product of air velocity and aerosol concentration at a point shows the flux at that point and 

the path shown by the streamline shows the path of instantaneous direction of air flow. If the 

wind components are averaged, the streamlines show the prevailing direction of flow. The 

streamline plots are shown for multiple model levels, which are the model outputs at multiple 

heights from the surface. 

Figures 3.4, 3.5 and 3.6 show the PM10 aerosol mass flux at 20, 160, 520, 1330, 2340 and 

4850 m above ground level, respectively for March, April and May. The direction of the arrow 

represents the direction in which the aerosol at a point will be carried to. Higher flux at any 

location is also an indication of higher aerosol concentration at that point. At lower levels (20 

m, 160 m), incoming aerosol flow is from the south and south-west side over the Bay of Bengal. 

At these heights, the airflow diverts to the west due to obstruction by the Khasi hills in 

Meghalaya. The influx from the IGP is not seen at these heights. As we go to higher heights, 

there is a change in the wind direction and along with it the direction of influx. At 520 m and 

higher, the direction of influx gradually changes to the west, with contribution from the IGP. 

In March at 520, 1330 and 2340 m, the maximum flux values occur within NE, while for April 

and May, it is over IGP. This can lead to higher aerosol influxes from IGP in April and May. 

Thus, the IGP acts as a source of emissions to be transported to the NE Indian region during 

the pre-monsoon season. Also, it is seen that, fluxes near the surface levels are relatively less, 

which increases with an increase in height at 520, 1150 and 2340m. Thus, the mid-level heights 

are more involved in aerosol transport, which causes elevated aerosol layers in NE India during 

pre-monsoon season. This is verified in Figure 3.7. 
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Figure 3.4: Wind flow streamlines and aerosol mass flux (µg m2 s-1) at a) 20 m b) 160 m c) 520 m d) 1330 

m e) 2340 m in March 
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Figure 3.5: Wind flow streamlines and aerosol mass flux (µg m2 s-1) at a) 20 m b) 160 m c) 520 m d) 1330 

m e) 2340 m in April 
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Figure 3.6: Wind flow streamlines and aerosol mass flux (µg m2 s-1) at a) 20 m b) 160 m c) 520 m d) 1330 m 

e) 2340 m in May 
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Figure 3.7: Vertical cross-sectional flux profile (µg m2 s-1) of black carbon between 21° and 28° N latitude 

and along a) 88° E longitude and b) 91.74° E longitude in April 

The vertical cross-sectional flux profiles of black carbon, which is one of the components of 

PM10, are shown in Figure 3.7. These cross-sections are also indicated by yellow (88° E) and 

orange (91.74° E) dashed lines in Figure 3.1. The profiles indicate west-east component of 

fluxes and hence, positive values indicate inflow into NE India from IGP and negative values 

indicate the outflow from NE India to IGP. These plots confirm the aerosol flow direction 

shown before. Positive influx exists at multiple levels, the major being at around 2000-4000 m 

(a) 

(b) 
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and also at around 10000 m. Outflow is observed near the surface. Hence different natures of 

aerosol flow are observed at different heights.  

3.3.2 Aerosol radiative effect on rainfall 

 

 

Figure 3.8: Spatial distributions showing contribution (%) of CR (left) and NCR (right) in total rainfall 

 

This section discusses the radiative effect of the aerosols on the pre-monsoon rainfall in the NE 

India region. In WRF and WRF-Chem, rainfall is divided into sub-grid or convective rainfall 

(CR) and grid-scale/microphysical or non-convective (NCR) rainfall. NCR rainfall is 

contributed by stratiform-type clouds, controlled by the microphysics scheme. CR, controlled 

by the cumulus scheme, is contributed by cumulus-type clouds formed due to rising thermals. 

The contribution of grid-scale rainfall with NOR was more area-wise (Figure 3.8). NCR was 

found to be more spatially dominant in the region, also reported by Romatschke and Houze 

(2011). CR rainfall was seen to be dominant mostly along the Brahmaputra River Valley. 
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Figure 3.9: Spatial distribution of percentage change in total rainfall between NOR and NOFEED 

simulations 

 

Figure 3.9 shows the percentage change in 10-day total rainfall over NE India due to aerosol 

radiative effects, estimated from NOR-NOFEED. The figure shows regions containing 

concentrated regions of total rainfall changes. However, every grid point includes both periods 

of rainfall enhancement and suppression, as seen in Figure 3.10, which shows the spatial 

distribution of the percentage of simulation time aerosols increase or decrease rainfall.  
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Figure 3.10: Spatial distributions of percentage of time (a) total rainfall increases, (b) total rainfall 

decreases, (c) CR increases, (d) CR decreases, (e) NCR increases and (f) NCR decrease 
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The regional mean within NE India for Figures 3.10(a) and 3.10(b) is 39.16% and 40.89%, 

respectively, the value of 39.16% mostly contributed by the southern region, while it is more 

homogenously contributed by the entire region for the 40.89%.  If the southern region is not 

considered, the regional mean changes to 37.24% and 41.73%. Moreover, since the model 

overestimated rainfall, suppression might be even more temporally and spatially dominant. 

Most of the total rainfall changes, both increase and decrease, were induced by changes in 

NCR, as seen by comparing Figures 3.10(c), 3.10(d), 3.10(e) and 3.10(f). The decrease in CR 

was more in the western region of NE India and mostly lay on the low terrains along the valley, 

in contrast to the NCR, which showed more suppression along the higher terrains. In both cases 

of CR and NCR, suppression was more dominant than enhancement and hence, was mostly 

affected by aerosol radiative feedback. Both suppression and enhancement occurred due to 

changes in low-intensity rainfall followed by high-intensity rainfall, shown in Figure 3.11. 

 

Figure 3.11: Spatial distributions of percentage of time aerosols increase a) low b) medium c) high-

intensity rainfall and decrease d) low e) medium f) high-intensity rainfall 
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Moderate-intensity rainfall was the least affected. The definition of low (<5 mm day-1), medium 

(5-10 mm day-1) and high-intensity (≥ 10 mm day-1) rainfall are based on Raju et al. (2015). 

The regional average across all intensities implied suppression to be dominating. The regional 

average across intensities of suppression: 22.25% (low), 4.00% (medium) and 14.63% (high) 

and enhancement: 21.05% (low), 3.79% (medium) and 14.32% (high). Thus, rainfall 

suppression occurred more amount of the time compared to enhancement in most of the region 

across all rainfall intensities.  

3.3.3 Comparison with observations 

 

 

Figure 3.12: Spatial differences of (a) IOA (b) ME (mm day-1) and (c) RMSE (mm day-1), estimated from 

the difference in model performance statistics of NOR and NOFEED simulations 
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But was the rainfall enhancement or suppression due to aerosol feedback an actual process, or 

was it just a model-simulated outcome? Figure 3.12 shows the difference in performance 

statistics of IOA, ME and RMSE. These statistics were estimated for both NOR and NOFEED 

simulations by comparing against the IMD dataset and then spatially subtracting them (NOR 

statistics -NOFEED statistics) over the region shown in the figure. At the locations where 

performance had improved (IOA change >0 and RMSE change <0), the mean difference from 

these locations (negative at 829 and positive at 190 grid points) came out as -3.88 mm day-1 

per grid point. Similarly, at the locations where performance had reduced (IOA change <0 and 

RMSE change >0), the calculated mean difference from these locations (negative at 245 and 

positive at 929 grid points) came out as 3.63 mm day-1 per grid point. This shows that aerosol 

feedback in the NOR simulation, which represents the natural atmospheric state suppressed 

rainfall at locations with improved performance but overestimated rainfall at locations with 

degraded performance. For further verification, grid points were selected based on 50th, 75th, 

90th and 95th percentile criteria values of IOA and 50th, 25th, 10th and 5th percentile values of 

RMSE. Table 3.4 shows the number of grid points that fulfil both the criteria and where the 

difference between NOR-NOFEED rainfall is >0 or <0. Values in brackets show criteria RMSE 

percentile values. 

Table 3.4: Rainfall difference and grid points based on criteria 

Percentile 50(50) 75(25) 90(10) 95(5) 

 NOR NOFEED NOR NOFEED NOR NOFEED NOR NOFEED 

No. of grid points 

with difference >0 

388 630 123 243 23 74 9 31 

No. of grid points 

with difference <0 

531 430 196 83 51 16 23 6 

Difference (mm 

day-1) 

-0.97 1.99 -1.27 2.45 -1.40 3.12 -1.92 3.15 

 

For the NOR column, percentile values were first estimated from evaluated statistics for NOR 

rainfall (IOA and RMSE). Then the rainfall data from the corresponding grid points of NOR 
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and NOFEED qualifying the percentile criteria (IOA and RMSE should be higher and lower, 

respectively than the corresponding percentile value) were extracted and mean rainfall 

difference from those selected grid points data were estimated. A similar procedure for 

NOFEED column, but evaluated statistics were read from NOFEED. The number of selected 

grid points is small as it must satisfy both the IOA and RMSE criteria simultaneously. The 

mean rainfall differences for NOR with respect to 50th, 75th, 90th and 95th percentile is -0.97, -

1.27, -1.40 and -1.92 mm day-1, shown in Table 3.4. Thus, out of the grid points falling into the 

criteria, rainfall suppression was seen at most of them for NOR, which contributes to the overall 

difference and this is the same among all the criteria. It is seen that aerosol feedback mostly 

suppressed rainfall on average. However, this does not mean that rainfall suppression or 

enhancement may not have occurred at other locations, but the model was unable to simulate 

rainfall with adequate accuracy at those locations with aerosol feedbacks incorporated, which 

is the natural and real atmospheric condition. It is seen that the number of grid points with a 

difference >0 was more in NOFEED in all criteria and the rainfall difference was positive. 

Thus, NOR overestimated rainfall at poorly performing locations. With the increase in the 

strictness of criteria from 50th to 95th percentile, the mean rainfall difference in NOR 

consistently increased, which verified that better-performing locations indeed had rainfall 

suppression. Thus, this analysis supports what was observed in the previous analysis that 

aerosols suppress rainfall at most of the region since most of the grid points qualifying the 

criteria show suppression. This also shows that depending on the location, aerosol feedback 

may induce errors by high-intensity rainfall. Figure 3.12 also shows that large rainfall errors 

may be involved in the southern region and hence rainfall suppression may be even more 

dominant. 
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3.3.4 Rainfall suppression and enhancement analysis 

 

The NE India region has been divided into four regions for analysis: west (region 1), east 

(region 2), north and north-east (region 3) and south (region 4), which is shown in Figure 

3.13(e). Figure 3.13 shows the changes in cloud fraction, cloud droplet number and water vapor 

mixing ratio due to radiative effects, estimated from NOR-NOFEED.
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Figure 3.13: Spatial distributions of difference in cloud fraction (a, b, c, d), cloud droplet number (e, f, g, h) in # kg-1  and water vapor mixing ratio (i, j, k, l) in g kg-

1 between NOR and NOFEED simulations. Figures in each column are at the same model. Height increases from left to right in each row, given in Figure 3.14. 
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Figure 3.14: Spatial distributions of geopotential heights (m) of model levels at levels =11, 13, 15 and 17 (from left to right) 
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The spatial distributions of increase and decrease in cloud fraction matched the spatial 

distribution of total rainfall in Figure 3.10. This shows that rainfall changes are related to cloud 

cover changes. This is further verified by the spatial distribution of cloud droplet number 

concentration changes, matching with rainfall and cloud fraction distributions. Thus, the 

aerosol radiative feedback influenced the cloud microphysical processes. The southern region 

shows large increases in water vapor, cloud fraction and cloud droplets which also relates to 

the large increase in rainfall of 26.47%. A decrease in water vapor is seen over the higher 

terrain areas, which also shows a decrease in clouds, rainfall and cloud droplets. This relates 

water vapor changes to cloud and rainfall changes. The wind flow pattern has been discussed 

in Section 3.3.1, in which near-surface winds flow from over the Bay of Bengal but gradually 

change to the west with increasing height. Aerosols effects cause more moisture inflow at lower 

heights into NE India from the Bay of Bengal, causing an increase in moisture, while moisture 

decreases with increasing height and at higher terrain, as seen from Figures 3.13(i, j, k, l). This 

may again be verified from the cross-sectional profiles of water vapor mixing ratio change in 

Figure 3.15, which shows moisture increase below 2000 m and decrease above it. Thus, these 

changes in moisture w.r.t altitude explain the terrain-wise changes in cloud cover and rainfall. 

Soni et al. (2018) observed that atmospheric heating due to BC leads to stronger meridional 

winds, which bring more moisture from the Bay of Bengal during pre-monsoon. Dahutia et al. 

(2018) also observed that there had been a decrease in moisture in the region, which has led to 

cloud reduction.
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Figure 3.15: Vertical cross-sectional profiles of water vapor mixing ratio (kg kg-1) change between 22.5° and 30° N latitudes and along a) 90° E b) 91° E c) 92° E d) 

93° E longitudes 
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The region-wise quantitative values of short-wave radiation changes are shown in Table 

3.5. For the NOR-NOFEED column, radiation changes due to only aerosols were estimated 

from NORSWDBNC – NOFEEDSWDBNC and also similar for other scenarios. SWDNBC model 

variables represent clear sky radiation without clouds. Aerosols radiative feedback also caused 

a reduction in surface incident solar radiation across all regions due to scattering and absorption 

with a regional mean of -28.22 W m-2, as shown in Table 3.15. With the increase in emissions, 

radiation values decrease continuously from -11.85 to -32.29 W m-2 for region 1 due to 

increased scattering and absorption and vary similarly for other regions. Radiation reduction is 

more in the NOR-NOFEED scenario as it includes radiative feedback from all aerosols. This 

led to decreased sensible heat fluxes and surface evaporation, which may be verified by Figure 

3.16. 

Table 3.5: Average region-wise change in surface short-wave radiation (W m-2) aerosol radiative feedback 

and BC absorption 

Region NOR-

NOFEED 

NOR-NO_BC_ABS 2NOR-

NO_BC_ABS 

4NOR-

NO_BC_ABS 

Region 1 -32.69 -11.85 -20.87 -32.29 

Region 2 -30.52 -10.74 -19.50 -30.08 

Region 3 -18.47 -5.77 -10.57 -15.38 

Region 4 -31.21 -10.82 -20.31 -29.00 

Mean -28.22 -9.80 -17.81 -26.69 

 

 

Figure 3.16: Spatial distribution of percentage change in sensible heat flux (left) and upward surface 

moisture flux (right) 

  

TH-3320_186104022



85 
 

The higher atmospheric level flow over NE India was from the western direction and a 

simultaneous decrease in moisture was seen over NE India and the western region of NE India, 

as was seen in Figures 3.13(i, j, k, l). Thus, a decrease in upper-level moisture due to a reduction 

in surface moisture beyond the west of NE India contributes to a decrease of moisture between 

2000 and 4000 m over NE India, which affects the rainfall and clouds over higher terrain areas. 

High correlation values between cloud fraction and water vapor mixing or moisture at higher 

altitudes and terrain areas of NE India exist, as shown in Figure 3.17, which also relate the two 

parameters. Reduction in moisture above 2000 m led to a decrease in clouds and NCR over 

higher terrain as the Morrison scheme, which is responsible for the NCR, is dependent on 

moisture availability (Morrison et al., 2009). Moreover, as seen in section 3.3.2, NCR was more 

dominant, as well as the more affected rainfall.
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Figure 3.17: Spatial distributions of the correlation coefficient between cloud fraction and water vapor mixing ratio from model level = 6 to 14 shown from figure a 

to i. Geopotential heights of model levels are provided in Figure 3.18. 
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Figure 3.18: Spatial distributions of geopotential heights from model level = 6 to 14 shown from figure a to i 
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 The cross-section profile of temperature change between 22.46° and 30° N latitudes 

and along the 92.03° E longitude due to radiative feedbacks in Figure 3.19 shows the presence 

of a layered temperature profile, with temperature increases and decreases occurring 

alternately. Similar profiles also exist along other longitudes within NE India (figures not 

shown).   

 

Figure 3.19: Vertical cross-sectional profile of difference in temperature (K) between NOR and NOFEED 

simulations between 22.46 ° N and 30.0° N latitude and along 92.03° E longitude 

 

Elevated heating is observed below 4000 m with a maximum regional average (average of 

region 1, 2, 3 and 4) temperature increase of 0.265 K between 1500-1600 m (hereafter referred 

to as elevated temperature layer).  Another elevated heating layer is observed between 6000 m 

and 10000 m, though its magnitude of temperature increase is less. This heating is due to the 

presence of absorptive aerosols like BC and dust. Figures 3.20 and 3.21 show cross-sectional 

profiles of BC and dust concentration between 22.46° and 30° N latitudes and along the 92.03° 

E longitude.  
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Figure 3.20: Vertical cross-sectional profile of black carbon concentration (μg m-3) between 22.46° and 

30.0° N latitudes and along 92.03° E longitude 

 

 

Figure 3.21: Vertical cross-sectional profile of dust concentration (μg m-3) between 22.46° and 30.0° N 

latitudes and along 92.03° E longitude 
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Dust had an elevated concentration profile similar, while BC was more concentrated near the 

surface. Even though BC does not show an elevated concentration profile similar to the dust 

profile, the similarity between NOR-NOFEED and NOR-NO_BC_ABS profiles below 2000 

m in Figure 3.22(a) shows that lower atmosphere heating is mostly contributed by BC and is 

mostly responsible for the elevated temperature layer.  

 

Figure 3.22: Regionally averaged vertical profiles of a) temperature change b) water vapor mixing ratio 

change, estimated from different simulation combinations 

 

Similar profiles can also be seen for 2NOR-NO_BC_ABS and 4NOR-NO_BC_ABS in Figure 

3.22(a), which shows increasing atmospheric heating with increasing emissions of BC. Several 

studies (Ding et al., 2016; Dong et al., 2017; Wang et al., 2018; Su et al., 2020) have shown 

that BC is more efficient at absorbing solar radiation and subsequent heating at a higher height, 

and this can stabilize the atmosphere below leading to increased atmospheric stability and 

decreased convection and buoyancy for rising of moist air parcel (Koch and Del Genio, 2010; 

Lohmann and Feichter, 2001; Talukdar et al., 2019). Hence, such elevated heating due to BC 

can lead to an inversion condition, resulting in increased atmospheric stability and decreased 
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convection. Hence, 2NOR and 4NOR may have an even more stable atmosphere near to the 

surface compared to NOR. However, considering the whole atmospheric column Figure 

3.22(a) showed cooling above 10000 m while heating below it. This is likely to make the 

atmosphere below 10000 m more unstable, which will facilitate more moisture influx and 

hence more moisture in the region, as in Figure 3.22(b). With the increase in heating due to an 

increase in emissions, moisture increase below 2000 m is also seen, which linearly decreases 

immediately above it between 2000 and 4000 m. This may be due to the increase in atmospheric 

stability due to the increase in the temperature of the elevated temperature layer, leading to the 

entrapment of moisture below it. The elevated temperature layer possibly acts as a barrier, 

restricting upward vertical movement of moisture and thus, moisture decreases immediately 

above it. With increasing emissions, the moisture profiles also show linearly increasing nature 

above 4000 m. The decrease between 2000 m and 4000 m and increase above it may also be 

due to an increased temperature below 2000 m which induces increased instability above it, 

transferring moisture between 2000 to 4000 m to the upper atmosphere, as can be seen from 

Figure 3.15 and Figure 3.22(b). Moreover, the increasing BC emissions may have caused 

increasing surface dimming over the western regions of NE India which also contributed to 

moisture reduction between 2000 to 4000 m. In addition, reduction in short-wave radiation due 

to surface dimming and absorption by BC (Ramanathan et al., 2005; Shiogama et al., 2010; 

Soni et al., 2017), which causes a reduction in sensible heat flux, surface evaporation, 

turbulence and convection (Yu et al., 2002; Li et al., 2017). This increased atmospheric stability 

causes a reduction of convective clouds (Habib et al., 2006; Rosenfeld et al., 2008; Gautam et 

al., 2011; Bollasina et al., 2011; Cherian et al., 2013; Kedia et al., 2014; Kedia et al., 2018). 

This caused suppression of CR, as CR simulated by the Grell-Freitas scheme is triggered by 

atmospheric instability (Grell and Freitas, 2014). 
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However, cloud fraction enhancement was seen at the lower model heights over low 

terrain areas, especially along the valley, as seen in Figures 3.13(a, b, c, d) where moisture had 

also increased. Hence, the accumulation of moisture possibly leads to increased clouds and 

rainfall at lower terrain areas, and hence moisture reduction above 2000 m over lower terrain 

areas will have a lower effect on rainfall than over higher terrain since most of the rain-forming 

clouds exist at around 1 km altitude. This can be verified from the regionally averaged vertical 

profiles of rainwater mixing ratio and cloud fraction in Figures 3.23(a) and 3.23(b), 

respectively. The increased moisture, especially over lower terrain, leads to increased low-level 

cloud fraction, especially over these areas.  

 

Figure 3.23: Regionally averaged vertical profile of a) rainwater mixing ratio b) cloud fraction from NOR 

 

The question remains, however, if atmospheric heating has any role to play in cloud 

reduction and rainfall suppression through semi-direct effect. Also, as seen from Figure 3.13, 

cloud fraction had also reduced at a few low terrain locations, including region 1, although 

water vapor had increased. This also indicates other processes to be active.  
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3.3.5 Effect of black carbon absorption 

 

3.3.5.1 Radiation and cloud cover 
 

Table 3.6: Average region-wise change in short-wave radiation due to clouds (W m-2) 

Region NOR-

NOFEED 

NOR-NO_BC_ABS 2NOR-

NO_BC_ABS 

4NOR-

NO_BC_ABS 

Region 1 14.79 0.81 10.81 16.48 

Region 2 17.09 2.14 4.52 6.06 

Region 3 10.94 1.58 2.54 5.61 

Region 4 6.87 -5.34 -4.69 3.54 

Mean 12.42 -0.20 3.30 7.92 

 

For the NOR-NOFEED column, short-wave radiation changes due to only cloud cover changes 

were estimated from NORSWDNBC-SWDNB – NOFEEDSWDNBC-SWDNB and accordingly for the 

other columns. SWDNBC variable was defined before. SWDNB variable represents all-sky 

radiation with both aerosols and clouds. Aerosol radiative feedbacks also cause a reduction in 

clouds across all regions, as seen from the positive short-wave radiation values in Table 3.6. 

Maximum radiation increase is seen in region 2 with a radiation change of 17.09 W m-2. With 

the increase in BC emissions, a continuous increase in cloud-induced short-wave radiation is 

seen across all regions, with the maximum increase in region 1. This makes region 1 the most 

radiatively affected region by BC. Also, maximum suppression of CR rainfall was observed in 

this region in Figure 3.10(d). This is possibly due to the close proximity with IGP. Dahutia et 

al. (2018) found the western region of NE India to be most influenced by aerosols due to close 

proximity to the IGP. Gogoi et al. (2017) found the western NE India region to have the highest 

radiative forcing due to fossil fuel burning in the IGP. The combined forcing due to aerosol or 

BC in Table 3.5 and clouds in Table 3.6 across all regions and simulation combinations will 

come out as negative, indicating increasing surface cooling. For NOR-NOFEED, the regional 

mean value is -15.79 W m-2. However, the increased short-wave radiation due to cloud fraction 

reduction may not reach the surface but rather be scattered and absorbed due to increasing BC 
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mass in the atmosphere as a result of increasing emissions. As a result, the increased absorption 

induces increased atmospheric temperature, as was seen in Figure 3.22(a). The mean 

temperature increases up to 4 km are 0.20 K, 0.38 K and 0.60 K for NOR-NO_BC_ABS, 

2NOR-NO_BC_ABS and 4NOR-NO_BC_ABS, respectively. 

 

Figure 3.24: Regionally averaged vertical profiles of perturbations in cloud fraction estimated from 

different simulation combinations 

 

Figure 3.24 shows the NE India regionally averaged vertical cloud fraction perturbation 

profiles over NE India, both including and excluding region 4. The profiles also show the cloud 

response to emission changes. An overall decrease in clouds over region is evident in the entire 

column below 4000 m for the profiles not containing region 4 while vice versa above it. With 

region 4 included, an increase up to around 1500 m is seen, which is entirely contributed by 

the southern region, where a significant cloud fraction increase was seen. However, negative 
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values below 1000 m for the profiles not including region 4 are influenced and contributed by 

higher terrain areas due to the terrain-following nature of the model levels. Thus, the exclusion 

of the high terrain areas on the northern boundary of region 1 shows an increase below 1000 m 

(Figure 3.25), which matches with the previous analysis of cloud increase at lower levels in 

Figures 3.13(a, b, c, d), especially over region 1 while decrease between approximately 1000m 

and 2000 m.  

 

Figure 3.25: Regionally averaged vertical profiles of perturbations in cloud fraction estimated from 

different simulation combinations in region 1 

 

Thus, the profile also depends on the terrain. However, approximately above 4000 m, 

an increase in cloud fraction is seen in both figures and is maximum near 10000 m. Also, if the 

NOR-NO_BC_ABS, 2NOR-NO_BC_ABS and 4NOR-NO_BC_ABS profiles are compared, a 

linear response of cloud fraction change with emission change is observed, though with 
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opposite nature. Profiles with higher BC emissions show more negative and more positive 

cloud fraction change below and above 4000 m, respectively. Higher BC heating with higher 

emissions may be responsible for this. The reason may be due to the transfer of moisture 

between 2000 m and 4000 m to a higher atmosphere or a decrease in moisture, as discussed 

before. This was also observed by Koch and Del Genio (2010) and Sarangi et al. (2015) and is 

due to higher instability in the lower atmosphere causing higher moisture transport to the upper 

atmosphere and conversion of it to ice-phase hydrometeors which is the constituent of high-

level clouds or cirrus clouds. An increase in ice-phase hydrometeor is seen in Figure 3.26, 

which relates to the finding.  

 

Figure 3.26: Regionally averaged vertical profile of ice-hydrometeor (g kg-1) 
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These cirrus clouds do not affect short-wave radiation as these clouds are transparent 

to it (Katagiri et al., 2013). Hence, an increase in short-wave radiation was seen in Table 3.6 in 

spite of the increase in high-level clouds and hence cloud induced solar radiation increased 

over the region with an increase in BC emissions, increasing the availability of more solar 

radiation to be absorbed. This possibly led to an increase in near-surface temperature, also seen 

in Chen et al. (2019) and Yang et al. (2019). The increase in high-level clouds may have further 

climatic implications.  

Another important feature is the bimodal nature of the cloud fraction change profiles 

(without region 4 in Figure 31) below 4000 m, with one of the modes existing below 2000 m 

and another between 2000 and 4000 m, both modes indicating cloud decrease. The decrease 

between 2000 and 4000 m is associated with a decrease in moisture, as discussed before. NOR-

NOFEED shows the largest decrease as it includes radiative feedback from all aerosols. The 

highest decrease in moisture in NOR-NOFEED also matched with the highest decrease in 

clouds between these heights. However, the mode existing below 2000 m shows cloud decrease 

even though moisture increase was observed at this height which indicates the presence of 

another influencing factor. The height of the maximum cloud decrease below 2000 m matches 

with the height of the highest temperature change, and which also corresponds to emission or 

temperature increase. Thus, semi-direct effect was active between 1000 m and 2000 m as cloud 

fraction reduction was seen between these heights. Thus, there are two primary factors that 

influence cloud fraction: moisture and semi-direct effect. Hence, the increase in short-wave 

radiation due to cloud change was due to cloud reduction due to moisture decrease and semi-

direct effect. The higher altitude heating between 1000 and 2000 m, possibly leading to cloud 

reduction, can further induce an increase in downwelling solar radiation, allowing the lower-

level BC aerosols to absorb more radiation and cause even more heating even at the lower 

levels, as was observed before. 
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3.3.5.2 Cloud liquid water path and rainfall 

 

This analysis relates cloud changes with the help of CLWP to rainfall changes over the region 

since rain water is formed from cloud water. 

 

Figure 3.27: Spatial distributions of difference in CLWP (kg m-2) with a) NOR - NO_BC_ABS b) 2NOR - 

NO_BC_ABS c) 4NOR - NO_BC_ABS d) NOR – NOFEED 
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Table 3.7: Average region-wise change in cloud liquid water path and rainfall 

Region NOR-NO_BC_ABS 2NOR-NO_BC_ABS 4NOR-NO_BC_ABS 

 Cloud liquid water path up to 4 km (kg m-2) 

Region 1 -0.0006 -0.0010 -0.0016 

Region 2 -0.0007 -0.0005 -0.0007 

Region 3 -0.0011 -0.0004 -0.0003 

Region 4 0.0017 0.0028 0.0020 

 Cloud liquid water path (kg m-2) between 1000 m and 2000 m 

Region 1 -0.0003 -0.00031 -0.0005 

Region 2 -0.0003 -0.0002 0.0004 

Region 3 -0.0005 -0.0003 -0.0003 

Region 4 0.0010 0.0015 0.0012 

 Rain water (kg m-2) between 1000 m and 2000 m 

Region 1 -0.0011 -0.0039 -0.0076 

Region 2 -0.0027 -0.0026 0.0036 

Region 3 -0.0052 -0.0017 0.0036 

Region 4 0.0059 0.0103 0.0052 

 Rainfall (%) 

Region 1 5.37 2.24 0.92 

Region 2 7.72 4.87 17.84 

Region 3 1.72 6.68 9.39 

Region 4 31.19 40.78 23.98 

 

Figures 3.27(a, b, c) show that with the increase in emissions, the spatial extent and 

magnitude of negative CLWP values increase (or clouds decrease), but the CLWP decrease 

was more concentrated over region 1 and the high terrain areas. This may also be seen in Table 

3.7, which shows the region-wise average CLWP changes. CLWP was calculated up to 4 km 

since most of the rainfall was formed within this height, as seen in Figure 3.23(a). Thus, CLWP 

changes contained the effect of both cloud changes due to moisture and semi-direct effect. 

Also, region 1 showed the largest decrease in CLWP with increasing BC emissions, ranging 

from -0.0006 kg m-2 to -0.0016 kg m-2. In region 3, opposite distribution is seen due to a drastic 

increase in clouds at lower terrains. Region 4, shows positive values in all scenarios though 

decreased in 4NOR-NO_BC_ABS (0.0020 kg m-2) compared to 2NOR-NO_BC_ABS (0.0028 

kg m-2). Whether due to moisture reduction or semi-direct effect or both, aerosols lead to 

CLWP reduction over regions 1, 2 and 3, evident from the negative CLWP under all scenarios. 
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Higher terrain clouds are mainly affected by moisture while low terrain locations are due to 

both moisture and semi-direct effect. 

 

Figure 3.28: Spatial distribution of percentage change in total rainfall with a) NOR - NO_BC_ABS b) 

2NOR - NO_BC_ABS c) 4NOR - NO_BC_ABS 

 

 The spatial distributions of increases and decreases in CLWP in Figures 3.27(a, b, c) 

also showed similarity with the corresponding spatial rainfall distribution in Figures 3.28(a, b, 

c). This shows that an increase or decrease in CLWP also induces similar changes in rainfall. 

This also proves that BC influences CLWP, which affects rainfall. With the increase in BC 

emissions, a continuous decrease in the positive value from 5.37 to 0.92% is observed in region 

1, which relates well with the continuous decrease in CLWP from -0.0006 to -0.0016 kg m-2. 

Similarly, region 4 also follows a similar pattern of rainfall and CLWP change. A sudden 

decrease was seen in both rainfall and CLWP in 4NOR-NO_BC_ABS compared to 2NOR-
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NO_BC_ABS in this region. Along with it a drastic increase in cloud-induced solar radiation 

is seen in Table 3.6. Region 2 and 3 observed increases and became concentrated regions of 

rainfall and did not show such linear relationships showing the possibility of other processes 

to be more dominant, or it may be dependent on the spatial extent of the selected region. Since 

BC evaporates clouds between 1000 m and 2000 m where a sizeable amount of rain was 

formed, CLWP and rain water produced between these two heights are compared in Table 3.7. 

CLWP and rain water show close correspondence between them on comparison between NOR-

NO_BC_ABS, 2NOR-NO_BC_ABS and 4NOR-NO_BC_ABS, especially over low terrain 

regions of 1, 2 and 4. Change in CLWP also induces a similar response in the rain water formed 

between these heights. Also, the percentage rainfall change, shown in Table 3.7 shows 

similarity with rain water change, especially in regions 1 and 4. Thus, CLWP, rain water and 

rainfall are possibly related, and hence a decrease in both CLWP and rain water with increasing 

emissions possibly indicates the effect of semi-direct effect on rainfall formation. BC has been 

found to decrease CLWP and cloud cover through semi-direct effect in previous studies also 

(Ackerman et al., 2000; McFarquhar and Wang, 2006; Lindeman et al., 2011; Johnson et al., 

2004; Panicker et al., 2014; Hill and Dobbie, 2008; Yoon et al., 2016) and decrease rainfall. 

Habib et al. (2006) had also found absorbing aerosols to decrease rainfall over eastern India by 

evaporating clouds. Huang et al. (2014) also found dust-induced heating to cause cloud 

evaporation and decreased rainfall.  

Thus, we can say that there is an interplay between emissions, clouds and rainfall. The 

increasing emissions lead to an increase in lower-level moisture in all the regions but impact 

the regions differently. In region 4 where a large rainfall increase is seen due to moisture influx, 

suddenly rainfall decreased and cloud decrease was also seen. So there exists a threshold 

emission that impacts that region and influences the rainfall-producing process. The process 

becomes more clear with further increase in emissions, which is explained in Chapter 5.  
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3.4 Summary 

 

This simulation study using WRF-Chem examines the aerosol influence on the atmospheric 

mechanisms responsible for pre-monsoon rainfall over NE India. The study included the 

radiative effect of all aerosols and the influence of BC absorption on radiation, clouds and 

rainfall. This is the first of its kind study on atmospheric mechanisms over the NE India region, 

which also relates clouds and rainfall. 

The results showed the prevalence of varied wind flow, which brings moisture into the 

NE India region from different directions at different atmospheric altitudes that affected the 

rainfall differently at different terrains heights of the region. Near the surface, wind flows from 

the south over the Bay of Bengal, while the upper-level flow is from the region west of NE 

India over the IGP. Aerosol radiative feedbacks tend to increase rainfall, especially over the 

low terrain areas with a heavy increase on the southern side, while a decrease was observed 

over the higher terrain. The rainfall suppression dominates over the whole region for more time 

compared to the enhancement and is seen in both cases of CR and NCR. The increase or 

decrease in rainfall occurs mainly due to low and high-intensity rainfall. The comparison of 

the model data with observations also showed the prevalence of rainfall suppression. 

The combination of reduced convection, surface evaporation and the presence of a 

stable atmosphere due to elevated temperature layer leads to the suppression of CR. The 

atmospheric heating also induced increasing moisture influx into the region, which gets trapped 

below the elevated temperature layer, resulting in increased cloud fraction and rainfall, 

especially over lower terrain areas. Above the layer, moisture decreased, which led to cloud 

reduction and decreased rainfall over higher terrain areas. BC was seen to reduce cloud fraction 

between 1-2 km altitude through semi-direct effect, and reduced rainfall formation was also 

seen between these two altitudes. Thus, BC caused a continuous increase in moisture in the 
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region but also decreased low-level clouds between 1 and 2 km. Hence, semi-direct effect is 

also influential in rainfall suppression. Increasing BC emissions led to a decrease in low-

intensity but an increase in high-intensity rainfall. Rainfall was influenced for more time by 

increasing BC emissions.  

 Thus, this study describes different atmospheric processes prevalent during the pre-

monsoon season over the NE India region and relates them to give a holistic understanding of 

the aerosol influence on the rainfall-producing atmospheric mechanisms. This study shows that 

apart from the reasons highlighted in previous studies over this region, another mechanism 

(semi-direct effect) also exists, affecting clouds and rainfall. However, semi-direct effect needs 

to be studied in combination and separately with the indirect effect to further verify their 

contributions to rainfall, which is done in Chapter 4. The study also shows the presence of 

threshold BC emissions which is studied further in Chapter 5. 

 Model simulated BC concentrations are found to be lower than observations by a factor 

of 2 to 6 over India (Bond et al., 2013; Ganguly et al., 2009; Moorthy et al., 2013; Nair et al., 

2012). As models underestimate BC concentration due to underestimation in BC emission rates 

(Gadhavi et al., 2015), the 4NOR scenario may not be an unrealistic scenario, as Govardhan et 

al. (2019) had to apply a factor of 3 to match observed concentrations. Kumar et al. (2015) 

found underestimated model simulated BC concentrations over different locations in NE India 

during pre-monsoon with the EDGAR emission inventory, upon which the CAMS emission 

inventory is based. Hence, it is likely that CAMS inventory may also incorporate 

underestimated BC emission rates. Thus, higher emissions scenarios (2NOR and 4NOR) may 

also represent the more realistic emission scenario instead of NOR for the simulation period, 

and accordingly, the BC effects will apply. 
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4.  Comparison of climatic effects of local and transported 

aerosols 
 

4.1 General 

 

This chapter compares and quantifies the climatic effects of aerosols emitted within NE India 

and those transported from outside to ascertain their relative impact and decide which region’s 

emissions are more effective in affecting the atmosphere over this region during the pre-

monsoon season. The relative impact of local and transported aerosols on the atmospheric 

physical and dynamical processes is studied, which ultimately affects rainfall. Indirect aerosol 

effect is also studied and the impacts of direct, semi-direct and indirect aerosol effects are 

compared to find their relative dominance and importance. Here, transported aerosols include 

the transported primary aerosols emitted from outside NE India as well as the secondary 

aerosols formed from the transported emissions. The same goes for local emissions. 

4.2 Methodology 

 

4.2.1 Simulation details 

 

The study used the same model along with similar modelling domain and input sources, as for 

the study in Chapter 3. However, model simulations were only carried out for the month of 

April 2018 but for a similar duration of 13 days from 7-19 April 2018. Similarly, a 3-day period 

from 7-9 April 2018 was discarded as spin-up and outputs from 10-19 were used for analysis.  

The model configuration is also similar with the exception that the simulations with the 

MOZART-MOSAIC chemistry scheme that supports CCN activation into cloud droplets, or 

indirect effect are also conducted in this study in addition to direct and semi-direct effect. 

Descriptions of the simulations are provided in Table 4.1.  
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Table 4.1: Description of simulations 

 Simulation name Description of simulations 

1. NOR-I Baseline simulation with all aerosol effects 

2. NOFEED-I Same as NOR-I but with aerosol radiative effects turned off 

3. NOCHEM Simulation with no atmospheric chemistry and aerosol effects 

4. No_EMISS_NE Same as NOR-I but with emissions turned on only outside NE India 

5. Only_EMISS_NE Same as NOR-I but with emissions turned on only within NE India 

6. No_EMISS_NE_4SO2 Same as No_EMISS_NE but with 4×SO2 emissions 

7. No_EMISS_NE_0.25SO2 Same as No_EMISS_NE but with 0.25×SO2 emissions 

8. No_EMISS_NE_NOFEED Same as No_EMISS_NE but with aerosol radiative effects turned off 

9. Only_EMISS_NE_NOFEED Same as Only_EMISS_NE but with aerosol radiative effects turned off 

10. No_NE_BCI Same as NOR-I but with BC emissions turned on only outside NE India 

11. Only_NE_BCI Same as NOR-I but with BC emissions turned on only within NE India 

12. NOR Baseline simulation with only direct and semi-direct effect 

13. 2NOR Same as NOR but with 2×BC emissions  

14. No_NE_BC Same as NOR but with BC emissions within NE India region turned off  

15. No_NE_2×BC Same as No_NE_BC but with 2×BC emissions outside NE India 

16. Only_NE_BC Same as NOR but with BC emissions turned off outside NE India 

17. Only_NE_2×BC Same as Only_NE_BC but with 2×BC emissions inside NE India 

18. NOFEED Same as NOR but with aerosol radiative effects off 

 

All the simulations were conducted with the MOZART-MOSAIC chemistry scheme, except 

simulation 3, which was purely a meteorology simulation and did not include any atmospheric 

chemistry and aerosol effects. Moreover, simulations 1 to 11 (except 3), were conducted with 

the MOZART-MOSAIC chemistry scheme which also supports indirect aerosol effect along 

with direct and semi-direct effect, while simulations 12 to 18 did not include indirect effect. 

The NOR simulation which was used in Chapter 3, is also used in this study. NOR-I is 

also the baseline simulation run with the baseline emissions as NOR but also includes indirect 
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aerosol effect. No_EMISS_NE had all emissions (biogenic, anthropogenic and dust) disabled 

within the NE India region bounded by 22° N and 29° N latitudes and 89° E and 97° E 

longitudes while No_NE_BC and No_NE_BCI only had BC emissions disabled within the 

same region. Only_EMISS_NE had all emissions disabled outside of the above region along 

with boundary conditions for all chemical species modified to zero to nullify the transport of 

emissions from outside the domain and similarly, Only_NE_BC and Only_NE_BCI had BC 

emissions disabled outside the NE India region with boundary conditions for BC modified to 

zero. The remaining simulations can be understood from Table 4.1 and their application is 

better understood from Section 4.2.2 and 4.3. 

4.2.2 Separation of aerosol effects 

 

4.2.2.1 Rainfall 

 

The procedure for differentiating the different aerosol effects and their effect-wise impact on 

rainfall is described below. As per Ghan et al. (2012) and Bauer and Menon (2012), the total 

aerosol effect is the algebraic sum of direct, indirect and semi-direct effects. Similar approaches 

were used by Yang et al. (2011). 

For aerosol effects due to emissions in the entire modelling region: 

NOR-I – NOCHEM = Total aerosol effect = Direct + Semi-direct + Indirect,                                                        (5) 

Both NOFEED-I and NOR-I includes indirect effect but NOFEED-I does not include aerosol 

radiative effects. Thus,  

NOR-I – NOFEED-I = Direct + Semi-direct effect                                                                                                       (6) 

Also, since NOFEED-I includes only indirect effect, 

NOFEED-I – NOCHEM = Indirect effect                                                                                                                (7) 

A similar approach was used by Wang et al. (2015). 
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Similarly, for aerosol effects due to transported emissions only: 

No_EMISS_NE – NOCHEM = Direct + Semi-direct + Indirect                                                                        (8) 

No_EMISS_NE – No_EMISS_NE_NOFEED = Direct + Semi-direct effect,                                                   (9) 

No_EMISS_NE_NOFEED – NOCHEM = Indirect effect,                                                                                (10) 

Similarly, for aerosol effects due to local emissions only: 

Only_EMISS_NE – NOCHEM = Direct + Semi-direct + Indirect,                                                                     (11) 

Only_EMISS_NE – Only_EMISS_NE_NOFEED = Direct + Semi-direct effect,                                             (12) 

Only_EMISS_NE_NOFEED – NOCHEM = Indirect effect,                                                                             (13) 

NOR-I – NOCHEM gives the total rainfall change due to the total aerosol effect from emissions 

in the entire region. The rainfall changes due to other aerosol effects due to emissions from the 

entire domain, local as well as transported aerosols were calculated in a similar way.  

4.2.2.2 Radiative forcing 

 

For calculation of RF, the following procedure was used. Net (NET) RF is the sum of the short-

wave (SW) and long-wave (LW) RF. The ‘SWDNB’ model variable represents the SW 

radiation in the downwelling (DN) direction on the ground surface (B). Similarly, UP 

represents upwelling, T represents top-of-atmosphere and C represents clear sky, i.e., without 

clouds. The other radiation variables can be understood by combing these. 

Calculation of NET RF due to emissions in the entire domain: 

At surface, 

Net total RF = NOR-I((SWDNB+LWDNB)-(SWUPB+LWUPB)) - NOCHEM((SWDNB+LWDNB)-(SWUPB+LWUPB)) 

(14) 
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Net indirect RF = NOFEED-I((SWDNB+LWDNB)-(SWUPB+LWUPB)) - NOCHEM((SWDNB+LWDNB)- 

SWUPB+LWUPB))                                                                                                                                
                                                      (15) 

Net direct + semi-direct RF = NOR-I((SWDNB+LWDNB)-(SWUPB+LWUPB)) – NOFEED-

I((SWDNB+LWDNB)-(SWUPB+LWUPB))                                                                                               (16) 

Net direct RF = NOR-I((SWDNBC+LWDNBC)-(SWUPBC+LWUPBC)) – NOFEED-I((SWDNBC+LWDNBC)-

(SWUPBC+LWUPBC))                                                                                                                     (17) 

Net semi-direct RF = (Direct + semi-direct RF) – Net direct RF                                          (18) 

At TOA, 

Net total RF = NOR-I((SWDNT+LWDNT)-(SWUPT+LWUPT)) - NOCHEM((SWDNT+LWDNT)-(SWUPT+LWUPT)) 

(19) 

Net indirect RF = NOFEED-I((SWDNT+LWDNT)-(SWUPT+LWUPT)) - NOCHEM((SWDNT+LWDNT)-

(SWUPT+LWUPT))                                                                                                                         (20) 

Net direct + semi-direct RF = NOR-I((SWDNT+LWDNT)-(SWUPT+LWUPT)) – NOFEED-

I((SWDNT+LWDNT)-(SWUPT+LWUPT))                                                                                               (21) 

Net direct RF = NOR-I((SWDNTC+LWDNTC)-(SWUPTC+LWUPTC)) – NOFEED-I((SWDNTC+LWDNTC)-

(SWUPTC+LWUPTC))                                                                                                                     (22) 

Net semi-direct RF = (Direct + semi-direct RF) – Net direct RF                                          (23) 

Thus, Net atmospheric RF = Total RFTOA – Total RFSURFACE                                                (24) 

Similarly, the SW or LW RF was similarly found by using either or SW or LW radiation instead 

of combined radiations. NOR-I was replaced by No_EMISS_NE or Only_EMISS_NE, while 

NOFEED was replaced by No_EMISS_NE_NOFEED or Only_EMISS_NE_NOFEED to find 

contributions of local and transported emissions.  
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4.2.3 Model evaluation 

 

IOA, RMSE and ME were used as statistical parameters. 

4.2.3.1 Evaluation of chemical species 

 

Similar to the NOR simulation evaluated in Chapter 3, NOR-I simulated chemical species were 

compared against the MERRA2 dataset. Performance statistics for both NOR and NOR-I are 

shown in Table 4.2 for comparison.  

Table 4.2: Statistical evaluation of chemical species. RMSE and ME in µg m-3 

 
 

NOR-I –  

Whole domain 

NOR–  

Whole domain 

NOR-I –  

NE India 

NOR –  

NE India 

BC RMSE 1.12 0.70 1.11 0.64 

IOA 0.46 0.51 0.42 0.53 

ME 0.16 0.21 -0.42 -0.13 

Organic carbon RMSE 6.24 4.60 7.90 5.44 

IOA 0.50 0.49 0.42 0.47 

ME 0.31 -0.45 -2.95 -2.99 

DUST RMSE 42.91 38.62 34.95 23.90 

IOA 0.37 0.39 0.28 0.37 

ME -19.70 -16.25 -26.95 -16.75 

Sulfate RMSE 2.58 2.47 4.14 2.88 

IOA 0.42 0.40 0.41 0.46 

ME 1.14 1.39 -2.17 -1.01 

Mean of all species RMSE 13.21 11.60 12.03 8.22 

IOA 0.44 0.45 0.38 0.46 

ME -4.52 -3.78 -8.12 -5.22 

 

NOR gave a much better overall estimation of all the chemical species throughout the domain 

with lower RMSE, higher IOA and lower ME compared to NOR-I and is even more evident 
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over NE India. Moreover, the predicted chemical species of nitric oxide (NO), nitrogen dioxide 

(NO2), sulfur dioxide (SO2), PM2.5 and PM10 were compared against in-situ observations at the 

cities of Delhi (28.56 °N, 77.11 °E), Kanpur (26.57 °N, 80.32 °E), Patna (25.61 °N, 85.13 °E) 

and Siliguri (26.69 °N, 88.41 °E), obtained from Central Pollution Control Board, India 

(https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing/caaqm-data-availability). 

These cities are located along the IGP. It is noteworthy to mention that several datasets 

pertaining to different locations are available within a city. However, not all locations within a 

city contained the full data for the required days (10-19 April 2018). Hence only that dataset 

was considered for evaluation which contained the full data. Performance statistics are given 

in Table 4.3. 

Table 4.3: Model performance statistics for chemical species compared against observation stations. 

RMSE and ME units in µg m-3 

  
NOR NOR-I 

  
RMSE IOA ME RMSE IOA ME 

DELHI NO 24.82 0.35 -23.28 23.86 0.36 -22.48 

NO2 30.22 0.17 28.47 35.58 0.14 33.22 

PM10 37.87 0.48 -19.65 73.84 0.37 -47.57 

PM2.5 15.72 0.62 -10.12 21.15 0.62 15.14 

KANPUR NO 42.17 0.43 -36.42 42.38 0.43 -36.65 

NO2 54.22 0.25 -53.52 59.32 0.22 -58.60 

PM2.5 24.10 0.48 -20.02 17.70 0.43 -9.34 

SO2 20.44 0.45 18.49 10.97 0.53 8.90 

PATNA NO 12.18 0.35 -10.69 12.14 0.35 -10.67 

NO2 8.79 0.55 -0.60 8.49 0.57 0.06 

PM2.5 55.62 0.22 -55.28 49.78 0.21 -48.48 

SILIGURI NO 5.77 0.25 -5.64 5.77 0.24 -5.64 

NO2 14.17 0.42 -9.90 16.94 0.22 -16.76 

PM10 22.28 0.52 -19.53 30.07 0.44 -27.76 

PM2.5 14.51 0.52 -12.90 14.27 0.52 -12.94 

Mean  25.25 0.40 -15.37 28.15 0.37 -15.97 

 

The performance statistics were better with particulate matter than with gaseous species. 

Comparatively, the performance was better with MERRA2. The relatively lower performance 

TH-3320_186104022



113 
 

with in-situ comparison may be due to the grid size as in-situ observations are affected by local 

emission sources as well the deficiencies in emission inventory. Moreover, NOR performed 

better than NOR-I here as well.  

4.2.3.2 Evaluation of meteorology 

 

The NOR simulation utilised in this study was evaluated in Chapter 3. Similarly, 

meteorological evaluation of NOR-I w.r.t wind direction, wind speed, temperature and 

humidity were carried out against surface station datasets, as described in Chapter 3. 

Performance statistics are provided in Table 4.4. 

Table 4.4: Model performance statistics for meteorological parameters 

 
Bangalore Delhi Guwahati Kolkata Mumbai Patna 

Temperature 

RMSE (°K) 2.58 2.23 2.88 4.02 2.61 1.89 

IOA 0.91 0.94 0.75 0.79 0.80 0.95 

ME (°K) -2.32 -0.34 -1.97 -3.16 -1.99 -0.74 

Relative humidity 

RMSE (%) 9.33 8.71 11.21 15.68 10.49 11.63 

IOA 0.97 0.92 0.79 0.79 0.85 0.91 

ME (%) 0.06 0.53 3.09 12.09 3.99 5.98 

Wind speed 

RMSE (m s-1) 1.47 1.91 1.84 1.90 1.44 2.11 

IOA 0.49 0.59 0.40 0.48 0.83 0.55 

ME (m s-1) 0.51 -0.22 -0.35 0.07 -0.71 1.22 

Wind direction 

RMSE (°) 44.06 108.48 146.95 64.29 76.91 104.87 

IOA 0.79 0.72 0.47 0.43 0.68 0.75 

ME (°) -18.48 10.28 6.07 22.41 14.23 -26.17 

 

As per the criteria of Emery et al. (2001), the NOR-I simulation under predicted temperature 

showed good performance with wind speed and wind direction but had large RMSE with wind 

direction, similar to the NOR simulation.  
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Similarly, simulated rainfall from NOR-I was evaluated against the IMD rainfall dataset 

of Pai et al. (2014). The inclusion of all aerosol effects greatly improved simulated rainfall 

performance with NE India regional average IOA: 0.52, ME: 3.72 mm day-1, RMSE: 13.55 

mm day-1 compared to only considering direct + semi-direct effect in NOR (IOA: 0.40, ME: 

9.22 mm day-1, RMSE: 21.26 mm day-1) in Chapter 3. The improvement in performance and 

decrease in ME show that indirect effect played a major role during this period in controlling 

and suppressing rainfall. This improvement may relate to observations of Yang et al. (2011). 

However, Figure 4.1 showing region-wise rainfall statistics showed the southern region or 

region 4 to contain large errors. The regions may be seen from Figure 4.2(d). 

 

Figure 4.1: Region-wise rainfall evaluation statistics with NOR-I. RMSE and ME in mm day-1 

 

4.3 Results and discussion 

 

4.3.1 PM10 spatial and vertical distribution 

 

Figure 4.2 shows the time-averaged spatial distribution of PM10 concentration. The NE India 

region was divided into four regions based on the proximity from the IGP, shown in Figure 

4.2(d). Region 1 and region 2 fall along the Brahmaputra River Valley, with region 1 being 

0.60 0.60 0.56 0.39

13.00

8.81

14.70

20.51

0.34

2.67

-3.26

14.47

Region 1 Region 2 Region 3 Region 4

IOA RMSE ME
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closest to IGP. Region 3 is mostly a mountainous region and region 4 is the southern region 

closer to the 

TH-3320_186104022



116 
 

 

Figure 4.2: Spatial distribution of PM10 concentration (µg m-3) in NOR-I, (a, d), No_EMISS_NE (b, e) and Only_EMISS_NE (c, f). Upper row shows distribution at 

model level 0 (near surface) and the lower row at model level 15
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Figure 4.3: Spatial distributions of geopotential heights (m) of model level a) 0 (near surface) b) 15 

Table 4.5: Region-wise PM10 concentration (µg m-3) in different scenarios at different atmospheric heights 

 
No_EMISS_NE Only_EMISS_NE NOR-I (No_EMISS_NE/ 

(No_EMISS_NE + 

Only_EMISS_NE))*100% 

Model level 0 15 0 15 0 15 0 15 

Region 1 18.18 32.67 6.49 1.01 30.25 42.99 73.70 97.00 

Region 2 12.78 21.70 6.33 1.14 26.64 33.75 66.86 95.02 

Region 3 5.25 7.33 3.43 0.90 12.69 12.39 60.48 89.03 

Region 4 21.62 36.01 16.03 0.88 40.12 47.38 57.43 97.62 

Average 14.46 24.43 8.07 0.98 27.43 34.13 64.18 96.14 
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Bay of Bengal. The spatial distribution of geopotential heights of model level 0 and 15 are 

shown in Figure 4.3, while region-wise concentration values within NE India at the two 

atmospheric heights are shown in Table 4.5. PM10 concentration contours shown in Figure 

4.2(a, b, d, e), emanating from IGP and spreading into NE India indicated the transport of 

aerosols from IGP into NE India. The similarity of these spatial distributions of 

No_EMISS_NE to the baseline scenario, NOR-I, especially within NE India region inferred 

that most of the aerosol mass within NE India was contributed by transported aerosols, while 

PM10 emitted or formed over NE India remained mainly confined within the region as shown 

in Figure 4.2(c), possibly due to the mountainous terrain, as also described in Kundu et al. 

(2018). Both near the surface and at higher atmosphere (level 15), No_EMISS_NE showed a 

higher regional average concentration (surface: 14.46 µg m-3, higher atmosphere: 24.43 µg m-

3) which was closer to the baseline scenario of NOR-I (surface: 27.43 µg m-3, higher 

atmosphere: 34.13 µg m-3) compared to the local emission scenario of Only_EMISS_NE 

(surface: 8.07 µg m-3, higher atmosphere: 0.98 µg m-3). Thus, transported aerosols contributed 

higher surface PM10 concentration (64.18 %) than local emission and contribution from local 

emissions were negligible at higher atmosphere, as also seen in Figure 4.2(f) and 96.14 % of it 

was contributed by transported aerosols. The higher concentration in the higher atmosphere 

was due to transported aerosols developing an elevated PM10 profile (Figure 4.4) having a 

maximum concentration near 2000 m and which shows much greater similarity with the 

baseline scenario.  
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Figure 4.4: Regional average vertical profile of PM10 concentration (µg m-3) in different scenarios 

 

The long-range transport and strong convective activity during this season are responsible for 

the elevated profile (Pathak et al. (2016). Hence, transported aerosols contributed to the bulk 

of the aerosols over NE India throughout the atmospheric column (93.98 %) indicated by the 

column integrated PM10 mass of 313.97 g m-2 (No_EMISS_NE) and 20.08 g m-2 

(Only_EMISS_NE). NOR-I had column integrated PM10 mass of 466.63 g m-2. Further analysis 

indicated that transported aerosols accounted for >50 % of BC, organic carbon, sulfate, nitrate, 

ammonium and dust aerosol mass over NE India’s atmosphere as the column integrated mass 

for these species in No_EMISS_NE were 4.55, 19.59, 51.66, 2.20, 13.74 and 207.82 g m-2, 

respectively, while it was 0.94, 6.51, 1.79, 0.12, 0.56 and 6.60 g m-2, respectively in 

Only_EMISS_NE. The spatial distribution of column integrated mass of these species can be 

seen in Figures 4.5, 4.6, 4.7, 4.8, 4.9 and 4.10. 
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Figure 4.5: Spatial distribution of column integrated BC mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 

 

Figure 4.6: Spatial distribution of column integrated organic carbon mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 

 

Figure 4.7: Spatial distribution of column integrated sulfate mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 
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Figure 4.8: Spatial distribution of column integrated nitrate mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 

 

Figure 4.9: Spatial distribution of column integrated ammonium mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 

 

Figure 4.10: Spatial distribution of column integrated dust mass (g m-2) in a) No_EMISS_NE b) 

Only_EMISS_NE 

TH-3320_186104022



122 
 

Region 1, being in close proximity to IGP, as seen in Figure 4.2(d), received maximum near-

surface aerosol mass (73.70 %) from transported aerosols, compared to the other regions, 

followed by region 2 (66.86 %), 3 (60.48 %) and 4 (57.43 %). However, even though 

No_EMISS_NE and Only_EMISS_NE is the bifurcation of NOR-I into two separate emission 

regions, the sum of No_EMISS_NE and Only_EMISS_NE column integrated mass as well as 

concentrations didn’t equate to NOR-I values and is always less than it. This indicated the 

formation of extra aerosol mass due to the interaction of emissions of the two regions.  

4.3.2 Aerosol effects of local and transported aerosols on radiative forcing  

 

RF due to different aerosol effects was estimated based on the methodology described in 

Section 4.2.2.2.
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Figure 4.11: NE India regional average RF (W m-2) due to different aerosol effects at NET, SW and LW wavelengths in different emission scenarios
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The baseline scenario indicated that direct and indirect aerosol effects caused NET 

surface and TOA dimming while causing atmospheric heating, as seen in Figure 4.11. This is 

due to the presence of aerosols that scatter and absorb solar radiation, reducing it at the surface 

while increasing it at the top of the atmosphere as well as causing atmospheric heating. Net 

direct surface, TOA and atmospheric RF were -15.34, -7.49 and 7.85 Wm-2 and was mainly 

contributed by SW radiation. Indirect effect had the same effect on solar radiation as the direct 

effect and was due to the formation of numerous smaller cloud droplets, which has better 

reflectivity to solar radiation, also known as the 1st indirect effect or Twomey effect (Twomey, 

1977). However, positive atmospheric RF (18.20 W m-2) causing atmospheric heating (10.06 

W m-2) was mainly caused by LW radiation (16.22 W m-2) at the TOA contributed by indirect 

effect. This was due to greater cloud cover (Figure 47) at 8 – 10 km which is not seen in the 

other two scenarios.  
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Figure 4.12: Regional average vertical profile of cloud cover in different scenarios 

 

The indirect effect also caused warming at the surface (6.17 W m-2), as it contributed to 

greater cloud cover (Nandan et al., 2022), causing heating of the surface through LW radiation. 

The total net surface RF was -27.88 W m-2, out of which -23.92 W m-2 or 85.80% was 

contributed by indirect forcing. Indirect SW forcing (-30.08 W m-2) was almost twice the direct 

SW forcing (-15.82 W m-2), while semi-direct SW forcing (+11.58 W m-2) was ~75% of the 

direct forcing. Semi-direct effect showed positive surface RF due to cloud cover reduction. 

Thus, atmospheric heating and the subsequent evaporation of clouds compensated to a large 

extent the reduction in solar radiation due to aerosols. The atmospheric RF (0.76 W m-2) due 

to semi-direct effect was due to LW radiation, which may be due to increased solar radiation 

at the surface, which released the heat into the atmosphere in the form of LW radiation. 

However, this value was very small. The indirect RF contributed most to the total surface, TOA 
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and atmospheric RF at both SW and LW wavelengths and hence was found to be the dominant 

aerosol effect affecting radiation over NE India.  

Quantitatively, No_EMISS_NE provided RF values (surface: -17.02 W m-2, TOA: -9.99 W 

m-2 and atmospheric RF: 7.03 W m-2) that were much similar and closer to the baseline scenario 

(surface: -27.88 W m-2, TOA: -9.68 W m-2 and atmospheric RF: 18.20 W m-2) than 

Only_EMISS_NE (surface: -1.21 W m-2, TOA: -0.24 W m-2 and atmospheric RF: 0.97 W m-

2). Consequently, the No_EMISS_NE net indirect, direct and semi-direct surface RF values of 

-13.12, -13.08 and 9.19 W m-2 were significantly larger than the corresponding 

Only_EMISS_NE RF values of -0.24, -1.80 and 0.83 W m-2. A similar conclusion could be 

inferred at TOA also. Hence transported aerosols were primarily responsible for all the 

different aerosol effects on radiation over NE India as a greater amount of aerosol mass was 

contributed by it. Moreover, No_EMISS_NE net direct atmospheric RF (9.32 W m-2) was 

found to be even higher than the baseline scenario (7.85 W m-2). This indicated that the NE 

India region contained more scattering aerosols while transported aerosols contained more 

absorbing aerosols as the difference in the direct atmospheric RF is mainly driven by changes 

in the TOA RF (-7.49 vs. -3.77 W m-2) than surface RF (-15.34 vs. -13.08 W m-2). Region 1 

had the highest direct and semi-direct net surface RF of -20.41 W m-2 and 19.20 W m-2, 

respectively, due to its close proximity to IGP. 
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4.3.3 Aerosol effects of local and transported aerosols on rainfall  

 

Table 4.6: Changes in total (mm) due to different aerosol effects in different scenarios 

  

  Total aerosol effect Direct + Semi-direct Indirect 

NOR-I Region 1 -100.60 -13.21 -87.39 

Region 2 -71.93 -1.34 -70.59 

Region 3 -102.60 -2.49 -100.11 

Total -275.13 -17.04 -258.09 

No_EMISS_NE Region 1 -29.81 -18.37 -11.44 

Region 2 -21.52 -5.88 -15.64 

Region 3 -21.73 0.30 -22.04 

Total -73.06 -23.95 -49.11 

Only_EMISS_NE Region 1 -26.81 -6.23 -20.57 

Region 2 2.48 -0.17 2.65 

Region 3 -0.12 -2.01 1.89 

Total -24.45 -8.42 -16.04 

 

The quantitative changes in regional average rainfall amounts as well as region-wise 

values over NE India due to the different aerosol effects induced by the aerosols in different 

scenarios are provided in Table 4.6. Rainfall from region 4 was not considered due to large 

errors being associated with it. In the baseline scenario (NOR-I), the total aerosol effect caused 

rainfall suppression in all three regions, with a regional total of -275.13 mm. Reductions in 

rainfall due to the total aerosol effect was contributed by suppressions due to both direct + 

semi-direct and indirect effect and was observed in all the considered regions. The highest 

suppression was observed in region 3 (-102.60 mm), followed by region 1 (-100.60 mm). The 

role of direct + semi-direct effect was observed to be minimal with a total regional suppression 

of -17.04 mm while the indirect effect (-258.09 mm) was responsible for almost the whole of 

the suppression of -275.13 mm. Region 1 observed the highest suppression of -13.21 mm due 

to direct + semi-direct effect as this region’s radiation was highest impacted by these effects.  
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Direct effect could suppress rainfall by reducing surface evaporation and convection 

through surface dimming while semi-direct by evaporation of clouds (Talukdar et al., 2019; 

Lohmann and Feichter, 2001; Habib et al., 2006; Bollasina et al., 2011; Koch and Del Genio, 

2010b). However, the surface dimming by indirect effect (-23.92 W m-2) with NOR-I was much 

larger than the combined direct + semi-direct effect (-3.96 W m-2). Hence the reduction in 

surface moisture flux due to indirect effect (-6.45×10-6 kg m-2 s-1) was much greater than due 

to the combined direct + semi-direct effect (-1.1×10-6 kg m-2 s-1) and much similar to the 

reduction due to total aerosol effect (-7.56×10-6 kg m-2 s-1). This was also observed in the case 

of No_EMISS_NE. The greater surface dimming of -17.02 W m-2 in No_EMISS_NE caused a 

much higher negative surface moisture flux change of -3.82×10-6 kg m-2 s-1 due to total aerosol 

effect, mostly contributed by indirect effect (-2.79×10-6 kg m-2 s-1) compared to direct + semi-

direct effect (-1.03×10-6 kg m-2 s-1). Hence, indirect effect in NOR-I and No_EMISS_NE 

dominated moisture reduction through the reduction in surface moisture flux over most areas 

of NE India at both low and high-terrain regions, as seen in Figure 4.13. 

However, the direct + semi-direct effect caused an increase of moisture in NOR-I and 

No_EMISS_NE over most of NE India in spite of a negative surface moisture flux not observed 

in Only_EMISS_NE. This indicated that direct + semi-direct caused an increase in the transport 

of moisture from another region, in this case from the Bay of Bengal. The equivalent potential 

temperature (EPT) profiles in Figure 4.14 compared the atmospheric stability due to different 

aerosol effects.
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Figure 4.13: Spatial distribution of change in near-surface water vapor mixing ratio (g kg-1) due to total aerosol effect, direct + semi-direct effect and indirect effect
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The greater surface dimming due to the indirect effect in No_EMISS_NE caused not only 

negative surface moisture flux but also a significant increase in atmospheric stability (indicated 

by increasing value of indirect effect EPT profile with height), reducing convection, which 

possibly also contributed reduction to rainfall suppression. However, although the direct + 

semi-direct EPT profile showed increased atmospheric stability below 1 km, but created an 

overall unstable atmosphere in the lower atmosphere. This instability, primarily caused due to 

atmospheric heating of BC, created an unstable region over NE India which facilitated the 

increased transport of moisture from the Bay of Bengal (discussed later). Hence, though the 

direct effect reduces rainfall by reducing surface moisture flux and convection but also possibly 

enhances it by transporting moisture. This transported moisture possibly compensated to some 

extent the rainfall reduction due to a decrease in surface moisture flux, convection and cloud 

evaporation caused by direct and semi-direct effects. Hence, the rainfall reduction due to direct 

+ semi-direct effect (-17.04 mm) was possibly significantly less than the indirect effect (-

258.09 mm). Thus, the effect of direct and indirect effects on dynamics was distinctly different. 

The EPT profile of the total aerosol effect in No_EMISS_NE also showed an unstable lower 

atmosphere, supporting moisture transport. A similar explanation could be given for moisture 

increase due to direct + semi-direct in NOR-I but the increase in atmospheric stability and 

moisture reduction due to greater surface dimming by its indirect effect was significantly 

larger, which created an overall stable atmosphere due to the total aerosol effect in NOR-I. The 

EPT profiles of Only_EMISS_NE showed almost zero perturbation throughout the atmosphere 

and hence was unable to affect atmospheric stability and cause moisture transport. Thus, the 

direct + semi-direct effect in Only_EMISS_NE did not show significant moisture change in 

Figure 4.13. Moreover, the significantly smaller surface dimming (-1.21 W m-2) in 

Only_EMISS_NE caused a very small but positive change of 8.15×10-8 kg m-2 s-1 due to the 

total aerosol effect and hence similar moisture change is observed in Figure 4.13. Hence 
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aerosols emitted solely from NE India had negligible capability in affecting moisture through 

different aerosol effects. Moisture reduction over NE India was much greater due to the indirect 

effect in No_EMISS_NE compared to Only_EMISS_NE, while moisture increase was much 

greater in No_EMISS_NE compared to Only_EMISS_NE due to a higher direct + semi-direct 

effect.  

 

Figure 4.14: Perturbation of EPT (K) due to total aerosol effect (Total), direct + semi-direct (D+S) and 

indirect (I) aerosol effect in No_EMISS_NE (non-dashed), Only_EMISS_NE (dashed) and NOR-I 

(dashdot) 

 

Moreover, the positive NE India regional average difference of column integrated CCN  

number (4.38×1010 m-2), cloud droplet number (4.42×1013 m-2) and cloudwater (27.93 g m-2), 

and estimated from No_EMISS_NE – Only_EMISS_NE indicated that transported aerosols 
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had a greater impact through aerosol indirect effect (Zhang et al., 2010). The presence of larger 

aerosol amounts in the form of CCN affects the cloud lifetime by affecting the conversion from 

cloudwater to rainwater, thus, to rainfall, thereby suppressing rainfall through the second 

indirect effect (Cherian et al., 2017; Shiogama et al., 2010). The presence of a large amount of 

CCN facilitates the condensation of water vapor on numerous CCN particles, producing 

numerous cloud droplets with smaller radii. This restricts small cloud droplets from growing 

in size due to a reduction in interaction with other cloud droplets, which affects their conversion 

to rain droplets, and, thus, to rainfall. 

 

Figure 4.15: NE India regional average vertical profiles of cloudwater mixing ratio (non-dashed) and 

rainwater mixing ratio (dashed) in different scenarios (g kg-1) 

 

Due to more aerosol mass over NE India (Section 4.3.1), NOR-I and No_EMISS_NE had 

significantly higher cloudwater compared to Only_EMISS_NE, as seen in Figure 4.15. 
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Consequently, NOR-I and No_EMISS_NE had a significantly lower rainwater mixing ratio 

than Only_EMISS_NE. Thus, rainfall suppression due to indirect effect was highest in NOR-

I, followed by No_EMISS_NE and Only_EMISS_NE. Hence, the combined effect of reduction 

in moisture, instability and rainfall formation contributed to the reduction in rainfall through 

indirect and total aerosol effects. This could be a possible key mechanism associated with the 

decreasing rainfall trend in the region. Reduction of moisture due to the direct effect of aerosols 

and evaporation of clouds by BC were found to be possible mechanisms in Chapter 3. However, 

this study shows that the contribution of direct and semi-direct effects was very small compared 

to the indirect effect. The indirect effect has been found to be the dominant aerosol effect in 

many studies (Wang et al., 2015; Liu et al., 2016; Makar et al., 2015) and was found to suppress 

monsoon rainfall over India (Manoj et al., 2012). Aerosol indirect effect is mainly dictated by 

the warm clouds (Christensen et al., 2016). Thus, the higher cloud cover associated with NOR-

I and No_EMISS_NE in the lower atmosphere which affected SW radiation more in section 

4.3.2, was due to a greater amount of cloudwater in the lower atmosphere. 

Moreover, No_EMISS_NE and Only_EMISS_NE simulations were evaluated against 

the IMD rainfall dataset and NOR-I simulation to check whether the local or transported 

aerosols had greater control over the rainfall in NE India. No_EMISS_NE showed better 

regional average rainfall statistics than Only_EMISS_NE with higher IOA (0.48 vs. 0.47), 

lower RMSE (18.85 vs. 20.37 mm day-1), and lower ME (6.94 vs. 8.22 mm day-1) on comparing 

with the IMD rainfall dataset. Also, the simulated rainfall of No_EMISS_NE showed higher 

rainfall similarity with NOR-I than Only_EMISS_NE with higher IOA (0.65 vs. 0.63), lower 

RMSE (56.32 vs. 61.92 mm day-1) and lower ME (39.30 vs. 39.81 mm day-1). Hence, 

No_EMISS_NE showed more similarity with the baseline scenario as well as observed data 

and had greater control over the region’s rainfall.  

 

TH-3320_186104022



134 
 

4.3.4 Role of local and transported BC 

 

In section 4.3.3, the direct effect showed to increase moisture over NE India through an increase 

in atmospheric instability, caused mainly due to atmospheric heating of BC as observed in 

Chapter 3. Hence, to negate the effects of the indirect effect on atmospheric dynamics, 

scenarios in Table 4.1 containing only direct and semi-direct effects were used in this analysis. 

Moreover, NOR gave a much better performance with BC concentration estimation than when 

the indirect effect was included (NOR-I). The results from No_EMISS_NE, Only_EMISS_NE, 

No_NE_BCI and Only_NE_BCI scenarios were compared and related.  

4.3.4.1 BC atmospheric distribution 

 

 

Figure 4.16: Regionally averaged vertical profiles of BC concentration (µg m-3) in different scenarios 

 

The regional average vertical profiles of BC concentration in NOR, 2NOR, No_NE_BC, 

No_NE_2×BC, Only_NE_BC and Only_NE_2×BC can be seen in Figure 4.16, in which the 
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transported BC and local BC profiles resemble the No_EMISS_NE and Only_EMISS_NE 

PM10 profiles, respectively. In transported BC scenarios, BC was available up to much higher 

atmospheric height and profiles showed elevated concentration at around 1500 m indicating 

stronger BC transport at that height. In Only_NE_BC and Only_NE_2×BC, BC was confined 

near the surface, which decreased continuously and was available only up to half the altitude 

of transported BC. NOR profile was seen as the combination of Only_NE_BC and No_NE_BC 

profiles but had greater similarities with the latter. Moreover, IGP was the dominant source of 

transported BC, as seen in Figure 4.17. Comparing the BC concentration contours in Figure 

4.17(a) and 4.17(c) it was observed that BC from the IGP flowed into NE India and thus 

contributed to BC found over the region, while BC emitted over NE India remained mainly 

confined within the region. On increasing the BC emissions outside NE India, a greater amount 

of BC was found to exist over the NE India region, especially over the western region or region 

1 as seen in Figure 4.17(b) and a similar conclusion was seen with doubling BC emissions 

inside NE, as seen from Figure 4.17(d). Thus, region 1 not only received comparatively more 

BC from the IGP but locally emitted BC was also maximum in this region. The region of 

Bangladesh also seemed to contribute to BC in region 4 as seen in Figure 4.17(c) and Figure 

4.17(d). The break in the concentration contours on the eastern side of regions 2 and 4 in Figure 

4.17(c), however indicated that emissions from Myanmar did not contribute to BC over the 

regions. Even at higher atmosphere levels (Figure 4.18), similar observations were seen. It is 

noteworthy that emissions from IGP contributed to higher BC concentration over the NE India 

region than local emissions themselves. As we go even further up (Figure 4.19), very little 

contribution from local emissions was seen and BC over NE India was entirely contributed by 

IGP. Also, with increasing height, the region of peak BC concentration shifted from the IGP 

towards NE India. 

TH-3320_186104022



136 
 

 

Figure 4.17: Spatial distributions of near surface (model level 0) BC concentration (µg m-3) in a) 

No_NE_BC b) No_NE_2×BC c) Only_NE_BC d) Only_NE_2×BC 

 

Figure 4.18: Spatial distributions of BC concentration (µg m-3) in a) No_NE_BC b) No_NE_2×BC c) 

Only_NE_BC d) Only_NE_2×BC level at model level 10 
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Figure 4.19: Spatial distributions of BC concentration (µg m-3) in a) No_NE_BC b) No_NE_2×BC c) 

Only_NE_BC d) Only_NE_2×BC at model level 20 
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Table 4.7: BC concentration (µg m-3) at different model levels under different scenarios 

Level 0 
 

No_NE_BC 

(1)  

No_NE_2×BC 

(2) 

Only_NE_BC 

(3) 

Only_NE_2×BC 

(4) 

NOR 2NOR (1) + (3) (2) + (4) 

Region 1 0.90 1.39 0.72 1.39 1.61 2.82 1.62 2.78 

Region 2 0.63 0.92 0.39 0.76 1.04 1.69 1.02 1.67 

Region 3 0.38 0.50 0.16 0.33 0.53 0.80 0.54 0.82 

Region 4 0.69 1.02 0.58 1.12 1.27 2.11 1.27 2.14 

Average 0.65 0.96 0.46 0.90 1.11 1.85 1.11 1.85 

Level 10 

Region 1 0.88 1.32 0.24 0.45 1.11 1.79 1.11 1.77 

Region 2 0.62 0.92 0.18 0.34 0.81 1.24 0.79 1.26 

Region 3 0.35 0.46 0.09 0.18 0.44 0.62 0.44 0.65 

Region 4 0.67 1.00 0.16 0.31 0.86 1.34 0.83 1.31 

Average 0.63 0.93 0.17 0.32 0.80 1.25 0.80 1.25 

Level 20 

Region 1 0.36 0.52 0.02 0.03 0.38 0.56 0.38 0.55 

Region 2 0.28 0.39 0.03 0.06 0.30 0.44 0.31 0.45 

Region 3 0.20 0.26 0.03 0.06 0.23 0.32 0.23 0.32 

Region 4 0.28 0.39 0.02 0.03 0.29 0.42 0.29 0.42 

Average 0.28 0.39 0.02 0.05 0.30 0.43 0.30 0.44 

TH-3320_186104022



139 
 

The quantitative concentration values in different scenarios and at different atmospheric 

heights is provided in Table 4.7. Transported BC mainly from IGP contributed to a higher 

regional average (0.65 µg m-3) compared to the local emissions (0.46 µg m-3). Similar results 

were observed even on doubling the emissions (0.96 µg m-3 vs. 0.90 µg m-3). This 

quantitatively verifies the results observed before. However, the response of concentration to 

an increase in BC emission rates varied under different scenarios. Doubling the BC emissions 

from Only_NE_BC to Only_NE_2×BC led to almost double the regional average 

concentration from 0.46 µg m-3 to 0.90 µg m-3, but such response was not seen in the case of 

No_NE_BC and No_NE_2×BC and a smaller increase of 0.31 µg m-3 was observed. This is 

due to the reason that BC emissions within the NE India region remained within the region as 

seen in Figure 4.17(c) and 4.17(d) but are transported from other regions in transported BC 

scenarios. Since No_NE_BC and Only_NE_BC are theoretically a bifurcation of NOR into 

two separate regions and No_NE_2×BC and Only_NE_2×BC is a bifurcation of 2NOR, the 

contribution of BC emissions from inside and outside NE region to the BC concentration over 

NE India was estimated. The bifurcation was also verified by the near-surface regional average 

concentration of NOR (1.11 µg m-3) exactly matching the sum of No_NE_BC and 

Only_NE_BC and similar results were observed at higher model levels also. This showed that 

BC over the NE India region is the sum of BC concentration from local emissions within NE 

and transported BC and percentage contribution could be found out by dividing the local or 

transported BC from NOR simulation. A similar analysis was done in Table 4.5, but the sum 

of local and transported PM10 concentration values didn’t match with NOR-I. Similar 

conclusions could be derived for 2NOR and the sum of No_NE_2×BC and Only_NE_2×BC. 

Near the surface, No_NE_BC and No_NE_2×BC contributed to 58.55 % and 51.89 %, 

respectively of the BC over the region, and were also responsible for most of the BC in the 

higher atmosphere as shown in Table 4.7. At level 10 and level 20, the proportion of transported 
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BC was 78 % and 93 %, respectively and thus, in the higher atmosphere also, most of the BC 

found was mainly from the IGP. Moreover, since BC emissions within NE India mostly stay 

within the same region, an increase in emissions within the region may lead to an accumulation 

of BC over the region due to the mountainous terrain, as discussed before. 

 

Figure 4.20: Regionally averaged vertical profiles of BC concentration (µg m-3) in a) region 1 b) region 4 

 

Being in closer proximity to the IGP, region 1 experienced stronger BC transport from 

it, as can be verified from Table 4.7. The transport is even stronger than region 4 which can be 

verified from Figure 4.20. This is followed by region 2 and region 3. Thus, BC concentration 

in the regions matched the proximity to IGP.  
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4.3.4.2 Radiative heating 

 

 

Figure 4.21: Regionally averaged vertical profiles of sensible temperature perturbation (K) 

 

The perturbation in sensible temperature due to different scenarios is provided in Figure 4.21. 

Each profile each estimated by subtracting the sensible temperature from each of the 

simulations in the figure from NOFEED simulation. The qualitative similarity between 

No_NE_BC and NOR profiles and No_NE_2×BC and 2NOR profiles showed that the 

atmospheric heating was mainly caused by the BC transported from IGP. The increase in 

sensible temperature occurred mainly in the lower atmosphere. There existed a vast difference 

between the temperature profiles of local and transported BC. For Only_NE_BC and 

Only_NE_2×BC profiles, temperature perturbation was considerably less and the profile 
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almost stayed near the zero-perturbation line throughout the atmosphere, while the remaining 

profiles showed great variation with height. For Only_NE_BC and Only_NE_2×BC profiles, 

the peaks below 2000 m were closer to the surface, possibly due to the presence of most of the 

BC near the surface. There existed a certain height difference between the peaks of these BC 

profiles in Figure 4.16 and the corresponding temperature profiles in Figure 4.21, with 

temperature peaks existing above concentration peaks. It is possibly related to higher 

atmospheric heating at higher heights due to more efficient absorption of sunlight, as was 

discussed in previous studies (Ding et al., 2016; Dong et al., 2017; Wang et al., 2018) Due to 

the presence of elevated BC concentration for the remaining profiles, elevated heating was also 

observed for them with positive tendencies below 10 km and cooling above it. The atmospheric 

heating rate (HR) was estimated using equation 25 as per Liou (1980), and was also used by 

Kedia et al. (2016) and Bibi et al. (2017). 

HR =
g

Cp
· 

ΔF

ΔP
 ,                                                                                                                                                              (25) 

where g is the acceleration due to gravity (9.81 m s-2), Cp is the specific heat capacity of air at 

constant pressure (1.005 kJ K-1 kg-1), ΔF the atmospheric RF and ΔP is the atmospheric 

pressure (300 hPa) difference between surface and 3 km altitude as most of the BC was present 

below this height. Moreover, in order to compare the effectiveness of heating by local and 

transported BC, two parameters, heating efficiency (HE) and heating slope (HS), were defined 

by equations 26 and 27. 

HE =
HR

Column sum of BC concentration within 3 km (CC)
                                                                                                    (26) 

HS =
ΔHR

ΔCC 
 ,                                                                                                                                                                 (27) 

HE has units of K day-1 µg-1 m3, thus measuring the heating contributed by per unit 

concentration of BC below 3 km. HE was used to assess the effect of BC vertical distribution 
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on atmospheric heating while HS was used to assess the response of atmospheric heating rate 

to BC concentration changes and has similar units as HE. CC has units of µg m-3. 

Table 4.8: NE India region average values of columnar BC concentration (µg m-3) and atmospheric 

heating parameters in different scenarios 

 
No_NE_BC No_NE_2×BC Only_NE_BC Only_NE_2×BC 

HR 0.460 0.597 0.123 0.178 

CC 12.458 18.391 3.905 7.563 

HE 0.037 0.032 0.032 0.024 

ΔHE  -0.004 -0.008 

HS 0.023 0.015 

 

The quantitative values of the parameters are provided in Table 4.8. Only_NE_BC had a 

regional net average HR of 0.123 K day-1 compared to 0.460 K day-1 of No_NE_BC. This 

indicated a 3.73 times higher atmospheric heating rate by transported BC. An increase in local 

emissions from Only_NE_BC to Only_NE_2×BC caused a small increase in heating rate of 

0.055 K day-1 compared to the increase of 0.137 K day-1 from No_NE_BC to No_NE_2×BC. 

As per the definition, HE was inversely proportional to CC and this was exactly followed in all 

regions across all scenarios (Figure 4.22 and 4.23).  
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Figure 4.22: Region-wise HE in different scenarios 

 

 

Figure 4.23: Column integrated BC concentration 

 

However, HE was higher in the case of transported BC compared to local BC with values of 

0.037 K day-1 µg-1 m3 (No_NE_BC) vs. 0.032 K day-1 µg-1 m3 (Only_NE_BC) and 0.032 K 

day-1 µg-1 m3 (No_NE_2×BC) vs. 0.024 K day-1 µg-1 m3 (Only_NE_2×BC), even if CC was 

higher in the case of transported BC. The reason might be that transported BC might have 

undergone a higher amount of chemical transformation due to higher atmospheric time, leading 

to a higher lensing effect on the BC core, resulting in enhanced absorption (Liu et al., 2015). 
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Slater et al. (2022) also found that the HR per unit mass of BC is higher when it is aloft than 

when near the surface.  Also, it was observed that on increasing emissions, the decrease in HE 

was smaller in the case of transported BC (-0.004 K day-1 µg-1 m3) than local BC (-0.008 K 

day-1 µg-1 m3). Hence, with the increase in BC emissions, HE decreased more when BC was 

more concentrated near the surface than in the atmosphere. HS indicated that atmospheric 

heating increased at a higher rate of 0.023 K day-1 µg-1 m3 with increasing transported BC 

compared to 0.015 K day-1 µg-1 m3. Thus, the increase in transported BC emissions had more 

impact on atmospheric heating over NE India than when present near the surface with local 

emissions.  

4.3.4.3 Atmospheric stability and moisture 

 

 

Figure 4.24: Regionally averaged vertical profiles showing perturbations in a) potential temperature (K) 

b) equivalent potential temperature (K) 
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Chapter 3, as well as Soni et al. (2018), showed an increased influx of moisture into the region 

during pre-monsoon due to BC. In order to compare and separate the effects of local and 

transported BC on atmospheric stability through temperature and moisture, potential 

temperature (PT) and EPT were estimated. PT estimates atmospheric stability based on 

temperature, while EPT accounts for both temperature and moisture and is a more realistic 

parameter. In most of the profiles in both parameters in Figure 4.24(a) and 4.24(b), positive 

perturbation was observed approximately below 10 km and negative above it which indicated 

an increase in atmospheric instability and vice-versa for an increase in atmospheric stability. 

(Zhao et al., 2011). The positive perturbations below 10 km varied with height and were most 

profound in the profiles No_NE_BC – Only_NE_BC, No_NE_2×BC – Only_NE_2×BC and 

No_NE_2×BC – Only_NE_BC, each of which was estimated from the difference between a 

transported BC scenario and local BC scenario. These profiles showed similarity with the 

corresponding profiles of NOR – Only_NE_BC, 2NOR – Only_NE_2×BC and 2NOR – 

Only_NE_BC in both the parameters, indicating that they were closer to the normal 

atmospheric scenario. The positive perturbations were, however, comparatively smaller with 

2NOR – NOR, No_NE_2×BC – No_NE_BC and Only_NE_2×BC – Only_NE_BC in both the 

parameters, each pair being the same scenario with only a difference in emission rates. This 

shows that BC atmospheric distribution played an important role in instability. The 

Only_NE_2×BC – Only_NE_BC profile not only showed a smaller increase in instability than 

No_NE_2×BC – No_NE_BC profile but also contributed to the smallest increase in instability 

in both the parameters. Thus, transported BC and an increase in transported BC emissions led 

to higher atmospheric instability than local BC. However, there occurred a region of increased 

stability from the ground surface to the first peak of transported BC profiles at approximately 

1000 m, indicated by increasing temperature with height. Thus, transported BC may also be 

responsible for air quality scenarios over NE India by creating a stable boundary layer. 
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Moreover, EPT profiles showed higher positive perturbations and hence higher instability 

compared to the corresponding PT profiles with values exceeding 1.25 K. The positive 

difference or additional instability between the corresponding profiles of Figure 4.24(a) and 

4.24(b) was due to moisture. The difference also indicated that moisture contributed even more 

to the instability than BC. 

 

Figure 4.25: Regionally averaged vertical profiles showing perturbations in water vapor mixing ratio (g kg-

1) 

 

The peaks for EPT existed closer to the surface due to most of the moisture also remaining near 

the surface, as shown in Figure 4.25. The close qualitative and quantitative similarity between 

No_NE_BC – NOFEED, No_NE_BC – Only_NE_BC and NOR – Only_NE_BC profiles in 

Figure 4.24(a) showed that aerosol radiative effect due to transported BC was intricately linked 
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with the PT profile and the positive perturbations in each of these profiles were also closely 

linked with BC. This was also seen in Figure 4.24(b), but since it also included the effect of 

moisture, larger differences were seen. 

BC, whether transported or emitted locally, caused a positive perturbation in moisture 

at least below 2 km altitude, as seen in Figure 4.25. The perturbation was much larger in profiles 

that had a combination of transported and local BC scenarios and which had higher transported 

BC emissions and followed a pattern similar to PT and EPT. This links BC, instability and 

moisture in the region, i.e., higher transported BC caused higher instability which brought a 

higher amount of moisture which would possibly again cause higher instability. It was the same 

for scenarios that included indirect effect, as can be observed from the similarities of the 

No_NE_BCI – Only_NE_BCI (Figure 4.26) and No_NE_BC – Only_NE_BC profile in Figure 

4.25.  
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Figure 4.26: Regionally averaged vertical profiles of water vapor mixing ratio (g kg-1) perturbations 

 

The higher moisture with transported BC scenarios was due to higher moisture flux 

caused by it over the Bay of Bengal compared to local BC and can be verified from Figure 

4.27. Consequently, No_NE_BC (33.95 kg m-2) and No_NE_2×BC (34.15 kg m-2) had higher 

region average precipitable water vapor than Only_NE_BC (33.49 kg m-2) and 

Only_NE_2×BC (33.64 kg m-2). Hence transported BC in Section 4.3.3 was primarily 

responsible for transporting moisture from the Bay of Bengal by affecting the atmospheric 

dynamics. The mechanism is similar to the "heat pump" model by Lau et al. (2006). 
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Figure 4.27: Spatial distributions of change in moisture flux (g s-1 m-2) in a) No_NE_BC – Only_NE_BC b) 

No_NE_2×BC – Only_NE_BC c) Only_NE_2×BC – Only_NE_BC near surface 

 

Furthermore, the similarity of No_EMISS_NE – Only_EMISS_NE profile with No_NE_BCI 

– Only_NE_BCI in Figure 4.26 inferred that the direct radiative effect of transported BC was 

responsible for the moisture increase in Figure 4.13. Hence, No_NE_BCI caused a higher 

rainfall of 36.26 mm than Only_NE_BCI, as seen in Figure 4.28. The relation of increased 

rainfall due to an increase in moisture was also observed in Kedia et al. (2016). The increase is 

mostly in region 1, 4 and the upper part of the Brahmaputra valley.  
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Figure 4.28: Spatial distributions of change in rainfall (mm) in No_NE_BCI – Only_NE_BCI 

 

So, doesn’t BC suppress rainfall through indirect aerosol effect? Aged BC also contributes as 

CCN (Lambe et al., 2015), contributing to indirect aerosol effect but the difference in the 

column average CCN concentration over NE India was small with 2122 cm-3 in No_NE_BCI 

and 2175 cm-3 in Only_NE_BCI, though it was observed previously that transported BC 

concentration was much higher than local BC over NE India. Hence, it indicated that BC didn’t 

contribute much as CCN. Kristjánsson (2002) also observed BC contributes only marginally to 

indirect effect. Moreover, a lower value of CCN with No_NE_BCI may be related to the 

suppression of CCN activation due to BC, as observed over Central India (Nair Jayachandran 

et al., 2020), as transported BC had higher BC concentration. Thus, the positive effect on 

rainfall by transported BC was primarily due to the greater change in dynamics than the cloud 

modifications causing suppression. Enhancement of CCN number concentration generally 

leads to enhancement of indirect aerosol effect (Yu et al., 2013) but the difference in CCN was 

very small. Rather, the increase in moisture, caused by the increase in atmospheric instability 
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possibly condensed on a relatively smaller number of CCN particles promoting larger cloud 

droplets which enhanced rainfall. This indicated that the higher transported BC emissions didn't 

contribute to rainfall suppression through indirect aerosol, but rather counteracted the 

suppression of rainfall due to the indirect effect of other aerosol species. The rainfall 

enhancement was due to an increase in moisture, contributed by the transported fraction of BC, 

as explained in Section 4.3.4.3. Moreover, rainfall suppression was also more due to 

transported aerosols, mainly contributed by indirect effect (Table 4.6).  

4.3.5 Role of sulfate aerosol 

 

Also, among the non-absorbing aerosols, sulfate aerosol is an important contributor to 

CCN and indirect effect (Kristjánsson, 2002). Its concentration was found to be the highest 

among non-absorbing aerosols and most of its mass over NE India was found to be transported 

(Sect. 4.3.1). Concentration profiles can be seen from Figure 4.29.  
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Figure 4.29: Regional average vertical profile of sulfate aerosol concentration (µg m-3) in different scenarios 

 

Hence, the response of rainfall over NE India was checked by increasing 

(No_EMISS_NE_4SO2) and decreasing (No_EMISS_NE_0.25SO2) SO2 emissions outside 

NE India and compared against the baseline transported scenario (No_EMISS_NE) since 

sulfate is mainly formed within the atmosphere by oxidation of SO2 (Wang et al., 2021). 

No_EMISS_NE_4SO2 caused an increase in column average CCN concentration to 3524 cm-

3
 compared to 1753 cm-3 in No_EMISS_NE, while No_EMISS_NE_0.25SO2 showed a 

decrease (1390 cm-3). Thus, changes in transported SO2 emissions showed a significant 

response to CCN and hence to indirect effect. The increase in SO2 emissions with 

No_EMISS_NE_4SO2 caused an increase in cloudwater mixing ratio compared to 

No_EMISS_NE, as seen in Figure 4.15, while its decrease also caused a decrease. Thus, 

No_EMISS_NE_4SO2 and No_EMISS_NE_0.25SO2 had lower and higher rainwater mixing 
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ratios, respectively, compared to No_EMISS_NE. Consequently, No_EMISS_NE_4SO2 had 

higher rainfall suppression and gave lesser rainfall (-22.23 mm) compared to 

No_EMISS_NE_0.25SO2. Spatial distribution is shown in Figure 4.30 which shows mainly 

negative change over the region. Thus, an increase in non-absorbing transported aerosol caused 

rainfall suppression through indirect effect. Hence, we can say that the under the influence of 

different aerosol effects that reduce surface moisture evaporation by surface dimming, the 

moisture transported from the Bay of Bengal by the influence of BC transported from IGP 

remains the primary source of rainfall. However, the supposed rainfall is suppressed by the 

aerosols emanating from the IGP.  

 

Figure 4.30: Spatial distributions of change in rainfall (mm) in No_EMISS_NE_4SO2 – 

No_EMISS_NE_0.25SO2 

 

The indirect effect was observed to be the dominant aerosol effect for suppressing 

rainfall. However, with an increase in BC, suppression of rainfall due to direct and semi-direct 

effects through surface processes (surface moisture flux, convection) and cloud evaporation as 

well as due to indirect aerosol effect (atmospheric stability, surface moisture flux and cloud to 
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rainwater conversion) becomes comparatively weaker mechanisms than the direct effect of 

radiative heating by BC, enhancing rainfall through the transport of moisture. Moisture 

transported by BC remain the one and only source for rainfall over NE India. All other aerosol 

processes reduce moisture. However, the increase in transported SO2 emissions also caused 

further suppression of rainfall. Hence, an increase in transported aerosols of an absorbing 

aerosol (BC) and a non-absorbing aerosol (sulfate), both being a contributor to CCN, exerted 

different impacts on rainfall and hence most likely controls the enhancement and suppression 

of pre-monsoon rainfall over NE India, thus counteracting each other. However, since 

decreasing rainfall trend has been observed, the impacts of the indirect aerosol effect could be 

dominant. Here, the response of only one non-absorbing aerosol (sulfate) was checked and 

possibly had contributions from other similar species also. Other non-absorbing aerosol species 

like nitrate also contribute to indirect aerosol effect (Wang et al., 2010; Zaveri et al., 2021) 

which may contribute to rainfall suppression as sulfate. 

4.4 Summary 

 

Transported aerosols, primarily from IGP, were found to be responsible for the bulk of the 

aerosol mass (93.98 %) over NE India while contributing 64.18 % of near-surface PM10 

concentration, thus primarily responsible for air pollution as climatic impacts over the region 

during pre-monsoon season. The climatic impacts, both w.r.t. RF as well as rainfall, were 

dominated by the indirect aerosol effect. The impacts of the indirect aerosol effects of 

transported aerosols were much higher in affecting radiation (-13.12 W m-2 vs. -0.24 W m-2 at 

the surface, 7.30 W m-2 vs. 0.97 W m-2 in the atmosphere) as well as suppressing rainfall (-

49.11 mm vs. -16.04 mm) compared to local emissions. The greater surface dimming by 

transported aerosols caused a higher negative change in surface moisture flux (-3.82×10-6 kg 

m-2 s-1 vs. 8.15×10-8 kg m-2 s-1) as well as higher aerosol mass reduced cloudwater to rainwater 

conversion, both of which contributed to higher rainfall suppression. Transported aerosols 
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caused 4.42×1013 m-2 higher cloud droplets than local emissions. The atmospheric instability 

due to the direct + semi-direct effect and indirect effect of transported aerosols were found to 

be contradictory and caused an increase and decrease, respectively. The direct effect of 

transported aerosols, though also caused negative surface moisture flux over NE India (-

1.03×10-6 kg m-2 s-1), however, increased moisture over NE India, increasing moisture flux 

over the Bay of Bengal. Further analysis showed that transported BC was more efficient in 

atmospheric heating over NE India and together with the higher transported BC mass, an 

increase in its emissions caused higher atmospheric instability over the region, which brought 

more moisture from the Bay of Bengal. The increased moisture further contributed to higher 

instability. Hence, the rainfall suppression caused through the different atmospheric processes 

by direct, semi-direct and indirect effects were nullified. The direct effect of BC thus 

overpowered the other rainfall-suppressing processes. Indirect aerosol effect and radiative 

heating were the main rainfall-controlling factors. Hence, changes in emissions of aerosols or 

chemical species contributing to these processes will possibly contribute to rainfall suppression 

and enhancement over NE India. Moreover, rainfall simulated with transported aerosols was 

found to be more similar to the IMD observation datasets as well as the baseline emission 

scenario, indicating its possible greater influence in the real-world scenario. 

The study shows that the atmospheric transport of emissions from IGP to NE India has 

a significant impact on NE India’s atmosphere during pre-monsoon and the impacts are even 

greater than the emissions within the NE India region. 
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5. Direct aerosol effect of black carbon on rainfall intensity 
 

5.1 General 

 

The analysis in the previous chapters showed that transported BC emissions increases rainfall 

over NE India through direct radiative effect. This chapter analyses the response of rainfall 

intensity with increase in BC emissions. The chapter also analyses whether the semi-direct 

effect has any role or do rainfall increases indefinitely with an increase in BC emissions, as 

semi-direct effect cause cloud evaporation which reduces rainfall. This compliments the 

findings of Chapter 3. 

5.2 Methodology 

 

The model, model inputs, modelling domains, model configuration and simulation period in 

this study is similar to Chapter 3 and 4. The list of simulations that were used is given in table 

5.1. 

Table 5.1: Description of simulations 

 Simulation name Description of simulations 

1. NOR-I Baseline simulation 

2. 4NOR-I Same as NOR-I but with 4×BC emissions 

3. 8NOR-I Same as NOR-I but with 8×BC emissions 

4. NOFEED-I Same as NOR-I but with no aerosol radiative effects 

5. 4NOFEED-I Same as NOFEED-I but with 4×BC emissions 

6. 8NOFEED-I Same as NOFEED-I but with 8×BC emissions 

7. NOR Same as NOR-I but without indirect effect 

8. 2NOR Same as NOR but with 2×BC emissions 

9. 4NOR Same as NOR but with 4×BC emissions 

10. NO_BC_ABS Same as NOR but with BC absorption turned off 

11. No_NE_BCI Same as NOR-I but with BC emissions turned on only outside NE India 

12. Only_NE_BCI Same as NOR-I but with BC emissions turned on only within NE India 
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The NOR-I simulation utilized in Chapter 4 are also used in this study. 4NOR-I and 8NOR-I 

have 4 and 8 times the BC emission rates, respectively, compared to NOR-I. NOFEED-I, 

4NOFEED-I and 8NOFEED-I are similar to NOR-I, 4NOR-I and 8NOR-I, but with aerosol 

radiative effects turned off. Simulations 7, 8, 9 and 10 are the same as that in Chapter 3. 

Simulations 11 and 12 are the same as that used in Chapter 4. The direct and semi-direct and 

were separated using a similar methodology as in Chapter 4. 

NOR-I – NOFEED-I = Direct + Semi-direct effect                                                                                            (28) 

4NOR-I – 4NOFEED-I = Direct + Semi-direct effect                                                                                        (29) 

8NOR-I – 8NOFEED-I = Direct + Semi-direct effect                                                                                        (30) 

The BC emissions in Chapter 3 go up to 4×, here it goes up to 8×.  

5.3 Results and discussion 

 

As pointed out in Chapter 3 also, simulated rainfall is of two types: grid-scale or NCR 

contributed by the transport of moisture from water bodies and sub-grid scale or CR, caused 

by rising thermals. NCR is controlled by the microphysics scheme, while CR by the cumulus 

scheme. The division of NE India into sub-regions is the same as that in Chapter 4. The total 

of the region average CR amounts is shown in Table 5.2 while for NCR in Table 5.3. Moreover, 

the total rainfall values in both tables have been classified into different intensities of rainfall 

as per IMD 

(https://mausam.imd.gov.in/imd_latest/contents/pdf/pubbrochures/Heavy%20Rainfall%20Wa

rning%20Services.pdf). The intensities are as follows. Light: up to 1 cm hr-1, moderate: 1-2 cm 

hr-1, intense: 2-3 cm hr-1, very intense: 3-5 cm hr-1, extremely intense: 5-10 cm hr-1 and cloud 

burst: >10 cm hr-1. The rainfall occurring under each intensity (cm hr-1) has been summed up 

to give the total rainfall amount under each intensity (mm).
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Table 5.2: Classification of CR into different intensities (mm) 

 
Total Low  Moderate  Intense  Very intense  Extreme intense  Cloud burst 

NOR-I 322.03 314.61 7.42 0.00 0.00 0.00 0.00 

4NOR-I 312.59 307.54 5.06 0.00 0.00 0.00 0.00 

8NOR-I 311.58 305.86 5.72 0.00 0.00 0.00 0.00 

 

Table 5.3: Classification of NCR into different intensities (mm) 

 
Total Low  Moderate  Intense  Very intense  Extreme intense  Cloud burst 

NOR-I 268.00 183.28 52.26 19.40 11.37 1.70 0.00 

4NOR-I 304.55 190.71 64.41 28.92 17.34 3.18 0.00 

8NOR-I 290.69 188.48 60.65 25.86 14.37 1.32 0.00 

 

Table 5.4: Change in total and intensity-wise NCR due to changes in direct effect of BC (mm) 

 
Total Low  Moderate  Intense  Very intense  Extreme intense  Cloud burst 

4NOR-I - NOR-I 34.36 4.54 15.04 8.41 4.94 1.43 0.00 

8NOR-I - 4NOR-I -20.19 -0.52 -7.67 -5.38 -6.11 -0.50 0.00 
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Table 5.2 shows that CR contributes slightly higher rainfall than NCR in Table 5.3 over NE 

India across all simulation scenarios. However, CR in all scenarios except NOR-I remained 

between 311.58 mm and 322.03 mm and was much less sensitive to the change in emissions 

than NCR. A lesser effect on CR was also seen in Chapter 3. NCR increased from 268.00 mm 

in NOR-I to 304.55 mm in 4NOR-I. Thus, NCR varied significantly between the simulations 

compared to CR. Also, most of the CR occurred under low intensity and there was none to very 

little rainfall in the other intensities across all scenarios. Moreover, CR decreased with an 

increase in BC emissions. NCR, on the other hand, occurred even with extreme intensity and 

showed perturbation with the change in emissions. Moreover, BC affects rainfall by 

transporting moisture through direct effect, which is an NCR type. Hence, direct effect on NCR 

is mainly studied in this study. Moreover, Table 5.4 shows that due to the direct radiative effect, 

NCR increased by 34.36 mm over the region from NOR-I to 4NOR-I, while it decreased by -

20.19 mm with a further increase from 4NOR-I to 8NOR-I. Thus, the increase in rainfall due 

to the increased moisture transport from the Bay of Bengal is not a monotonic phenomenon but 

reverses after a particular level of BC emissions. Here the level is found to be between 4× to 

8×BC emissions. 
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Figure 5.1: Spatial distribution of intensity-wise change in NCR (mm) from 4NOR-I – NOR-I a) low b) 

moderate c) intense d) very intense e) extreme intense d) cloud burst intense due to direct effect of BC 
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Figure 5.2: Spatial distribution of intensity-wise change in NCR (mm) from 8NOR-I – 4NOR-I a) low b) 

moderate c) intense d) very intense e) extreme intense d) cloud burst intense due to direct effect of BC 
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Table 5.5: Region-wise and intensity-wise changes in NCR (mm) due to direct effect of BC 

 Low  Moderate  Intense  Very intense  Extreme intense  Cloud burst Total 

4NOR-I – NOR-I 

Region 1 7.95 7.47 2.74 2.95 0.90 0.00 22.01 

Region 2 -8.30 -0.27 0.57 0.12 0.10 0.00 -7.79 

Region 3 -1.04 2.64 1.30 -0.22 0.11 0.00 2.79 

Region 4 5.94 5.21 3.80 2.08 0.32 0.00 17.35 

8NOR-I – 4NOR-I 

Region 1 -4.21 -5.08 -5.06 -6.00 0.15 0.00 -20.20 

Region 2 7.84 3.37 2.16 0.68 -0.05 0.00 13.99 

Region 3 -3.40 -4.00 -2.37 -0.86 -0.20 0.00 -10.84 

Region 4 -0.75 -1.96 -0.10 0.07 -0.40 0.00 -3.14 

 

Figure 5.1 and 5.2 shows the spatial distribution of intensity-wise change in rainfall due to 

direct effect of BC in 4NOR-I – NOR-I and 8NOR-I – 4NOR-I, respectively and the region-

wise values are provided in Table 5.5. It can be seen from Figure 5.1 that changes in BC 

emissions affects mainly the rainfall over NE India and the increase in rainfall in 4NOR-I – 

NOR-I mainly occurs over region 1, 3 and 4, as also seen from the total in Table 5.5. An 

increase in rainfall with low-intensity rainfall mainly occurred along the Brahmaputra River 

valley and similar results are seen for moderate, intense and very intense intensities. However, 

rainfall increased through all intensities in region 1 and 4, while rainfall reduction through 

particular intensities were observed for region 2 and 3. Thus, region 1 and 4 were the most 

affected region, experiencing extreme rainfall with a total increase of 22.01 mm and 17.35 mm, 

respectively. A slight increase of 2.79 mm was observed for region 3, mainly contributed by 

the low-intensity rainfall in the upper part of the Brahmaputra River valley. Region 2 observed 
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a decrease with a value of -7.79 mm. Further verification is provided by the NOR, 4NOR and 

8NOR simulations from Chapter 3, which only included the direct and semi-direct effects.  

Table 5.6: Region-wise percentage of time rainfall change occurs under a particular rainfall intensity 

 
Region 1 

Rainfall intensity (mm 

hr-1) 

0-5 5-10 ≥10 - 0-5 - 5-10  ≤ -10 0 (no change) 

NOR-NO_BC_ABS 19.92 4.07 16.44 19.88 4.23 16.40 19.06 

2NOR-NO_BC_ABS 19.32 4.28 17.21 19.71 4.27 16.80 18.41 

4NOR-NO_BC_ABS 18.90 4.24 17.10 20.31 4.34 16.93 18.18 
 

Region 2 

NOR-NO_BC_ABS 21.48 4.12 14.04 21.57 4.07 13.07 21.65 

2NOR-NO_BC_ABS 20.97 4.49 14.81 21.12 3.87 13.00 21.74 

4NOR-NO_BC_ABS 20.37 4.30 16.01 21.00 3.99 13.12 21.21 
 

Region 3 

NOR-NO_BC_ABS 19.53 3.66 14.69 21.48 3.63 15.54 21.47 

2NOR-NO_BC_ABS 19.71 3.74 15.24 21.36 3.57 15.16 21.22 

4NOR-NO_BC_ABS 18.38 3.51 15.82 22.01 3.59 15.40 21.29 
 

Region 4 

NOR-NO_BC_ABS 25.82 4.37 17.64 18.66 3.22 13.69 16.60 

2NOR-NO_BC_ABS 25.49 4.34 19.88 18.27 3.15 13.45 15.42 

4NOR-NO_BC_ABS 25.21 4.28 18.97 19.52 3.27 14.26 14.49 

 

Table 5.6 shows the percentage of time rainfall change occurs under a particular intensity. The 

intensities used are as discussed in Chapter 3, since the simulations are from Chapter 3. 

Considering the positive changes (0-5, 5-10 and ≥ 10 mm hr-1 columns), it can be seen that 

with the increase in emissions, low-intensity rainfall decreases and high-intensity rainfall 

increases in general. Moderate-intensity rainfall increased with 2NOR but again decreased with 

4NOR. The decrease in low-intensity rainfall may be that it is caused by smaller cloud droplets, 

which evaporate easily with increasing atmospheric temperature. Most of the high-intensity 

rainfall enhancement changes occur in region 4, followed by region 1 as also seen in this 

chapter. The increasing atmospheric temperature induced by the increased absorption by BC 

was responsible for this, as the difference between the simulations in Table 5.6 represents the 

absorption. Thus, the increase in BC caused high-intensity rainfall along with the increase in 
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its duration. It was observed in Chapter 3 that the increase in BC emissions caused an increase 

in high level-clouds due to an increase in the ice hydrometeor. However, besides ice, the 

increase in BC absorption also caused an increase in the formation of snow and graupel 

hydrometeors, as observed in Figure 5.3. The possible reasons for this are that with an increase 

in black carbon concentrations, an increase in moisture was also seen. Increased black carbon 

also increases atmospheric instability over the region, which facilitates the transfer of more 

moisture to the upper atmosphere, which facilitates the formation of ice, snow and graupel 

hydrometeors. Melting of graupel hydrometeor can also produce higher-intensity rainfall. The 

increase in cloud cover near 10 km contributed by ice is a possible validation of this. This 

conclusion is based on the study by Li et al. (2011) and Sarangi et al. (2015). 

 

Figure 5.3: Regionally averaged vertical profile of snow hydrometeor (left) and graupel hydrometeor 

(right) 
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Thus this explains the high-intensity rainfall mechanism by direct effect of BC. For the 

negative changes (- 0-5, - 5-10 and ≤ -10 mm/hr columns), all rainfall intensities are suppressed 

for less duration with 2NOR in general, compared to NOR and 4NOR. Also, it can be seen 

from the last column that with the increase in BC emissions and associated atmospheric 

heating, BC influences rainfall for more amount of time. Similar plots as in Figure 5.3 were 

also observed for NOR-I, 4NOR-I and 8NOR-I, as shown in Figure 5.4, which infers that the 

increase in BC absorption are responsible for such impacts. Thus, similar mechanisms also 

occurred with the inclusion of indirect effects also in NOR-I, 4NOR-I and 8NOR-I. This could 

be an additional process for high-intensity rainfall, apart from the increase in moisture below 

2000 m. However, the significantly smaller difference between the 4NOR-I and 8NOR-I 

profiles compared to NOR-I and 4NOR-I profiles need further investigation.  

 

Figure 5.4: Regionally averaged vertical profile of snow hydrometeor (left) and graupel hydrometeor 

(right) in NOR-I, 4NOR-I and 8NOR-I 

 

TH-3320_186104022



168 
 

Moreover, intensity-wise rainfall difference estimated from No_NE_BCI – Only_NE_BCI 

show positive values which implied that the transported BC, primarily from IGP was 

responsible for the increase in rainfall through different intensities. The spatial distribution is 

shown in Figure 5.5. Increase of 11.83 mm, 7.37 mm, 6.92 mm, 5.95 mm and 0.95 mm was 

observed for low, moderate, intense, very intense and extreme intense rainfall, caused by 

transported BC and hence show similar conclusions as was observed for 4NOR-I – NOR-I. 

This concluded that transported BC was responsible for the high-intensity rainfall over NE 

India. 
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Figure 5.5: Spatial distribution of intensity-wise change in NCR (mm) from No_NE_BCI – Only_NE_BCI 

a) low b) moderate c) intense d) very intense e) extreme intense d) cloud burst intense 

 

However, as we move from 4NOR-I – NOR-I to 8NOR-I – 4NOR-I, contrasting results 

were observed. The regions (1, 3 and 4) which had observed positive total rainfall, became 

negative with values of -20.20 mm, -10.84 mm and -3.14 mm for region 1, 3 and 4, respectively. 

The reduction occurred through a reduction in all or most of the intensities. Region 2, on the 
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contrary, showed a positive change of 13.99 mm. This is also observed from Figure 5.2 and 

Table 5.5. The conclusion regarding the spatial distribution of the intensities is opposite to 

Figure 66. However, in both cases, region 1 was the common region and responded strongly to 

the change in emissions. The reasons for the increase are described in the previous chapters. 

However, this chapter shows that rainfall can become negative and ultimately contribute to 

suppression. The decrease was partly due to a continuous decrease in transported moisture 

between 2000-4000 m, as shown in Figure 5.6. Thus, the change in the intensities is related to 

moisture availability. 

  

Figure 5.6: Regional average vertical profiles of water vapor mixing ratio (g kg-1) due to direct effect in 

different scenarios 
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Figure 5.7: Spatial distribution of change in surface moisture due to direct effect in a) NOR-I b) 4NOR-I c) 

8NOR-I 

 

The successive moisture decrease between 2000-4000 m was due to successive decreases in 

surface moisture flux over North and Central India region, as shown in Figure 5.7, due to 

surface cooling. Quantitatively, the values are -1.59×10-6, -1.83×10-6 and -2.58×10-6 kg m-2 s-1 

for NOR-I, 4NOR-I and 8NOR-I, respectively. The positive values over the higher terrain of 

NE India are due to the reduction of moisture causing a decrease in clouds which have a 

positive effect on surface radiation and on the surface moisture flux. This would accompany 

the rainfall suppression caused by the indirect effect of non-absorbing aerosols. However, 

successive increase is seen over the Bay of Bengal. 

Moreover, the moisture decrease was accompanied by cloud evaporation due to semi-

direct effect, as explained in Chapter 3. The semi-direct net surface RF shows a continuous 

increase with the increase in BC emissions, as seen in Figure 5.8. The increase was mostly over 
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region 1, where a maximum rainfall decrease was observed. The regional NE India average RF 

values due to semi-direct effect for NOR-I, 4NOR-I and 8NOR-I were 11.38, 14.47 and 16.21 

W m-2.  

 

Figure 5.8: Spatial distribution of semi-direct RF in a) NOR-I b) 4NOR-I c) 8NOR-I 

 

Thus, cloud evaporation and subsequent decrease in rainfall possibly were active across all 

three scenarios, but the influence of other effects on mechanisms influencing moisture 

availability had a greater effect on rainfall. Thus, a decrease in moisture and cloud evaporation 

both played a role in reducing rainfall intensity. This adds to the conclusions of Chapter 3. 

5.4 Summary 

 

The study shows the relevance of another region, i.e., the North and Central part of India, apart 

from the Bay of Bengal, that contributes to moisture and, subsequently, rainfall over NE India 

during the pre-monsoon season. Hence, any negative influence on this region, whether through 
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BC or any other aerosol will also have a negative impact on the rainfall over NE India. Thus, 

it is not necessary for aerosols to be transported to NE India to affect its rainfall. The mere 

presence of it leading to surface dimming and subsequent reduction in surface moisture flux 

over North and Central Part of India will reduce rainfall over NE India. However, there is an 

exception in that the presence of greater and greater amount of BC increases moisture flux over 

the Bay of Bengal but is reduced over North and Central Part of India. An increase in BC 

caused an increase in low, moderate and intense rainfall along the Brahmaputra River valley. 

However, most of the high-intensity rainfall increase was observed over the western and 

southern parts of NE India. The western region was most affected by emissions changes. Both 

the increase in high-intensity rainfall and duration was observed to be caused by transported 

BC. Apart from the increase in high-intensity rainfall due to the increase in moisture, the 

formation of ice-phase hydrometeors was also seen and could also add to the high-intensity 

rainfall. Thus, it may contribute to the observed increase in high-intensity rainfall events over 

NE India. However, the study also finds that rainfall that increase in BC emissions does not 

cause a continuous increase in rainfall, but a threshold BC level was found to exist between 4-

8 times the BC emissions. Hence all aerosol effects ultimately cause rainfall suppression. Thus, 

apart from the indirect aerosol effect, the direct effect of BC also ultimately caused a rainfall 

decrease. The increase and decrease in rainfall, along with the corresponding increase and 

decrease in intensities, seemed to be controlled by moisture availability. Cloud evaporation and 

its subsequent negative effect on rainfall and rainfall intensity was always active but the 

ultimate impact on rainfall was dominated by other processes.    
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6.  Comparison and evaluation of planetary boundary 

layer parametrization schemes 
 

6.1 General 

 

This study compares and evaluates the applicability of six planetary boundary layer (PBL) 

parametrization schemes over the NE India region through numerical simulations of the WRF 

model. This study is also done as the simulated meteorological parameters were not very 

accurate, as seen in previous chapters. Hence, the performance is checked by using a finer 

resolution (3 km) in place of 10 km in WRF-Chem.  This study helps to decide which PBL 

scheme gives better prediction for meteorology, while the PBL comparison in Chapter 3 was 

with respect to prediction of chemical species.  Moreover, the analysis is extended to the 

monsoon season also to check whether similar or different PBL schemes are suitable as both 

these seasons are rainfall periods for this region. Also, PBL scheme suitability analysis has not 

been conducted for this region before. The best schemes considering different combinations of 

meteorological parameters were evaluated and thus will also help to choose a suitable PBL 

scheme for meteorological predictions in this region.  

6.2 Methodology 

 

6.2.1 Model configuration and simulation details 

 

WRF model is one of the most widely used meteorological models used for forecasting and 

research. The Advanced Research WRF (ARW) core of the WRF model v4.2.1 (Skamarock et 

al. 2019) was used in this study. The model configuration is given in Table 6.1. The model 

configuration is similar to that used in the previous chapters but without atmospheric chemistry. 
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Table 6.1: Model configuration 

Domain size:  d01 231 × 197 × 35 

                       d02 247 × 211 × 35 

                       d03 349 × 311 × 35 

Grid size (km) 27 (d01), 9 (d02), 3 (d03) 

Time step (s) 120 (d01), 40 (d02), 10 (d03) 

Cumulus scheme Grell-Freitas (d01 and d02 only) (Grell and Freitas 

2014) 

Microphysics Morrison double moment (Morrison et al. 2009) 

SW and LW radiation RRTMG (Iacono et al. 2008) 

Land surface model NOAH (Tewari et al. 2004) 

Initial and boundary 

conditions 

ERA5 Reanalysis (Hersbach et al., 2020) 

 

 

Figure 6.1: Modelling domains (left); d03 domain (right) 

 

The difference exists in the domain configuration, which are shown in Table 6.1 and 

Figure 6.1. The configuration used an outer domain (d01) and two nested domains (d02 and 

d03). The area of study is the NE region of India covered by domain 3 (d03) at 3 km grid size, 

enclosed by the blue line. The study area has a highly varying topography with the Himalayas 

in the North and in the North-East, along with hill ranges, plain areas and river valleys. Domain 
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d03 is bordered by Bhutan and China on the North, Myanmar on the East, Bangladesh on the 

South and the IGP on the West. The 3 km resolution was selected as this resolution is used by 

the IMD for operational forecasting. The simulations were carried out for one month of pre-

monsoon (April) and monsoon (July) with hourly model outputs. The model was run from 16 

March 2018 to 30 April 2018 for pre-monsoon and 15 June 2018 to 31 July 2018. The initial 

15 days for each season were considered as spin-up duration and hence the model outputs from 

d03 from 1 April to 30 April for pre-monsoon and 1 July to 31 July for monsoon were 

considered for analysis. Six one-month-long simulations were conducted with three non-local 

schemes (ACM2, YSU and HONG) and three local schemes (QNSE, MYJ and MYNN3) in 

each season. Altogether, 12 simulations were carried out with six PBL schemes. An updated 

land cover dataset, MCD12Q1 (Sulla-Menashe and Friedl, 2018) for 2018, was implemented. 

Along with the conventional way of evaluating PBL schemes with the major weather 

parameters individually, this study also evaluates on the basis of different combinations of 

weather parameters to ascertain their applicability in the region.  

6.2.2 Observational data 

 

For evaluating the performance of the model, several types of meteorological data have been 

used for different model variables. The 2 m temperature, 2 m relative humidity, 10 m wind 

speed and direction model variables were compared with surface datasets 

(https://mesonet.agron.iastate.edu/sites/locate.php). The site collects meteorological data from 

airport sites. Vertical profiles of sensible temperature, relative humidity, wind speed and wind 

direction were compared with radiosonde data from the Department of Atmospheric Science, 

University of Wyoming (http://weather.uwyo.edu/upperair/sounding.html). The above 

observation data pertains to the Lokpriya Gopinath Bordoloi International Airport, Assam 

(26.10° N, 91.58° E) within d03 named GH. Rainfall was analysed with IMD datasets 

(https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_Bin.html. ) by Pai et al. (2014).  
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The statistical parameters used to evaluate the performances of the different PBL 

schemes were: ME, IOA, RMSE, mean absolute error (MAE), normalised mean error (NME) 

and normalised RMSE (NRMSE), depending on the meteorological parameter and the analysis 

type. While deciding the best schemes, more priority was given to the error terms (RMSE, 

NRMSE) and IOA than error terms (ME, MAE, NME) as in Moya-Álvarez et al. (2020). 
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6.3 Results and discussion 

 

6.3.1 Temperature and relative humidity 

 

Figure 6.2: Comparison of observed 2 m temperature in (a) April, (b) July and 2 m relative humidity in 

(c) April, (d) July with the schemes 

 

The positively skewed distributions of simulated 2 m temperatures were similar to the observed 

distribution in April but not in July, as seen in Figures 6.2(a) and 6.2(b). This shows that the 

majority of the observed data was well predicted by the schemes in April, but not in July. Most 

of the observations in July lay between 302 K and 304 K, which none of the schemes could 

predict, thus giving significantly lower mean temperatures. In April, the MYJ scheme provided 

a temperature variation most similar to the observed. QNSE had the most predictions in the 

lower ranges and the lowest predicted temperature among all the schemes that contributed to it 
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predicting the lowest mean temperature. Though the inter-quartile range (IQR) is similar to the 

observed for MYNN3, it predicted significantly fewer higher temperatures which contributed 

to it being the second coldest PBL scheme. ACM2 has a larger IQR with higher values and 

highest minimum and maximum values compared to all the schemes as well as the 

observations, thus making it the warmest PBL scheme in April. MYJ and ACM2 distributions 

are quite similar, but MYJ made more predictions on the colder side. HONG and YSU were 

similar in predictions. In July, a similar conclusion followed. QNSE and MYNN3, though they 

predicted some higher temperatures compared to some schemes, have most of the predictions 

on the colder side. ACM2 again had a majority of the predictions on the warmer side. HONG 

and YSU performed quite similarly. Overall, it can be observed that model predictions with all 

the schemes show quite a variation, contrary to the observations. With respect to the 

distribution, the non-local schemes performed better, especially YSU and HONG. 

The simulated 2 m relative humidity showed a near-normal distribution in April while 

being negatively skewed in July, as seen in Figures 6.2(c) and 6.2(d). The values associated 

with the IQR also show that most of the predictions lie between 50% and 85% in April but 

achieved higher values in July and thus were closer to the observations.  In April, the range of 

predictions made by QNSE, YSU and MYJ was similar to the observed but had most of the 

predicted values on the dry side. However, the driest predictions were made by ACM2, thus 

showing the smallest mean relative humidity among all the schemes. MYNN3 scheme 

predicted a higher percentage of high humidity values than the rest of the schemes and couldn’t 

predict dry atmospheric conditions, with a minimum value being around 45% while it was 

about 32% for the observations. This made its mean humidity value closer to the observed than 

any other PBL scheme. The performance of schemes improved in July. ACM2 and HONG 

show a wide range of humidity both in April and July.  MYNN3 had the best range compared 
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to the observed in July, though it made more predictions on the wetter side. Both the humidity 

plots show a similar sequence of mean humidity values in both months. 

Table 6.2 shows the model performance statistics of 2 m temperature and 2 m relative 

humidity. The results from Figure 6.2 are evident in the ME of both temperature and relative 

humidity. In April, all schemes had negative temperature ME with the exception of ACM2 

having a positive ME of 0.31 K. The ME increased further in July and all schemes simulated a 

colder atmosphere. QNSE and MYNN3 simulated the coldest atmospheres in both April and 

July. The average ME values show that overall, a colder atmosphere was simulated by local 

schemes, while non-local schemes, though also simulated colder temperatures, had lesser ME. 

The least ME was shown by the ACM2 scheme with an average value of -0.36 K for both 

months. The IOA values ranged between 0.78 and 0.92 for all the schemes in both months, but 

the values were much better in April, ranging between 0.90 and 0.92. In July, it ranged from 

0.78 to 0.81. The highest IOA values for 2 m temperature were obtained for ACM2 for both 

months separately as well as the averaged value for both months. With the exception of YSU 

and HONG, all other schemes showed degradation in RMSE values. The biggest increase was 

seen for ACM2, which increased from 1.87 K in April to 2.09 K in July. The local schemes, 

especially MYNN3 and QNSE have RMSE values on the higher side in both months compared 

to the other schemes with averaged values of 2.15 K and 2.30 K. If the preferable RMSE value 

of 2.0 K, IOA > 0.7 and ME ±0.5 K proposed by Emery et al. (2001) is considered, ACM2 and 

MYJ scheme can be considered to be the best scheme for simulating temperature in April, 

while YSU and HONG sit on the borderline due to their slightly higher RMSE values. MYNN3 

performance was also similar to YSU and HONG but had a slightly larger ME. 
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Table 6.2: Model performance statistics for 2 m temperature and 2 m relative humidity 

PBL 

scheme 

QNSE YSU ACM2 MYNN3 MYJ HONG Recommended 

scheme 

 April July April July April July April July April July April July  

2m temperature 

ME (K) -0.76 -1.72 -0.21 -1.03 0.31 -1.04 -0.56 -1.63 -0.13 -1.31 -0.20 -1.11 April: ACM2 

and MYJ 

July: YSU 

Both months: 

ACM2 

Average -1.24 -0.62 -0.36 -1.09 -0.72 -0.65 

IOA 0.90 0.78 0.90 0.81 0.92 0.81 0.90 0.78 0.91 0.80 0.90 0.81 

Average 0.84 0.85 0.86 0.84 0.85 0.85 

RMSE (K) 2.20 2.40 2.05 2.00 1.87 2.09 2.05 2.25 1.97 2.13 2.06 2.01 

Average 2.30 2.02 1.98 2.15 2.05 2.03 

        

2m relative humidity 

ME (%) -6.77 -1.82 -11.39 -4.48 -14.08 -5.51 -3.04 1.73 -10.18 -2.36 -10.64 -3.81 April: MYNN3 

July: MYNN3 

Both months: 

MYNN3 

Average -4.29 -7.93 -9.79 -.0.65 -6.27 -7.22 

IOA 0.82 0.80 0.75 0.74 0.76 0.74 0.85 0.80 0.79 0.76 0.78 0.73 

Average 0.81 0.74 0.75 0.82 0.77 0.75 

RMSE 

(%) 

13.46 9.17 16.70 10.13 17.38 10.94 11.39 8.16 15.20 9.21 15.87 10.30 

Average 11.31 13.41 14.16 9.77 12.20 13.08 
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In July, all schemes passed the IOA criteria but had either large or borderline RMSE 

values. YSU can be considered the performing scheme if all three statistical parameters were 

considered in July. When both months' averaged statistics were considered, ACM2 was the 

best performing. The differences in the 2 m temperature may be related to the cloud cover 

simulated by the different schemes. ACM2 simulates less cover, which allows more solar 

radiation and hence has higher temperatures (Xie et al. 2012). 

The model performance of relative humidity in July showed a significant improvement 

compared to April w.r.t model ME and RMSE though the IOA degraded slightly. Negative 

ME, though present in both months, decreased significantly in July. All the schemes had a 

negative ME in April, with ACM2 having a maximum of -14.08%. The local schemes were 

seen to have less ME, with MYNN3 producing the best results. The same can be said for the 

month of July, but with MYNN3 overpredicting slightly. In both months, MYNN3 has the best 

statistics w.r.t all three parameters. ACM2 simulated the driest atmosphere with an average ME 

of -9.79% and the largest RMSE value of 14.16%. If the acceptance criteria of IOA > 0.7, 

RMSE < 20% and ME < 10% were considered as used by Gunwani and Mohan (2017), the 

model have performed satisfactorily in July and only ME of YSU, ACM2, MYJ, HONG being 

slightly higher in April. The high ME, especially in April by most schemes, was probably 

caused by high vertical mixing, which supports the transport of more moisture to the upper 

atmosphere (Braun and Tao 2000). Different parametrizations of vertical mixing affect the 

vertical mixing extent and hence the moisture availability (Sathyanadh et al. 2017). 

Thus, it can be summarized that the model performed differently with respect to the 

two different meteorological variables in both months. The performance of the model was 

better with respect to temperature in the pre-monsoon, while it was better for relative humidity 

in the monsoon. Generally, it is seen that local schemes performed better with relative humidity 
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while the temperature was better simulated by non-local schemes. Though a scheme might be 

relatively better performing, its inadequacies are highlighted with the box plots. 

The monthly averaged diurnal profiles of 2 m temperature and 2 m relative humidity 

are shown in Figure 6.3. In April, all the schemes overestimated temperature between the 6th 

hour of the day (6 a.m. local time) to around 12 p.m. noon, as shown in Figure 6.3(a). After the 

14th hour, however, most of the schemes began to underestimate, and this underestimation 

process continued until the next day at 6 a.m., except for ACM2, which was able to produce a 

profile similar to the observed. QNSE scheme simulated the coldest nights with the largest 

negative ME from around the 18th hour of the day (6 p.m. local time) to 6 a.m. This was also 

observed in Boadh et al. (2016). Between the 15th and 18th hour, a rapid reduction in 

temperature was observed with all the schemes, which stabilised a little after the latter. On 

average, MYNN3 simulated the coldest temperatures between the 12th and 15th hour, which is 

generally the peak solar insolation period of the day. The large ME from Table 26 in July are 

evident from the profile in Figure 6.3(b). The model underestimated the temperature almost 

throughout the day. The ME pattern was similar to April but greater in magnitude. The colder 

temperatures, especially during the evening and night, might be due to excessive mixing. This 

was also observed in Hariprasad et al. (2014). Sathyanadh et al. (2017) also observed a similar 

phenomenon and attributed it to a negative ME in incoming longwave radiation. 
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Figure 6.3: Monthly averaged diurnal profiles of 2 m temperature in (a) April, (b) July and 2 m relative humidity in (c) April, (d) July 
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The humidity profile during April in Figure 6.3(c) was underestimated by all the 

schemes, though MYNN3 produced a better profile. The dry ME associated with all the 

schemes and the largest ME by ACM2 was also observed by Hariprasad et al. (2014). The non-

local schemes especially have significant negative ME throughout the day, which is also 

evident from Table 6.2 as well as Figure 6.2(c). The July profile in Figure 6.3(d) shows that 

most of the schemes except MYNN3 reached a minimum at around 12:30 p.m., while the 

observed profile had a minimum at around 2 p.m., similar to the observed. In terms of ME, the 

simulated profiles are much closer to the observed, especially after the 15th hour (3 p.m. local 

time) to 6 a.m. in the morning, but a large negative ME still exists from 6 a.m. till 2 p.m. 

excepting MYNN3. MYNN3, however, shows a larger ME in the evening at the 18th hour. 

The vertical profiles of meteorological parameters showing the underlying condition of 

the atmosphere at that instant of time were used to evaluate the model’s capability to define the 

atmosphere’s vertical structure. Such profiles pertaining to 00 UTC, 1 April 2018 and 00 UTC, 

1 July 2018, are shown for sensible temperature and relative humidity at GH in Figures 6.4 and 

6.5 and are compared with observations from the radiosonde data at 00 UTC, which 

corresponds to 5:30 a.m. local time, which is an early morning period. The plots show that the 

model was able to match the pattern of the observed profiles. However, discrepancies do exist, 

especially near the surface.  
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Figure 6.4: Comparison of sensible temperature profiles in (a) April and (b) July at GH 
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Figure 6.5: Comparison of relative humidity profiles in (a) April and (b) July at GH 

6.3.2 Wind speed and wind direction 

 

 

Figure 6.6: Comparison of 10 m wind speed in (a) April and (b) July 
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Boxplots for 10 m wind speed in Figure 6.6(a) and Figure 6.6(b) show that QNSE and MYJ 

simulated relatively higher wind speeds in both seasons and with larger errors, also reported in 

Hariprasad et al. (2014). This is reflected in the highest ME and RMSE values in Table 6.3.  

Table 6.3: Performance statistics for wind speed 

 QNSE YSU ACM2 MYNN3 MYJ HONG Recommended 

scheme 

 April July April July April July April July April July April July  

ME 

(m/s) 

0.96 0.69 0.43 0.23 0.24 0.18 0.19 0.00 0.87 0.48 0.38 0.14 April: HONG 

 

July: MYNN3 

and YSU 

 

Both months: 

HONG 

 

Average 0.83 0.33 0.21 0.09 0.68 0.26 

IOA 0.52 0.53 0.50 0.60 0.51 0.51 0.44 0.56 0.53 0.54 0.56 0.57 

Average 0.53 0.55 0.51 0.50 0.54 0.57 

RMSE 

(m/s) 

2.27 2.02 1.94 1.61 1.93 1.75 1.97 1.55 2.16 1.90 1.78 1.65 

Average 2.15 1.78 1.84 1.76 2.03 1.72 

 

The observed mean wind speed was lower in July compared to April, and this was also reflected 

by all the schemes, as also seen in Figure 6.6. The ME also decreased in July, and along with 

it, a decrease in RMSE was also seen across all the schemes. The pattern of the ranges and the 

mean values remained similar in both months. The wind speed range was more closely 

simulated by MYNN3 in both cases. According to Emery et al. (2001), ME should be ±0.5 m/s, 

IOA > 0.6 and RMSE should be within 2.0 m/s for wind speed. The ME was positive in both 

months, indicating the model always produced higher 10 m mean wind speeds. This was also 

reported in previous studies (Roux et al. 2009; Hariprasad et al. 2014; Madala et al. 2015). 

MYNN3, however, had the least ME in both months but had the least IOA in April. IOA is 

lower than the recommended value with most of the schemes in both months, but HONG in 

April and YSU in July have better IOA values. Also, it has been observed that July IOA values 

are equal to or better than April values. HONG in April and MYNN3, YSU in July performed 

relatively better. HONG could be considered the best scheme for both months combined, as it 

has the highest average IOA and least RMSE.
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Table 6.4: Performance statistics for wind direction 

 QNSE YSU ACM2 MYNN3 MYJ HONG Recommended 

scheme 

 April July April July April July April July April July April July  

ME (degrees) -21.93 22.96 -14.74 4.88 3.91 6.96 -16.21 2.02 -15.58 5.35 -7.87 13.09 April: MYNN3 

 

July: HONG 

 

Both months: 

HONG 

 

MAE (degrees) 22.44 9.81 5.43 9.11 10.46 10.48 

IOA 0.52 0.59 0.60 0.62 0.58 0.64 0.63 0.63 0.58 0.57 0.59 0.67 

Average 0.56 0.61 0.61 0.63 0.58 0.63 

RMSE (degrees) 78.23 68.11 70.76 65.5 72.77 64.33 68.93 65.46 72.72 68.36 71.15 61.48 

Average 73.17 68.13 68.55 67.19 70.54 66.31 
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However, the performance of the model with respect to 10 m wind direction shows high 

RMSE values to be present with all the schemes in both months, as seen in Table 6.4. Large 

RMSE values have also been seen in previous studies (Carvalho et al. 2014; Dzebre and 

Adaramola 2020). Carvalho et al. (2014) observed that WRF produced large RMSE values at 

lower wind speeds, which decreased with increasing speeds. The reason for this could also be 

the terrain representation in the model. Thus, the performance regarding wind directions is 

required to be studied further in future studies. In April, the model produced an anti-clockwise 

ME with most schemes, while vice-versa in July. However, relatively MYNN3 and HONG 

produced the best results in April and July, respectively. HONG also produced the best results 

for both months. Good performance with MYNN3 was also observed by Dzebre and 

Adaramola (2020). 

Similar to temperature and relative humidity, wind speed and wind direction at GH and 

are compared with observations from the radiosonde data in Figures 6.7 and 6.8. The plots 

show that the model is able to match the overall vertical profiles of wind speed and wind 

direction. 
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Figure 6.7: Comparison of wind speed profiles in (a) April and (b) July at GH 
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Figure 6.8: Comparison of wind direction profiles in (a) April and (b) July at GH 

 

6.3.3 Rainfall 

 

The rainfall performance statistics are shown in Table 6.5. The rainfall performance is 

comparatively better in April than in July with lower ME and RMSE and higher IOA. All the 

schemes overestimated rainfall over the region, except ACM2 in April. HONG performed the 

best in April (ME: 0.37 mm day-1, IOA: 0.48 and RMSE: 11.99 mm day-1) while MYJ in July 

(ME: 3.95 mm day-1, IOA: 0.42 and RMSE: 24.39 mm day-1) as well as both the months 

combined (ME: 2.164 mm day-1, IOA: 0.451 and RMSE: 18.198 mm day-1). Madala et al. 

(2014) also found MYJ to better capture rainfall events better during a severe thunderstorm 

event in Gadanki, India in April 2011. Moya-Álvarez et al. (2020) adjudged MYNN3 as the 
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Table 6.5: Performance statistics for rainfall 

 QNSE YSU ACM2 MYNN3 MYJ HONG Recommended 

scheme 

 April July April July April July April July April July April July  

ME 

(mm/day) 

0.51 4.62 0.37 4.14 -0.49 2.47 0.73 4.65 0.37 3.95 0.37 4.44 April: HONG 

 

 

July: MYJ 

 

 

Both months: 

MYJ 

 

Average 

MAE 

2.570 2.258 1.486 2.693 2.164 2.408 

IOA 0.47 0.41 0.48 0.42 0.46 0.39 0.48 0.40 0.47 0.42 0.48 0.42 

Average 0.443 0.455 0.430 0.446 0.451 0.455 

RMSE 

(mm/day) 

11.85 25.19 12.18 24.53 11.88 25.24 12.30 25.44 12.00 24.39 11.99 24.84 

Average 18.526 18.356 18.564 18.872 18.198 18.420 
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best PBL scheme for simulating rainfall at a complex terrain in the mountainous region in the 

central Andes of Peru, but this study showed different results. 

6.3.4 Combined performance of PBL schemes 

 

We come across situations where an overall better scheme is required to be selected considering 

all the meteorological parameters. This is especially relevant with chemical transport models 

for multi-month time periods. In such situations, PBL schemes are generally not varied between 

the different time periods. Table 6.6 shows the combined average statistical values considering 

relative humidity, temperature, wind speed and rainfall. The statistics from wind direction 

evaluation were not used. These would help to select a scheme when either temperature and 

relative humidity is a priority or when an overall better scheme with all variables is required. 

The values are shown for each month as well as combined for both months. NMAE value for 

a particular scheme shows what is the overall ME with a particular scheme, considering either 

two or all four parameters. NRMSE can be described similarly, which represents the overall 

error. The normalisation of the statistical parameters helps to overcome the units associated 

with different meteorological parameters. Since IOA values are already unitless, values are the 

average of the values shown in previous tables. For April, HONG had the overall best statistics 

(NMAE: 0.081, IOA: 0.681 and NRMSE: 2.441), while YSU (NMAE: 0.107, IOA: 0.645 and 

NRMSE: 0.680) had the best statistics in July. Thus, HONG and YSU predicted the 

meteorology better in April and July, respectively. When both months were considered, HONG 

was the best scheme (NMAE: 0.092, IOA: 0.658 and NRMSE: 1.566). Hence, HONG can be 

used for both the pre-monsoon and monsoon seasons. 
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Table 6.6: Combined statistics of temperature, relative humidity, wind speed and rainfall 

 QNSE YSU ACM2 MYNN3 MYJ HONG Recommended 

scheme 

 April  

NMAE 0.124 0.088 0.085 0.056 0.121 0.081 April: HONG 

 

 

July: YSU 

 

 

 

Both months: 

HONG 

 

IOA 0.678 0.658 0.664 0.669 0.677 0.681 

NRMSE 2.449 2.492 2.438 2.500 2.472 2.441 

 July 

NMAE 0.153 0.107 0.077 0.086 0.123 0.102 

IOA 0.631 0.645 0.613 0.637 0.631 0.634 

NRMSE 0.731 0.680 0.710 0.687 0.703 0.691 

 April and July combined 

NMAE 0.139 0.098 0.081 0.071 0.122 0.092 

IOA 0.655 0.651 0.639 0.653 0.654 0.658 

NRMSE 1.590 1.586 1.574 1.593 1.587 1.566 

 

6.3.5 Comparison of model performance between WRF and WRF-Chem 
 

Table 6.7: Comparison of model performance statistics for different meteorological parameters in WRF 

and WRF-Chem simulations 

 
 

WRF WRF-Chem 

Temperature RMSE (°K) 2.05 2.88 

IOA 0.90 0.75 

ME (°K) -0.56 -1.97 

Relative 

humidity 

RMSE (%) 11.39 11.21 

IOA 0.85 0.79 

ME (%) -3.04 3.09 

Wind speed RMSE (m s-1) 1.97 1.84 

IOA 0.44 0.40 

ME (m s-1) 0.19 -0.35 

Wind direction RMSE (°) 68.93 146.95 

IOA 0.63 0.47 

ME (°) -16.21 6.07 

Rainfall RMSE (mm day-1) 12.30 13.55 

IOA 0.48 0.52 

ME (mm day-1) 0.73 3.72 

 

Table 6.7 shows the performance statistics of NOR-I simulation with WRF-Chem and the WRF 

simulation. Only the MYNN3 statistics from the WRF simulation are considered since the 

WRF-Chem simulations were mainly run with MYNN3. Except for rainfall, the performance 

statistics for the remaining parameters are for the Guwahati meteorological station. For rainfall, 

the whole NE region was compared. All meteorological parameters show significant 
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improvement, especially with temperature and wind direction. However, the rainfall IOA with 

NOR-I was higher. Thus, simulations including all aerosol effects with a fine resolution may 

yield better performance as it was seen in Chapter 4 that the inclusion of indirect effect greatly 

improved rainfall performance.   

6.4 Summary 

 

This study compares and evaluates the ACM2, MYJ, HONG, MYNN3, QNSE and YSU 

planetary boundary layer parametrization schemes with the WRF model in the NE region of 

India. The study intended to assess the performance and suitability of the schemes in the pre-

monsoon and monsoon seasons in this complex terrain and heavy rainfall region. Evaluations 

were made for major weather parameters of temperature, relative humidity, wind speed, wind 

direction, and rainfall.  

In general, non-local schemes performed better with temperature, while local schemes 

performed better with relative humidity estimation. ACM2 was the best scheme for 2 m 

temperature, while MYNN3 performed best with relative humidity. Non-local produced large 

ME with humidity in April. Rainfall performance was better with the HONG scheme in April 

and MYJ in July as well as in both months together. Though the performance of schemes varied 

with parameters and season, considering the combined statistics of multiple parameters, YSU 

and HONG are good schemes for this region. MYNN3 also performed well with most of the 

weather parameters separately. HONG performed well with the wind parameters. The better 

performances might be related with higher instability and hence better mixing produced by 

these schemes. This study also provides results based on combined statistics of multiple 

parameters, in which HONG was found to be a suitable scheme. Thus, this study provides an 

up-to-date evaluation of the PBL schemes with the WRF model in this region. With the 

exception of relative humidity, a different scheme was found to be more suitable for monsoon 
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than the one found suitable for pre-monsoon. This underlines the requirement for such studies. 

Moreover, compared to the meteorological evaluation in previous chapters, the increase in 

resolution does show an increase in model performance. The inclusion of atmospheric 

chemistry along with a finer resolution may further increase the performance, especially with 

rainfall. This study also shows that different PBL schemes give more accurate predictions for 

chemical species and meteorology in Chapter 3 and 6, respectively. This implies that a PBL 

scheme which give best results with chemical species (MYNN3) might not give the best 

performance with meteorology prediction. Hence, different PBL schemes are to be employed 

according to the objective of the study, whether chemical species or meteorology is more 

important or a single PBL scheme can be used according to the combined performance of 

chemical species and meteorology. 
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7.  Findings and conclusions 
 

7.1 General Summary 

 

The findings of this study can play a significant role in the preparation and implementation of 

policies and regulations. The research explains how aerosols affect the pre-monsoon rainfall 

mechanisms over NE India. The study finds IGP to be a significant source of emissions, the 

control of which would lead to a significant reduction in air pollution as well as climatic 

impacts over NE India. The emissions released within NE India were found to have a 

significantly lower impact w.r.t both aspects. The lower atmospheric flow towards NE India 

enhanced moisture transport from the Bay of Bengal due to the increase in atmospheric 

instability caused by transported BC from IGP. This increased moisture over the lower terrain 

areas of NE India, which enhanced rainfall in these areas. Thus, though the direct effect reduced 

moisture by decreasing moisture flux from the surface through surface dimming in the whole 

domain, but also compensated it through transport from the Bay of Bengal, and thus also 

compensated the rainfall. However, the upper atmospheric flow was from over North and 

Central India which carried moisture as well as aerosols from IGP into NE India. Thus, apart 

from the Bay of Bengal, the study also found North and Central India to significantly impact 

rainfall over NE India, and hence changes in characteristics of this region will also impact 

rainfall over NE India. Hence, the reduction in surface moisture due to surface dimming by 

both direct and indirect effect reduced moisture availability at higher heights which reduced 

rainfall over the higher terrain areas of NE India. The impact of the indirect effect was found 

to be significantly greater and also reduced rainfall through the increase in atmospheric stability 

and modification of the clouds. Reduction in rainfall through semi-direct effect occurred by 

evaporating clouds, especially over the western region of NE India. Cloud evaporation and 

subsequent reduction in rainfall were always active, but its impact was lower than the rainfall 
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changes caused by the other aerosol effects. However, the direct radiative effects of BC on 

rainfall did not increase but reduced gradually with an increase in BC emissions. Hence, there 

existed a threshold of BC emissions and concentration, after which BC also started causing 

rainfall suppression. The presence of large amounts of moisture through direct effect caused 

high-intensity rainfall over the region affecting mostly the western and southern regions of NE 

India. Figure 7.1 briefly summarises the climatic impacts of transported aerosols while Figure 

7.2 summarises the mechanisms. Moreover, MYNN3 best simulated the dispersion of chemical 

species in pre-monsoon with WRF-Chem. However, the improvement in grid size at 3 km with 

WRF showed improvement in the prediction of meteorological parameters compared to 10 km 

with WRF-Chem and found HONG and YSU schemes to be more accurate during pre-monsoon 

and monsoon seasons, respectively and hence can be used for weather prediction.  

 

Figure 7.1: Climatic impacts of transported emissions from the IGP over NE India 
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Figure 7.2: Summary of mechanisms affecting rainfall over NE India
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7.2 Key findings 

 

1. Two regions - the Bay of Bengal and the North and Central regions of India contributed 

to the moisture necessary for rainfall over NE India. 

2. The wind flow in the lower atmosphere transported moisture from the Bay of Bengal, 

while the upper-atmospheric flow transported moisture from the North and Central 

regions of India.  

3. The increase in BC increased the moisture transported from the Bay of Bengal but 

reduced the moisture transported from the North and Central regions of India due to the 

increasing direct effect of BC. 

4. The increasing amounts of BC caused successively increased instability over NE India, 

which facilitated a greater amount of moisture transport from the Bay of Bengal through 

the lower atmospheric wind flow. 

5. The presence of an increasing amount of BC caused surface dimming over North and 

Central regions of India which reduced surface moisture evaporation and thus decreased 

the moisture transported through upper-atmospheric flow.  

6. The increase in BC increased rainfall over lower terrain areas but reduced rainfall over 

higher terrain areas. 

7. Cloud evaporation through semi-direct effect was also found to reduce rainfall by 

evaporating clouds, mainly over the western and southern areas of NE India. 

8. A threshold limit of BC was found to exist between 4-8 times the baseline BC 

emissions, the exceedance of which also caused BC to suppress rainfall through the 

combined effect of moisture reduction and cloud evaporation through semi-direct 

effect. 
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9. The presence of a greater amount of BC was found to increase high-intensity rainfall, 

both in amount and duration, caused by the increasing instability and subsequent 

moisture availability. 

10. The presence of a greater amount of BC was found to increase ice-phase hydrometeors. 

11. The indirect aerosol effect on rainfall and radiative forcing was much greater than the 

direct and semi-direct effect. 

12.  Indirect effect caused significantly higher rainfall suppression than direct and semi-

direct effects through a combined effect of surface moisture reduction, increased 

atmospheric stability and modification of clouds. 

13. The quantity of BC, organic carbon, sulfate, nitrate, ammonium and dust aerosol, 

mainly transported from the IGP, was much higher than that emitted from within NE 

India.  

14. Transported aerosols were found to contribute to most of the near-surface PM10 

concentration and in the higher atmosphere over NE India and thus also contributed 

significantly to the air pollution over the region. 

15. The climatic effects of the transported aerosols were found to be much greater than the 

emissions from within NE India, both with respect to radiative forcing and rainfall. 

Transported aerosols caused higher rainfall suppression over NE India through all the 

aerosol effects. 

16. Transported emissions showed greater control over the rainfall in NE India than local 

emissions.  

17. BC primarily transported from the IGP was found to have higher heating capacity than 

locally emitted BC and was responsible for the increased atmospheric instability over 

NE India and increased moisture flux over the Bay of Bengal. 
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18. Changes in the emissions of transported BC caused a higher impact on atmospheric 

heating over NE India than local emissions. 

19. Transported BC was also responsible for the increase in rainfall and higher rainfall 

intensity over the NE India region, while the increase in transported SO2 emissions also 

caused suppression of rainfall. 

20. The impact of BC on rainfall suppression through indirect effect was non-existent. 

21. The western region of NE India was most affected by aerosols due to its close proximity 

to the IGP. 

22. MYNN3 scheme was found to be the most accurate for predicting chemical species 

during the pre-monsoon season.  

23. In terms of meteorology, ACM2 and MYJ schemes were found best for predicting 

temperature in pre-monsoon while YSU in monsoon. MYNN3 was the most accurate 

for predicting relative humidity during both seasons. HONG was found to be the best 

for predicting wind speed in pre-monsoon, while MYNN3 and YSU in July. MYNN3 

showed the highest accuracy in predicting wind direction during pre-monsoon, while it 

was HONG in July. Rainfall was also best simulated by Hong in pre-monsoon, while 

monsoon rainfall was best predicted by MYJ. 

24. HONG was the most accurate scheme in pre-monsoon considering all the 

meteorological parameters, while for monsoon, it was YSU. Moreover, HONG showed 

the best performance considering both seasons. 

25. Significant improvement in the simulation of meteorological parameters was observed 

over Guwahati with the decrease in grid size. 

26. The use of simulations including all the aerosol effects with a fine grid size gave better 

rainfall forecasts in the pre-monsoon season, as aerosol loading is high during this 

season. 
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7.3 Key conclusions 

 

1. The aerosol effects exerted by the aerosols primarily transported from the IGP have a 

significant role in the decreasing rainfall trend over NE India. 

2. BC increases rainfall initially but ultimately contributes to rainfall suppression.  

3. BC may also have a role in high-intensity rainfall over NE India. 

4. Controlling and regulating the emissions in the IGP can significantly improve the air 

quality as well as the climatic impacts over NE India. 

5. The use of a chemistry model such as WRF-Chem with a fine resolution may yield even 

better rainfall predictions.  

7.4 Limitations 

 

1. Due to computational limitations, the simulations with WRF-Chem could only be 

conducted at 10 km resolution and for a period of 13 days.  

2. Finer resolution and longer duration simulations could add further details.  

3. Improvement of emission inventories could provide better results. 

4. Indirect aerosol effects may be underestimated as Liu et al. (2016) report that the 

aerosol activation parametrization in WRF-Chem by Abdul-Razzak and Ghan (2002) 

underestimates aerosol activation. Moreover, indirect aerosol effect is not coupled with 

convective clouds and convective rainfall.  

7.5 Future Scope 

 

This study can be extended to other seasons also to find out the region of emissions that has 

greater influence on air pollution and climatic impacts over NE India during those seasons.  

Also, as this study only covered the effect of BC on the atmosphere over NE India in a detailed 

manner, it can be extended to other aerosol species. This will help to find anthropogenic aerosol 

species that have greater climatic and air pollution impact on NE India during the different 
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seasons, which would help to design interventions to control their emissions. The above studies 

may be conducted using WRF-Chem with a finer grid resolution to provide better predictions 

of the atmosphere. This in addition may also reduce the uncertainty associated with the non-

coupling of indirect aerosol with convective rainfall by treating smaller clouds as non-

convective clouds. Moreover, higher intensity rainfall by indirect effect should can also be 

studied on local scales.  
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