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ABSTRACT

Deteriorating air quality is one of the major problems faced worldwide and in
particular in Asia. The world's most polluted megacities are located in Asia highlighting
the urgent need for efforts to improve the air quality. New Delhi (India), one of the
world's most polluted cities, was the host of the Common Wealth Games during the
period of 4-14 October 2010. This high profile event provided a good opportunity to
accelerate efforts to improve air quality. Computational advances now allow air quality
forecast models to fully couple the meteorology with chemical constituents within a
unified modeling system that allows two-way interactions. The WRF-Chem model is
used to simulate air quality in New Delhi.

The thesis focuses on evaluating air quality and meteorology feedbacks. Four
nested domains ranging from South Asia, Northern India, NCR Delhi and Delhi city at
45km, 15km, 5km and 1.67km resolution for a period of 20day (26"sep-15"oct, 2010)
are used in the study. The predicted mean surface concentrations of various pollutants
show similar spatial distributions with peak values in the middle of the domain reflecting
the traffic and population patterns in the city. Along with these activities, construction
dust and industrial emissions contribute to high levels of criteria pollutants. The study
evaluates the WRF-Chem capabilities using a new emission inventory developed over
Delhi at a fine resolution of 1.67km and evaluating the results with observational data
from 11 monitoring sties placed at various Game venues.

The contribution of emission sectors including transportation, power, industry,
and domestic to pollutant concentrations at targeted regions are studied and the results
show that transportation and domestic sector are the major contributors to the pollution
levels in Delhi, followed by industry. Apart from these sectors, emissions outside of
Delhi contribute 20-50% to surface concentrations depending on the species. This

indicates that pollution control efforts should take a regional perspective.
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Air quality projections in Delhi for 2030 are investigated. The Greenhouse Gas
and Air Pollution Interactions and Synergies (GAINS) model is used to generate a 2030
future emission scenario for Delhi using projections of air quality control measures and
energy demands. Net reductions in CO concentrations by 50%, and increases of 140%
and 40% in BC and NOy concentrations, respectively, are predicted. The net changes in
concentration are associated with increases in transport and industry sectors. The
domestic sector still has a significant contribution to air pollutant levels.

The air quality levels show a profound effect under this scenario on the
environment and human health. The increase in pollution from 2010 to 2030 is predicted
to cause an increase in surface temperature by ~0.65K. These increasing pollution levels
also show effects on the radiative forcing. The high aerosols loading i.e. BC, PM, s and
PM, levels show strong influence on the short and longwave fluxes causing strong
surface dimming and strong atmosphere heating due to BC. These results indicate

transport and domestic sectors should be targeted for air quality and climate mitigations.
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CHAPTER 1 INTRODUCTION

1.1 Motivation and Importance of Work

Criteria Air Pollutants are the air pollutants with Indian National Ambient Air
Quality Standards that define allowable concentrations of these substances in ambient air.
There are two kinds of air pollutants: primary pollutants are substances directly emitted
from a process i.e., Carbon monoxide, sulfur oxides, nitrogen oxides and black carbon;
and secondary pollutants which are not emitted directly, but rather form in air when
primary pollutants react (e.g. ozone). The better management of criteria pollutants
requires enhanced understanding of the sources of pollution and the various processes,
including deposition, chemical reactions, that influence the concentrations The study of
criteria air pollutants is very important as they have serious socioeconomic,
environmental, health and welfare impacts. Criteria air contaminants also have profound
effects on climate.

Health Impacts: Criteria air pollutants show serious impact on cardiovascular
and respiratory problems. Carbon monoxide can cause harmful health effects by reducing
oxygen delivery to the body's organs (like the heart and brain) and tissues (Buka et al.,
2006). CO also contributes to the formation of ground level ozone, which also can trigger
serious respiratory problems. Current scientific evidence links short-term SO, and NO,
exposures, ranging from 5 minutes to 24 hours, with adverse respiratory effects including
bronchoconstriction, airway inflammation in healthy people and increased respiratory
symptoms in people with asthma (Buka et al., 2006). Studies also show a connection

between short-term exposure and increased visits to emergency departments and hospital
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admissions for respiratory illnesses, particularly in at-risk populations including children,
the elderly, and asthmatics. NO, exposures near roadways are of particular concern for
susceptible individuals, including people with asthma, children, and the elderly (Drimal
et al., 2010). NOy and SOy react with ammonia, moisture, and other compounds to form
small particles. These small particles can penetrate deeply into sensitive parts of the lungs
and can cause or worsen respiratory disease, such as emphysema and bronchitis, and can
aggravate existing heart disease, leading to increased hospital admissions and premature
deaths (Viney et al., 2001). Control measures that reduce SO, can generally be expected
to reduce people’s exposures to all gaseous SOy. This may have the important co-benefit
of reducing the formation of fine sulfate particles. Black Carbon another important
primary pollutant considered hazardous to the lungs and general health when the particles
are less than five micrometers in diameter, as such particles are not filtered out by the
upper respiratory tract. Ozone is formed when NOx and Volatile Organic Compounds
(VOCs) react in the presence of heat and sunlight. Children, the elderly, people with lung
diseases, and people who work or exercise outside are at risk for adverse effects from
ozone including reduction in lung function and increased respiratory symptoms and
damage vegetation (Novaes et al., 2010). Emission control measures leading to
reductions in NO; can generally reduce population exposures to all gaseous NOx. This
may have the important co-benefit of reducing the formation of ozone and fine particles.
Climate Change: Criteria air pollutants also have an effect on climate change.
Particles can affect the climate in two different ways. The direct effect is when the
particles scatter and absorb solar and infrared radiation in the atmosphere. The result of

the scattering of sunlight caused by particles is an increase in the amount of light
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reflected back into space, which results in a decrease in the amount of solar radiation that
reaches the surface. Thus cooling the atmosphere. Particles that absorb radiation (e.g.,
BC) heat the atmosphere and thus add to the global warming. The indirect effect of
particles is more complex and more difficult to assess. The addition of PM into the
atmosphere can cause water in the atmosphere to condense on to the particles (Slanina,
2010). Changes in the atmospheric aerosol number concentration can change cloud
properties. More particles results in more, but smaller droplets in the clouds, which
increases the cloud albedo. In addition to increasing the albedo, this effect tends to
decrease the chance of heavy precipitation. If precipitation is suppressed, this results in
excess water remaining in the atmosphere.

Previous studies focused on Asia air quality have provided valuable information
about the health and climate impact due to air pollution. The two panels in Figure 1.1
adapted from Carmichael et al. 2009 and Chung et al., 2010 show the population
exposure to PM, s levels greater than the WHO annual guideline of 10pg/m’ and the
atmospheric heating effect due to BC. The Indo Gangetic plain (IGP) has high exposure
to pollution when compared to other locations in South Asia. IGP is densely populated
and has fertile lands. Therefore, in a way these regions contribute to high levels of
pollution to atmosphere and exposure rates. On the other hand, concentrations of black
carbon in Asia can be so high that heating due to the absorption of incoming solar light
can more than offset the cooling by reflection of solar light. According to the IPCC, the
warming effect of all the green house gases together is 2.5 watt-m™~, while the cooling
effect of aerosols would be 0.7 watt-m™ (IPCC,2007). The right panel shows the four-

year average heating effect from BC.
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Figure 1.1 Populatlon exposure to PM; s levels greater than the WHO annual guideline of
10pg/m’ and Heating effect due BC.

Air quality models are used to study the pollution distributions results from a given
emission inventory. The past decade has witnessed rapid advances in the computational
capabilities, which in turn have led to great improvements in the air quality modeling
options. One such improvement is fully coupled air quality models that provide a direct
interface between meteorology and chemistry, which is described later in section. This
research study will implement this version of air quality model for obtaining better
predictions of pollutant concentrations. Rapid industrialization and urbanization over the
past few decades has led to high levels of outdoor pollution throughout the world.
Previous literature has provided insights about the deteriorating air quality and high
exposure levels in Asia as shown in Figure 1.1. In this research, we plan to focus on India
as the study area. Delhi (28°35°N, 77°12’E, 217m MSL) is the capital city of India and

the largest metropolis by area and the second largest by population in India. It is the
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eighth largest metropolis in the world by population with more than 18 million
inhabitants. Delhi hosted the Common Wealth Games (CWG) in October 2010. This high
profile event provided an opportunity to intensely study air quality levels in the city
during this period. To support the CWG air pollution monitoring was enhanced, and air
quality forecasting efforts were initiated. The forecasting was the first of its kind in
Delhi; therefore, this can be extended to other megacities in India in future. This study

served as a pilot study for future expansions.

1.2 Obijectives of the Proposed Research

There is a great need for improving air quality predictions and to investigate the
feedbacks between air quality and weather and climate. To accomplish this air quality
modeling is an important tool for predicting pollutant levels with better accuracy to
devise effective mitigation strategies for effective air quality management and to assess
the air quality impacts on health and welfare. The main objectives of this research are:

e Evaluate the role of aerosol feedbacks in air quality models to better understand

the interactions among meteorology, chemistry, and aerosols in the atmosphere;

e Understand the contribution of various emission sectors including transportation,
power, industry, and domestic to pollutant concentrations and radiative forcing in
targeted regions;

e Evaluate the performance of the WRF-Chem model framework in South Asia;

e Simulate the pollutant distributions for the GAINS 2030 future emissions scenario
and

e Study the radiative forcing effects due to increasing levels of air pollution.
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1.3 Approach

To accomplish these research goals, the fully coupled online WRF-Chem model
was used. The simulation and prediction of air quality involves both meteorology and
chemical processes. The commonly used approach, termed as “offline” model, requires
initially running a meteorological model independently of the chemical transport model.
The output from the meteorological model is then used to drive the transport in the air
quality model. Offline models are frequently used in ensembles and operational
forecasting, inverse modeling and sensitivity simulation. Separating the meteorology and
chemistry can lead to a loss of important information on feedbacks between chemistry
and meteorology. Analysis of the wind velocity power spectrum and chemical profiles
indicate that the offline simulations are susceptible to large errors in the vertical mass
distribution (Grell et al., 2004).

Recent advances in air quality models have developed “online” models that treat
the meteorology and chemistry together. In an “online” modeling system, chemistry is
integrated simultaneously with the meteorology, allowing the feedback at each model
time step both from meteorology to chemistry and chemistry to meteorology. The online
models are increasingly used for applications in which the feedbacks are very much
important and help in better understanding the influence of air quality on regional climate
and weather (Grell et al., 2004).

While online coupled models enable a full range of feedbacks among major
components and processes, the degree of coupling in these models varies substantially
from slightly-coupled to moderately- or significantly-, or fully-coupled. Depending on

the coupled components or processes, these online models are generally grouped into
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four main categories: online meteorology and pollutant transport; online meteorology and
pollutant transport and chemistry; online pollutant feedbacks to heating rates to drive
meteorology; and online pollutant feedbacks to photolysis to drive photochemistry
(Zhang, 2008).

A fully coupled online model, the Weather Research and Forecasting/ Chemistry
(WRF-Chem) model, has recently been developed. The air quality component of the
model is fully consistent with the meteorological component; both components use the
same transport scheme, the same grid and the same physics scheme for the sub grid scale
transport (Grell et al., 2005). WRF-Chem has several advantages when compared to
many offline models. They are: meteorology and chemistry are run at the same time
resolution; reduced storage requirements; feedbacks run with higher time resolution; and
faster total computational time. There are certain disadvantages with these online models.
One such disadvantage is in operational weather forecasting, where a longer
computational time is required to produce the meteorological forecast with an online air

quality prediction.

1.4 History of WRF-Chem

The Weather Research and Forecasting model is a next generation mesoscale
numerical weather prediction system designed to serve both operational and atmospheric
research needs developed collaboratively by several agencies. (http://www.wrf-
model.org). The effort to develop WRF has been a collaborative partnership, principally
among the National Center for Atmospheric Research (NCAR), the National Oceanic and
Atmospheric Administration (NOAA), the National Centers for Environmental Prediction

(NCEP), the Forecast Systems Laboratory (FSL), the Air Force Weather Agency
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(AFWA), the Naval Research Laboratory, Oklahoma University, and the Federal
Aviation Administration (FAA) (Geng et al., 2007).

The WRF model is a fully compressible and Euler non hydrostatic model and
includes several options of dynamic cores and physical parameterization so that it can be
used to simulate atmospheric processes over a wide range of spatial and temporal scales
(Fast et al., 2006). It calculates winds, potential perturbation potential temperatures,
geopotential and surface pressure of dry air. WRF-Chem is a version of WREF that also
simulates trace gases and particulates simultaneously with the meteorological fields using
the mass and scalar conserving flux form of the governing equations and a terrain

following mass vertical coordinate system (Fast et al., 2006).

1.5 Overview of the WRF-Chem Model

The model simulates the emission, transport, mixing, and chemical transformation
of trace gases and aerosols simultaneously with the meteorology. The model can be
employed for investigation of regional-scale air quality, field program analysis, and
cloud-scale interactions between clouds and chemistry. The main process of WRF-Chem

consists of three sub programs as illustrated in Figure 1.2 :

1) Standard initialization
2) WRF-Chem model

3) Visualization of data.

Figure 1.2 shows the simplified version of the WRF-Chem flow chart.
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Figure 1.2 Flow chart of the WRF-Chem model.
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The default settings include the United State Geological Survey (USGS)
Terrestrial data and gridded GFS data are used as the main input parameters to the WRF-
Preprocessing system. The meteorological output from WPS is fed as input for the WRF-
Chem model along with the Model of Emissions of gases and Aerosols from Nature
(MEGAN), the Moderate Resolution Imaging Spectroradiometer (MODIS) fire data, and
the Intercontinental Chemical Transport Experiment B (INTEX-B) anthropogenic
emissions. The Model for Ozone and Related Chemical Tracers (MOZART) is an offline
global chemical transport model for the troposphere and is used to produce boundary
conditions to the WRF-Chem model. The final sub program, called visualization, plays a
vital role to observe the output. The Advanced Research WRF post-processing
(ARWpost) along with Grid Analysis and Display System (GrADS) were utilized to

serve this purpose.

1.6 Physical and Chemical Processes in WRF-Chem

The WRF-Chem model considers various physical and chemical processes such
as transport, deposition, emission, photolysis, and radiation. These are described below.

In this research the settings used are summarized in Table 1.1.

1.6.1Transport Processes

The model uses Runge Kutta 2nd and 3rd order time integration schemes. The
transport is done using different boundary layer schemes. For this study, the Yonsei
University scheme (YSU) was used. This is a Non-local-K scheme with explicit

entrainment layer and parabolic K profile in unstable mixed layer.
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1.6.2 Dry Deposition

The flux of trace gases and particles from atmosphere to surface is calculated by
multiplying concentrations in the lowest model layer by spatially and temporally varying
deposition velocity, which in turn, is the sum of three characteristic resistances i.e.,
aerodynamic resistance, sub layer resistance, and surface resistance. The surface
resistance parameterization developed by Wesely (1989) is used. In this parameterization,
the surface resistance is derived from soil and plant surface resistances. The properties of
the plants are determined by land-use data and the season. The surface resistance also
depends on the diffusion coefficient, the reactivity, and water solubility of the reactive
trace gas.

The dry deposition of sulfate is described differently. In the case of simulations
without calculating aerosols explicitly, sulfate is assumed present in the form of aerosol
particles and its deposition is described according to Erisman et al. (1994).

The deposition velocity , v_dy, for the kth moment of a polydisperse aerosol is given by
— -1
V_d=(ratractra*rac* var) ek (1)

where r, is the surface resistance, vGk is the polydisperse settling velocity, and rdk is the

Brownian diffusivity.

1.6.3 Gas-Phase chemistry and Aerosol
module
WRF-Chem supports several different chemical mechanisms. In this research, the
Carbon-Bond Mechanism version Z (CBMZ) coupled with Model for Simulating aerosol

Interactions and Chemistry (MOSAIC) was used. CBMZ has 156 -237 reactions among
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52-77 chemical species and MOSAIC with 4 aerosol bins uses sectional size distribution,
treats major aerosol species, including sulfate, methanesulfonate, nitrate, chloride,
carbonate, ammonium, sodium, calcium, black carbon (BC), primary organic mass (OC)

and liquid water.

1.6.4 Photolysis Rates

Photolysis frequencies for the 21 photochemical reactions of gas phase chemistry
model are calculated at each grid point according to Madronich (1987). The photolysis

frequency of the gas 1, J; is given by the integral of the product of the actinic flux IA (), the

absorption cross sections 6()A), and the quantum yields ®(A) over the wavelength A:

-0 1 T 600 DA @)

Radiative transfer model by Wiscombe is used for calculation off actinic flux that
is based on the delta -Eddington technique. The Radiative transfer model accounts for
absorption by O, and Os , Rayleigh scattering and scattering and absorption by aerosol

particles and clouds.

1.6.5 Radiation
The radiation schemes provide atmospheric heating due the radiative flux

divergence and surface downward long and short wave radiation for the ground heat

budget. Longwave radiation includes infrared or thermal radiation absorbed and emitted
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by gases and surfaces. Shortwave radiation includes visible and surrounding wavelengths

that make up the solar spectrum.

Table 1.1 Important input settings of the WRF-Chem model.

Feature

Option

Description

Microphysics

Lin et al. scheme

Sophisticated scheme with ice, snow,
and graupel processes.

Longwave Radiation Rapid Radiative | Accounts for multiple bands , trace
Transfer Model gases, and microphysics
(RRTM)

Shortwave Radiation Goddard Two-stream multi-band scheme with
shortwave ozone from climatology and cloud

effects.

Surface Layer

MMS similarity

Based on Monin-Obukhov with
Carlson-Boland viscous sub-layer and
standard similarity functions from
look-up tables.

Anthropogenic Emissions

Delhi Inventory
& INTEX-B

Delhi inventory at 1.67 km resolution
Intercontinental Chemical Transport

Experiment B (INTEX-B) data at 0.5
©%*(.5 °resolution (Zhang et al.,2009).

Biogenic Emissions

MEGAN

MEGAN Model of Emissions of
Gases and Aerosols from Nature ,
biogenic emissions online based upon
the weather , land use data.

Boundary Conditions

MACC

Monitoring Atmospheric Composition
& Climate, a global 3-D chemical
transport model driven by offline
meteorological fields.
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Figure 1.3 Nested model domains used in the CommonWealth Games forecasts and
analysis.
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1.7 Emissions

Various sources of pollutants include anthropogenic and biomass burning. This
study focuses on estimating the contribution from various sources. Inventory studies
indicate that transportation and point sources are largely responsible for criteria air

pollutants release in the city (Kandlikar , 2007).

1.7.1 Anthropogenic Emissions

Carbon Monoxide (CO) is a criteria pollutant with a lifetime of several months in
the atmosphere. It is emitted from various natural and anthropogenic sources. CO is
produced by fossil fuel combustion, by biomass burning, and by oxidation of
anthropogenic hydrocarbons (Aneja et al., 2001). Approximately 30 % of CO comes
from natural sources such as oxidation of methane and natural hydrocarbons from ocean
emissions, and from vegetation (Aneja et al., 2001). Sulfur dioxide and nitrogen dioxide
are produced mainly from anthropogenic sources. Sulfur and nitrogen emissions have
lifetimes in the atmosphere ranging from days to ~ 1 week. The growth in shipping
industry in Asia is now an important source. Point sources such as thermal power plants
and ~ 129,000 manufacturing units in Delhi contribute to SO, and CO emissions.

Black carbon (BC) is a pollutant formed through the incomplete combustion of
fossil fuels, biofuel, and biomass. BC strongly absorbs visible light making it an
important contributor to radiative forcing of the atmosphere and contributes to green

house warming, as it couples with strong absorption of light over wide spectral range
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(Beegum et al., 2009). Black carbon stays in the atmosphere for only several days to a
week or so.

The primary air pollutants can also act as precursors to secondary pollutants i.e.,
Ozone. Ozone is a primary concern in the preset day. NOy, CO and VOC are the main
precursors for ozone formation (Ghude et al., 2009). Along with health problems, ozone
has serious impact on vegetation (Ghude et al., 2009) and is a green house gas. Delhi is in
the Indo Gangetic plain (IGP) which is a very fertile land in India. Therefore, increased
ozone levels may reduce the crop yield to a certain extent.

The four major emission sectors considered in this study are transportation,
power, industry (manufacturing, refineries, and small-scale industries), and domestic.
Delhi city constitutes slightly more than 1 % of the India population, and accounts for
around 17 % of the nations motor vehicles, with an annual growth rate of 20% that
directly affect the levels of pollution in the city (Mohan et al., 2006). Combustion of
transportation fuel produces significant amounts of CO, BC, SO, and NO; in Delhi.
Elevated ambient temperatures in Delhi, and the high volatility of gasoline enhances the
potential for evaporative emissions rich in reactive hydrocarbons, which participate in the
formation of ground-level ozone causing loss of crop yield in the Indo Gangetic plain
(Badami, 2005).

Delhi has five thermal power plants out of which three are situated within the city.
It also has many other manufacturing facilities, and cement plants. These are the major
sulfur emission sources in Delhi. Extensive usage of wood and charcoal stoves is still

prevalent in slums and in the out skirts of Delhi, for cooking practices. IGP is one of the
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densely populated areas with high fertile lands. High levels of BC (19 %) occur in
association with large coal consumption for domestic purpose (Sahu et al., 2008).

For this study, the INTEX-B emission inventory is used. This Inventory was by
developed in support of NASA’s INTEX-B mission with reference year 2006 at a grid
resolution of 0.5 degree. The inventory covers anthropogenic emissions from Power,
Industry, Residential (Domestic), and Transportation. Emissions of SO,, NOx, CO, VOC,
PM10, PM2.5, BC and OC from the four sectors in units of Ton/year per grid are used as
input for the pollutant concentration calculation in the WRF-Chem model. VOC has 30
lumped species that are needed for the SAPRC 99 Mechanism. For the VOC species
sector information is further split into power plants, industry, residential biofuel,
residential fossil fuel, residential non-combustion, and transportation. Figure 1.4 shows a
sample of mapped INTEX-B CO emissions over the three domains. The emissions were
calculated from 0.5° to 45km, 15 km and 5km subsequently, using linear interpolation

techniques.

€0 emissions (meal/um'=hr)

AT T T ]

LB =3

Figure 1.4 Carbonmonoxide emission distribution from three domains.
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In the fine resolution (i.e. 5km) the emission distribution in Delhi is clearly
visible. Emissions are one of the most crucial and sensitive area of air quality modeling
and results are highly dependent on the emission data provided as input to model.
Therefore, new inventories were prepared at finer resolution for Delhi as a part of the
CWG action. The first component is collection of source activity data on a very high
resolution. Some data are available from different ministries like the type of industries,
production capacities, population of developed and under developed localities, number of
registered vehicles, volume of petrol and diesel consumption per day, etc. Some activity
data needed to be collected by involving various voluntary or independent service
organizations who could practically count the number of various vehicular types passing
through different sensitive areas /road /junctions. The second component was to construct
the finely gridded emission inventoryl.67*1.67 km? resolution using the above activity
data and available emission factors using the GIS based statistical model developed at

IITM, Pune.
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Table 1.2 Percent Anthropogenic Emissions Contribution from Various Sectors to Delhi
from Delhi Emission Inventory.

Percent Contribution From each Anthropogenic Sector

Species Tonnes/Day | Transportation | Power Industry Domestic

SO, 81 12.9% 48.7% 25.2% 13.2%

NOy 598.5 69.4% 13.2% 4.5% 12.9%

CcoO 1320.3 43.7% 0.2% 4.0% 52.0%

PM;j 344.8 86.8% 7.9% 4.6% 0.8%

PM; s 128.6 52.6% 9.9% 15.3% 22.2%

BC 36.9 58.9% 3.0% 6.6% 31.5%

oC 35.1 30.5% 5.6% 10.6% 53.3%

NMOC 852.4 58.4% 1.2% 5.2% 35.3%

Table 1.2 shows the total emissions per day and the percent contribution of

emissions from different sectors to Delhi. Transportation and Domestic sectors are major

sources of CO, BC, and OC emissions. The power sector contributes significantly to SO,

and NOy emissions (~49 % and~13% respectively). Industries contribute ~25 % to SO,.

The domestic sector is a large emissions source of BC ~32% and OC ~53%. The

transportation sector plays a vital role in particulate matter emissions over Delhi.

1.7.2 Emission Preprocessor (EPRES) model

The spatial distribution of emissions was based on roadways, locations of power plants,

plants, slums and major industries using various Delhi data sets (Sahu et.al, 2011). The

emissions were transferred into the WRF-Chem modeling system using the Emission
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Preprocessor Model (EPRES).The Emission Preprocessor Model (EPRES), generates the
inter-media binary emission data (wrfem 00z _dO* and wrfem 12z d0*) needed by the
WRF-Chem model. It was designed by Dr. M. Lin (Center for Sustainability and the
Global Environment at University of Wisconsin-Madison) and modified by Dr.
Y.F.Cheng (CGRER at the University of lowa). Wrfem 00z d0* and wrfem 12z d0*
can be then converted by convert emis.exe of WRF-Chem to generate the anthropogenic
emission for WRF-Chem simulations. EPRES does two things, first mapping the SAPRC
99 speciation to CBM-Z and second horizontally interpolating the emission inventory
into projected model grids. When interpolating the emissions, EPRES reads in the already
projected grids from the WPS/WRF output (such as geo em.d0*.nc,
met_em_date.dO*.nc, or wrfout date.dO*, which contain XLAT and XLONG), and then
utilizes the I/O API mass conservative interpolation subroutine to interpolate the
emission into model grids. All the interpolated species were converted into WRF-Chem
required units. After wards, the mapped emissions were distributed into two vertical
layers i.e. 70% emissions were distributed at surface and 30% uniformly distributed to
the grids up to ~1000m (grids 2-6 in this application). Diurnal profiles were also applied.
The diurnal variability of BC emissions are shown in Figure 2. 9, and exhibits two peaks,
one in early morning and the second in early evening associated with both traffic and
cooking activities. Seasonal variation and longitude (local time) dependent diurnal
variations were applied. The EPRES model can also be used to generate emission data for
SAPRC99 and CBM-4 chemical mechanisms for both WRF-Chem and CMAQ models to

utilize global emissions.
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Figure 1.5 shows the emissions distribution over Delhi using the EPRES model
for the Delhi Inventory. From emissions distribution patterns it is evident that central
regions of Delhi are high contributors of anthropogenic emission. Total CO emissions
from Delhi city are mainly from transportation and domestic sources, as incomplete
combustion is the major reason behind these high levels of CO emissions from the city.
Particulate matter concentrations exceed the National Ambient Air Quality levels in
Delhi. The main reason is the increase in vehicular count in the city during the past
decade. Construction dust is the main source for these high levels of Particular matter.
Geographically city is surrounded by industrially developed cities such as Gurgoan and
Noida. Many cement industries and brick kilns are situated in and around Delhi city

adding to the increasing particulate emissions to the City.
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Figure 1.5 Emission distributions of BC, CO, NOy, PM, s and SO, units over Delhi.
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Extensive usage of wood and charcoal stoves for cooking is still prevalent in
slums and in the out skirts of Delhi. High levels of BC emissions (19% of total) occur in
association with large coal consumption for domestic purpose (Sahu et al., 2008). The
sectoral distributions of the BC emissions are shown in . These show clearly the locations
of the power plants, industrial clusters, the distributions of slums and the major
transportation networks. The INTEX-B emissions were used over the outer three
domains. Biogenic emissions were calculated hourly on-line using MEGAN. The dust
emissions were turned off during the run time of the model, since the post monsoon

period is a period with insignificant dust impacts on Delhi.
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Figure 1.6 Sector contributions of Black Carbon emissions (%) over Delhi.
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1.8 Model of Emissions of Gases and Aerosols from Nature

(MEGAN)

Biogenic emissions were estimated using the Model of Emissions of Gases and
Aerosols from Nature (MEGAN). These biogenic emissions are calculated online based
upon weather and land use data. The net emission rates of isoprene and other biogenic
trace gases and aerosols from terrestrial ecosystems into the above canopy atmosphere at

a specific location and time (Guenther et al., 2006) are given by
Emission = [8] [’Y] [p] 3)

where € (mgm™h™) is an emission factor that represents the emission of a compound into

the canopy at standard conditions, y (normalized ratio) is an emission activity factor that

accounts for emission changes due to deviations from standard conditions and P

(normalized ratio) is a factor that accounts for production and loss within plant canopies.
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Figure 1.7 show the base isoprene emissions from MEGAN, serves as input
emission for the online computation. The amount of isoprene emitted from plants
dominates the biosphere—atmosphere hydrocarbon exchange. The emission of isoprene
from plants affects atmospheric chemistry as isoprene reacts very rapidly with hydroxyl
radicals in the atmosphere making hydro peroxides that can enhance ozone formation.

Aerosol formation in the atmosphere may also be influenced by biogenic isoprene.

Isoprene Biogenic: South Asia Isoprene Biogenic: North India
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Figure 1.7 Base isoprene emissions from MEGAN.

High levels ~ 90-110 moles/km®-hr of isoprene are observed in North East India.
Indo Gangetic plain has vast fertile agricultural land which lead to production of isoprene
during certain seasons. The figure shows the emissions in the month of October, where
the crops are almost in the harvesting period, therefore we could not see high levels of

isoprene in the IGP. Dust emissions were turned off during the run time of the model
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because the post monsoon is a stable period hence the dust emissions are small in the
forecast results.

Finally, the anthropogenic and biogenic emissions were fed into the model
employing the respective preprocessing tools. The generated binary files from different
emissions were converted to WRF-Chem readable format using convert emiss.exe
program. The meteorological data from WPS program acts as important weather input to
the model. WRF-Chem is an online model, therefore all the weather data, and emissions
files are input into model at one time. The detailed description of model is shown in

Figure 1.2.

1.9 Meteorology Data

Final Analyses (FNL) from National Centers for Environmental Prediction
(NCEP) Global Analyses at 1*1 degree resolution was used as meteorology input data.
The output from analysis is for every 6 hours with 26 pressure levels ranging from 1000
pa to 10hpa. The data is available from National Center for Atmospheric Research
(NCAR) archive site in grib format. Weather Preprocessing System (WPS) subroutine
ungrib’s the data into readable format. Further, the ungrib data was processed using
metgrid option into netCDF format which acts as meteorology input variable for WRF-

Chem model.

1.10 Initial and Boundary conditions

The WRF-Chem model requires initial and boundary conditions for simulations.
To achieve better meteorology predictions we ran the model for 5 days with 2 days of

spin up time. Chemistry variables require the model to run continuously so
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concentrations can be built-up. In order to accomplish that, we overwrite the chemistry
variables on the newly generated wrf input conditions. Therefore by doing this we avoid
the biases from the meteorology and in-turn reduce the chemistry biases. Another
important input condition required is the boundary. Long range transport plays a vital role
on pollutant concentrations along with emissions within the region. Therefore, to
consider the influence outside the regions, boundary conditions from global model was
used. The European Centre for Medium-range Weather Forecasts (ECMWF) model
MACC (Monitoring Atmospheric Composition and Climate) operates and improves data-
analysis and modeling systems for a range of atmospheric constituents that are important
for climate, air quality and surface solar radiation.

MACC has input from various sources such as satellite, in-situ data and many
other emissions related data sets. Missing satellite data is substituted with in-situ
measurements of atmospheric composition. This framework provides a range of
atmospheric constituents that are important for climate, air quality and surface solar
radiation. This global model works as boundary conditions for regional models. MACC
has forecast and reanalysis data for various reactive gases and aerosols. MACC provides

72Hr forecast for every 3hrs.
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Figure 1.8 Flow chart of MACC model.

1.11 Thesis organization

Further details and results of this research are presented in the following chapters.
In Chapter 2 deals with sectoral contributions to black carbon and other criteria pollutants
over Delhi. Chapter 3 focuses on emission projection studies using GAINS -2030
scenarios. Effects of short lived climate forcing agents on radiative forcing from with and
without feedbacks are addressed in Chapter 4. Finally in Chapter 5 a summary and

discussion of further research needs are discussed.
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CHAPTER 2 SECTORAL CONTRIBUTIONS TO BLACK
CARBON AND OTHER CRITERIA POLLUTANTS IN
DELHI AND THEIR TWOWAY INTERACTIONS WITH
METEOROLOGY

2.1 Introduction

Rapid industrialization and urbanization over the past few decades have led to
high levels of outdoor pollution throughout the world. This is particularly true in the
megacities of Asia, where high concentrations of aerosols and other criteria pollutants
have large impacts on the health and welfare of citizens. Small ambient particles can
penetrate deeply into sensitive parts of the lungs and can cause or worsen respiratory
disease, such as emphysema and bronchitis, and can aggravate existing heart disease,
leading to increased hospital admissions and premature death (Agarwal et. al., 2006).
These particles and other short-lived radiative forcing agents such as ozone also impact
incoming solar radiation and impact weather and climate. According to the [IPCC (IPCC,
2007) the warming effect of all the greenhouse gases together is 2.5 watt-m-2, while the
cooling effect of aerosols is 0.7 watt-m-2 The high levels of black carbon (BC) in Asia
are of particular interest, because of its dual role in impacting human health and in acting
like a greenhouse gas and causing warming of the atmosphere. Ramanathan and
Carmichael estimate that BC is the second most important warming agent (behind CO;)
(Ramanathan and Carmichael, 2008). For these reasons there is currently mounting
interest in developing strategies that will both reduce the levels of air pollutants and

reduce global warming, These strategies often develop first in megacities in Asia where
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air quality and energy policies respond to the rapid needs associated with the widespread
urbanization. Effective management of air quality requires enhanced understanding of the
sources of pollution and their effects on human health and climate.

In this chapter the analysis of BC and other pollutants in Delhi (28°35°N,
77°12°E, 217m MSL), the capital city of India and the largest city by area and the second
largest by population in India are presented. It is the eighth largest megacity in the world
with more than 18 million inhabitants. Delhi hosted the CommonWealth Games (CWGQG),
a multi sport event involving 73 countries, in October 2010. This high profile event
provided an opportunity to accelerate efforts to improve air quality. To support the CWG
air pollution monitoring was enhanced, a new emissions inventory was developed and air
quality forecasting efforts were initiated. In this chapter the WRF-Chem model is used to
simulate the air quality during the GWG and evaluate its performance by comparing the
predicted meteorology and concentrations of BC and other criteria pollutants with
observations. The spatial patterns of BC, CO, SO, NO,, and Oz over Delhi and estimate
the contributions from specific source sectors (Transportation, Power, Industrial, and
Domestic) are presented and discussed. Sector information is needed in order to guide the
development of effective pollution reduction measures. The emission estimates are
evaluated by analyzing observed and predicted species ratios. The two-way interactions

between the criteria pollutants and the meteorology are also discussed.
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2.2 Approach

WRF-Chem version 3.1.1 is employed to perform air quality analyses over South
Asia. To facilitate improved and comprehensive air quality predictions a nesting option is
used over the chosen domain, which provides better representation of spatial distribution
of pollutant concentrations. The coarse domain covers the South Asia from 50 E to 120 E
and 0 N to 55 N at a horizontal resolution of 45km with 131x131 grid cells. The next
domain, which acts as parent to the third domain focuses on the northern regions of India;
i.e. stretched over the Indo Gangetic plain at a resolution of 15km with 127x127 grid
cells. The finest domains cover the Delhi region in particular at a resolution of Skm with
55x55 grid cells and 1.67km with 75x70 grid cells. Figure 1.3 shows the domain details
of the model.

Ten new automatic air pollution and meteorology monitoring stations were
installed for the Commonwealth Games and are placed at different venues across the city
i.e., CommonWealth Games Village (CWG), IITM Delhi (IITM), Yamuna Sports
Complex (YSC), Indira Gandhi Sports Complex (ISC), M.Dhyanchand National
Stadium(MDS), Jawaharlal Nehru Sports Complex (JSC), Thyagaraj Sports Complex
(TSC), University of Delhi(UD), IGI-Airport(IGI) and finally Talkotaroe Garden (TG) as
shown in Figure 2.1. The air quality parameters i.e., Black Carbon (BC) , Carbon
Monoxide(CO), Nitric Oxide (NO), Nitrogen Dioxide (NO;), Ozone(O3), PM; s and PMj
were measured at hourly interval over span of two weeks from 26" Sept, 2010 to 15"
Oct, 2010. Similar to the air quality species, meteorology species i.e., wind speed

(m/sec), wind direction (deg), temperature (°C), relative humidity (%) were measured.
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The WRF-Chem model was run for the period 26Sep -160ct 2010. The analysis in this

chapter focuses exclusively on the Delhi region (the inner-most grid).

Figure 2.1 Locations of the monitoring stations for the CommonWealth Games.

Table 1.1 summarizes the input settings for the WRF—Chem model employed in
this study.
Figure 2.2 show the spatial distribution of pollutants BC (pg/m’) and CO (ppbv)

over three domains South Asia, Northern India and NCR Delhi. It is a 20day mean
distribution pattern. CO concentrations over all regions, in particular high concentrations
(>700 ppbv) are observed in the Indo Gangetic plain (IGP). High CO concentrations are

observed over Delhi, this is because we overlapped New Delhi emissions onto each
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domain. The main reason for these high levels of CO over Delhi could be due to increase
in levels of vehicular count and fuel usage. Black Carbon has much distributed pattern
over third domain as lot of residential pockets are located around. This resulted in use of

high cooking fuel and modes of fuel usage such as transportation and opening burning.
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Figure 2.2 20-day mean spatial distribution of criteria pollutants over South Asia ,
Northern India and NCR Delhi.

www.manharaa.com



36

2.3 Results and Discussion

2.3.1 Meteorology

Source control strategies will help to reduce the air pollution, but the reduction
for fixed source strength is directly a function of the meteorological conditions and their
variation in time and space over the area of interest. Meteorological parameters affecting
transport, diffusion, transformation, and removal processes are functions of both time and
space. Transport of pollutants and their resulting concentrations depend on
meteorological parameters such as temperature, wind speed, and direction, atmospheric
stability and the movement of the pressure systems. Four seasons occur in India: Winter
(December — early April); Summer (April — June); Monsoon (June —September); and Post
monsoon (October — early December). Concentrations vary seasonally in India in the
following order: winter>post-monsoon>pre-monsoon>monsoon. In addition to the
seasonal change, in many locations there is diurnal change in wind flow, which may be
even more marked. It is usual that the night hours are periods of stability. Because of the
effects of negative buoyancy and the increased energy required for the vertical motions,
pollutants disperse slowly and may be confined in relatively small volumes. The
concurrent light, variable wind may even result in return flow of material across the
original source. In contrast, the day time winds are apt to be more turbulent, of higher
speeds and the vertical motions are enhanced, so that the maximum dilution of materials
occurs on clear, sunny days. In addition to the variation of wind flow in the horizontal
and with time, there is usually a marked difference in wind flow in the vertical. Before or

shortly after sunset, the air near the ground cools rapidly and a stable lapse rate begins to
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form. The inversion increases with time in intensity and in depth during the night,
reaching a maximum between midnight and the time of minimum surface temperatures.
During this period, contaminants are effectively trapped within or below the inversion
layer with little or no vertical dispersion.

The Common Wealth Games was held during the post monsoon season. This
season is climatologically a very stable season. There are certain difficulties with this
period. As mentioned in the previous section the IGP is a very fertile land, and October
and November months are harvest season, therefore accounting for large crop residue
burning. In addition the festival of lights, (Diwali) increase local pollution levels
(Badarinath et al., 2009). It is necessary to understand the complexity of the seasonal
variation during this period. The general situation in India is that in mid September the
monsoon has shifted from the Southwest Monsoon to the Northeast monsoon. This brings
in air masses from Northern and Northeast parts of the country (Ghude et al., 2009).
Meteorological parameters affecting transport, diffusion, transformation, and removal
processes are functions of both time and space. Transport of pollutants and their resulting
concentrations depend on meteorological parameters such as temperature, wind speed,
and direction, relative humidity.

Figure 2.3 shows the 20-day mean daily variation in wind flow in Delhi calculated
using the WRF-Chem model. Period mean flows at 5:30 am, 11:30 am, 5:30 pm, and
11:30 pm are shown. The winds are generally low and from the NNW. During the
daytime the NNW winds dominate, and after sunset there is a shift in the direction of the
wind flow. Further insights into the flow fields are shown in the wind rose plots for two

of the monitoring (Figure 2.4). The winds are most frequently from the NNW and low (<
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Figure 2.4 Wind rose plot of hourly winds at two monitoring stations a) Dhyanchand
Stadium and b) Talkotaroe Stadium from the WRF-Chem model for the entire
period.

The 20-day mean temperatures at 2m above surface are shown in
Figure 2.5. The predicted temperature levels when all emissions are considered range
from 27°C -30°C, which is in the normal range during the post monsoon season. High
temperatures are located at the center of the city and reflect the urban heat island of
Delhi. The mean pbl height during afternoon and nighttime are shown in Figure 2.6. They

are highest over Delhi with afternoon values >2100m and low at night (<~60m).
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Figure 2.5 20-day mean temperature at 2m over Delhi.
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Figure 2.6 20-day mean PBLH at 2:30pm and 2:30am of the day.
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The predicted meteorology is compared with surface observations at surface
monitoring stations. The statics of the comparison are shown in Table 2.1. The model has
a dry bias (under predicts RH), slightly under predicts peak day time temperatures by 1-2
degrees (~5%), and is biased high in wind speed. The model captures the low wind
speeds, but the observations often are less than 1 m/s, which the model estimates at 1-3

m/s.

Table 2.1 Comparison of predicted meteorological parameters with observations at the
surface monitoring sites.

Temp(°C) Wind speed(m sec™) RH (%)
Mean-Obs 29.0 1.3 53.5
Mean-Model 28.7 2.2 45.8
Bias Error 7.7 1.3 7.0
RMSE(hr avg) 13.6 2.9 33.9
R(hr avg) 0.9 0.5 0.7

2.3.2 Spatial distributions of air pollutants in Delhi

The predicted period mean surface concentrations of various pollutants are shown
in Figure 2.7. The primary species show similar spatial distributions with peak values in
the middle of domain reflecting the traffic and population patterns in the city. Black
carbon concentrations exceed 25ug/m’ at residential regions with the main sources being

traffic and wood and charcoal burning for cooking practices. Delhi city is comprised of
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mixed classes of population; therefore the fuel type used is based on economic class and
this plays a vital role in BC emissions. Delhi is a densely populated city has
approximately 4 million on road vehicles and the number increases at a rate of ~10
percent per year (Mohan et al., 2006). As a result of this and the large amounts of
construction and industrial activity PM,s and PM,, levels are very high, 220-350 pg/m’
and 350-550 pg/m’, respectively, over the city and exceed the National Ambient Air
Quality standards. Ozone levels are also elevated in the city resulting from the growing

transport emissions. The day time 20-day mean values show peak ozone levels are as

high as 100 ppbv.
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Figure 2.7 Spatial distributions of calculated 20 Day mean concentrations of criteria
pollutants over Delhi. For ozone daytime means (9:30am — 6:30pm) are
shown.
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2.3.3 Comparison of Observed and Modeled

Concentrations

Concentrations from all the stations were combined and their distributions are
compared with the predicted distributions for each species in

. In general the aerosol quantities BC, PM, s and PM; are pretty well predicted,
showing similar variability across the monitoring sites and similar frequency
distributions. All three show a high bias, with the largest for PM,s and PM;,. CO
predictions have a negative bias. For the base emissions case NOy values were
significantly over-predicted and the ozone distribution was very different than the
observations as shown in Figure 2.8a. We also performed a sensitivity simulation where
the NOx emissions were reduced to 1/3 of their original values. Those results are shown
in Figure 2.8b. The NOy predictions are closer to the observations and the ozone
distribution more closely fits the observed distribution, but now with a high bias. The
emissions evaluation will be discussed in more detail in section 2.3.5. Statistics for the
comparisons are presented in Table 2.2. The model performance was evaluated by
comparison with observations. Analysis of all species at the individual sites was

presented in Appendix Table A1l and Table A2
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Figure 2.8 Comparison of the distributions of observed and modeled hourly
concentrations using data from all sites with lower (25%), median (50%) and

upper quartile (75%).

The all data mean value and the minimum and maximum mean values from

individual monitoring sites are shown. Red column represents the lower quartile, yellow

the median 50% of the data, and green the upper quartile of the data set with minimum
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and maximum error bars. The upper panel is for calculations using the emissions shown
in Table 1.2 while the lower panel shows results where the NOy emissions were reduced
by a factor of 3. Some activity data needed to be collected by involving various voluntary
or independent service organizations who could practically count the number of various
vehicular types passing through different sensitive areas /road /junctions. The second
component was to construct the finely gridded emission inventoryl.67*1.67 km?2
resolution using the above activity data and available emission factors using the GIS

based statistical model developed at [ITM, Pune.

Table 2.2 Comparison of 20-day mean observed and predicted concentrations of various
species at all monitoring sites with NOy reduction to one third of its emissions.

BC CO NOx O3 Os- PMgs PMyo
NOy-Full | (ug/m®) | (ppmv) | (ppbv) | (ppbv) | DayTime(ppbv) | (ug/m3) | (ug/m3)
Mean-obs 9.5 1.7 67.8 30.1 545 110.8 237.6
Mean-
model 13.8 1.0 150.3 26.3 60.4 181.5 294.3
Bias 10.1 -0.5 91.3 0.3 125 83.6 83.5
RMSE (hr
avg) 15.7 1.4 170.3 29.2 40.6 162.8 259.5
R(hr avg) 0.6 0.4 0.4 0.7 0.4 0.4 0.4
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Table 2.3 Comparison of 20-day mean observed and predicted concentrations of various
species at all monitoring sites NOx reduced by factor of 3.

NO,-one BC CO NOx O3 Os- PMa s PMjo
third | (ug/m®) | (ppmv) | (ppbv) | (ppbv) | DayTime(ppbv) | (ug/m®) | (ug/m®)
Mean-obs | 9.5 17 | 678 30.2 54.5 1109 | 237.6
Mean-
model 16.9 12 | 641 49.1 38.3 1932 | 330.1
Bias 75 06 | -37 18.9 9.7 82.4 925
RMSE(hr
avg) 13.3 13 | 683 43.9 36.9 1571 | 254.4
R(hravg) | 0.3 0.4 0.4 0.7 0.1 0.4 0.4

Further insights into the pollutant distributions in Delhi are found by analyzing
the time series. The 20 day average diurnal cycle of BC observed at Dhyanchand Stadium
is shown in Figure 2. 9 along with the diurnal emission used in the model and the
predicted PBL height. The BC observations show a strong diurnal cycle, with minimum
in the mid-afternoon when the PBL is the highest and maximum in late evening when the
PBL height is at a minimum and emissions are at their highest. The evening and early
morning features reflect the cooking and traffic patterns and the trapping of these surface
emissions by the shallow mixing layer. These diurnal features are well captured by the
model, which suggests that the diurnal pattern used in the emissions accurately capture
these activities. The daytime values are accurately captured, while the night time values
are biased high. This suggests that the daytime PBL is reasonably well predicted, but the
nighttime values may be too low. The diurnal profiles of PM; s and PM;y show similar
diurnal variations as BC, with minima during mid-afternoon and peak values at night, but
with less asymmetry between mid-night and 6 am values, reflecting their stronger

dependency on traffic patterns.
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Figure 2. 9 Mean diurnal variation in boundary layer height, emissions and BC
concentrations from model and observations at the Dhyanchand Stadium
site.

The predicted mean composition of PM, s at Dhyanchand stadium is shown in
Figure 2.10. (There is very slight variability in the percent contribution at the different
monitoring stations.) BC accounts for about 8% of the fine mode mass and is greater than
that for sulfate. OC accounts for ~30% and other primary PM accounts for the largest

fraction. Nitrate contribution exceeds that of sulfate.
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Figure 2.10 Percent contribution of each species to total PM,s at
Dhyanchand Stadium.

2.3.4 Sector Contribution

The goal of this study is to identify the emission sources making the largest
contribution to the pollution levels. Therefore, detailed studies are needed to understand
the contribution of each source sector to total pollution levels in Delhi. In order to
facilitate this study the emissions from Delhi emission Inventory were categorized into
four sectors and used as input into the WRF-Chem model. The model was run for four
different cases for the analyses of the sectors. An initial run was carried out to calculate
the total pollution from all sources i.e. anthropogenic, biogenic and biomass burning.

Then individual runs are carried out to estimate the concentrations from each sector. The
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equation below explains the process for how the transportation sector results were

determined.

Anthropogenic (A) = Transportation (T) + Power (P) + Industry (I) + Domestic (D) (1)

Initial run =1 (A + Biogenic + Biomass Burning + Boundary) (2)

Individual run = S (A -T+ Biogenic + Biomass Burning + Boundary) (Transportation) (3)

Sector contribution = I — S, concentrations from transportation sector emissions only (4)
(Transportation)

This process is repeated for all three sectors. In doing so the source sector contribution

are estimated.

Figure 2.11 show the spatial distribution of the % contribution to surface
concentrations from the Transportation, Power, Industry and Residential sectors for BC,
PM, s and Os. The sector contributions are similar for CO, NOy and PM,y. In general the
largest contributions are from transport and domestic sectors. The area affected by
transport is larger, but the peak contributions are larger for domestic sector. The
contributions from industry are also significant and are highest in the center of the
domain and are responsible for the highest peak values. For the secondary pollutant
ozone there is non-linear correlation between the precursor emissions and O;
concentrations where decreasing one of the precursors somewhere may cause an increase
in O3 concentrations elsewhere and vice versa. There are uncertainties associated with the
sector contribution calculations. Elimination of one sector at a time may not affect non-
reactive species calculations but for the non-linear reactions such as ozone, this can create

some problem because of OH and HO; variations.

www.manaraa.com



b S

Percent BC:Transportation
-

ORI e

- Percent NOx:Transportation

Percent NOx:Industry

o vm s ma

Percent PM2.5:Transportation
-

Percent BC:Power

s
s
o
wms
s,
s
o0
R T W nE AE WA e
Percent BC:Domestic
Percent NOx:Power
50
. s
w0
e =
20
- 28
20
. s
125
. 1
75
. g
28
Bm T vaE wa e e
Percent NOx:Domestic
. &
-
.
=
.
o
B v T ma ma ma
Percent PM2.5:Power
-
0
e -
-
s =
=
s =
=
s .-
s
wa w0
s
. g
s
R WA nE nE ma e
Percent PM2.5:Domestic
o
w
"
-
™
o
0
1es
1o
g
as

Percent CO:Transportation

Percent CO:Industry

Percent 03:Transport

e Tk me

Percent O3:industry

.‘

N Tt WE TR TR TR T

Percent PM10:Transportation

125

“LEipFiREESEE

Percent CO:Power

W

Percent CO:Domestic

Percent 03:Power

W nE WE e mm

b

Percent 03:Domestic

Percent PM10:Power

Percent PM10:Domestic

T

e TR T e T

51

sgs2EtEsEl

Figure 2.11 Spatial distributions of pollutants from various sectors to period mean surface
concentrations.
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Further insights into the sector contributions are found by looking at their diurnal
variations. Figure 2.12 show the 20-day average diurnal variation of the sectoral
contributions to various criteria pollutants at the monitoring station Dhyanchand stadium.
The contributions are shown in terms of percentages. In the case of BC residential and
transportation sectors are important at all times, but with maximum values in the late
evening and early mornings. During the daytime as the mixing layer grows, it entrains air
masses from higher altitudes as shown by the black shading, which represents other
contributions (not accounted for from these four sectors). These other contributions are
from emissions that are outside of the inner most grids, which are transported into this
region through the boundaries. PM, s and PMj, sector plots are similar to BC, with PM; s
showing a larger contribution from the residential sector than PM;,, and PM,( showing a
larger contribution from transport. CO shows a similar diurnal variation, but with a larger
contribution from the domestic sector and much larger daytime contribution from distant
sources, which is expected due to the much longer lifetime of CO in the atmosphere with
respect to BC. In the case of NOx, the transport sector dominates; accept for the daytime
periods, where other sources become important. During the daytime the power sector
also contributes to surface concentrations as the growing mixed layer entrains the NOx
emissions from nearby power plants. During the nighttime the power plant plumes are
above the mixed layer and are decoupled from the surface. Ozone has the largest
contributions from outside. The contributions of outside the domain sources to the mean
surface concentrations are shown in Figure 2.13. Within Delhi the outside sources are
important and contribute from 20 to 50% depending on species. This has important

implications for control strategies and indicates the need for regional perspectives.
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Figure 2.12 Diurnal variation in the sector contribution (in %) to period mean surface
concentrations of different pollutants at the Dhayan chand monitoring station.

www.manaraa.com



54

Percent BC Percent PM2.5

T aRNERABBIRS

| . |
“"s a8 bhEHELEBEIEE

Percent CO

5 o
g
:
5

I 4 .
8 ReE65858838 8

g
8865858838 %8

<

TNE T T TTHE T8 b 7 TIE TIE TI3E TIHE  TIEE

Percent NOx Percent O;

“ s o8R8 Hs8B838S

Figure 2.13 20-day mean contributions of pollutants from outside source.
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2.3.5 Evaluation of Emissions

The comparisons of the observations and predictions for each species were
discussed earlier in association with

. Comparison of correlations between different species can provide further
insights into the emissions inventory. Illustrative results are shown in Figure 2.14, where
various combinations of regressions for the all station observations combined are
presented. The observations show good correlations between BC and CO, NOy and CO,
PM;o and BC, and PM, s and PM;y. Also shown are the same correlations based on the
modeled surface concentrations. The model values also show strong correlation, with
higher correlation coefficients than the observations. The PM;sto PM o and the PM; s to
BC slopes are similar for the observations and the model values. However absolute
concentrations are over predicted. This suggests that the emissions are overestimated. In
contrast the NOy to CO modeled slope is too high, while the concentrations of NOy and
CO are over and under predicted, respectively. This suggest that the NOy emissions are
too high and the CO emissions too low. Assuming that the observations at these sites are
representative and that all the errors are associated with the emissions then to make the
modeled concentrations and slopes consistent with the observed values the emissions
need to be scaled by the following: 0.6 for NOy, 2 for CO and 0.7 for BC, PM;s and

PM .
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Figure 2.14 Comparison of correlations between different species for all the sites
combined based on observations and modeled concentrations.

2.3.6 Importance of Feedbacks

Feedbacks: WRF-Chem has two different options to work, i.e. with aerosol

feedbacks and no feedbacks. Aerosol feedbacks included are the direct aerosol feedbacks

and indirect cloud aerosol feedbacks. For direct feedbacks absorption or scattering by

aerosols are feed back into the meteorology. The calculated aerosol concentrations are
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feed to fast-j photolysis module that calculates radiative forcing that influence the
weather. The indirect cloud aerosol feedbacks analysis uses the Lin et.al microphysics
scheme. In this process, the calculated aerosol amounts are treated as cloud condensation
nuclei, which are used in the cumulus schemes. To evaluate the importance of the
feedbacks we performed a series of sensitivity calculations, where the model was run for
the 20-day period with and without feedbacks. Since the focus of this project is to look at
behavior within Delhi, we analyze in detail the 1.67km domain results. Figure 2.15 show
the net change in concentrations levels from with and without feedbacks. The
concentrations of primary aerosols in general are lower when feedbacks are included. In
contrast CO concentrations are generally higher. The changes in concentrations and
spatial distributions are caused by the changes in wind speed, direction and pbl heights as

shown in Figure 2.16 to Figure 2.19.
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Figure 2.15 Spatial distribution of BC, CO, PM, s and PM,, over Delhi difference
between with and without feedbacks.
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Figure 2.16 Wind profiles over Delhi domain without feedbacks effect at four different
time steps of a day.
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Figure 2.17 Wind rose plot of hourly winds at two monitoring stations a) Dhyanchand
Stadium and b) Talkotaroe Stadium from the WRF-Chem model for the
entire period without feedbacks.
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Figure 2.18 Change in PBL height due to the aerosol feedbacks and without feedbacks
over Delhi.
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Figure 2.19 Effect of feedbacks and without feedbacks from aerosol on Temperature at
2m from surface, Relative humidity and their net change.
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2.4 Summary

WRF-Chem system was successfully set up and evaluated for Delhi during the
CommonWealth Games period (26" Sept to 15" Oct, 2010). The predicted concentrations
of criteria pollutants and BC had similar distributions and diurnal profiles as the
observations, with most exceeding current National Ambient Air Quality Standards.
Temporal variability showed that the daytime values are accurately captured, while the
night time values are biased high because the daytime PBL is reasonably well predicted,
but the nighttime values may be too low. Spatial distributions showed large
concentrations in central regions reflecting heavy traffic and high population density.
Attributing the over prediction of concentration levels purely to emissions, in order to
match the magnitudes and slopes of the observations it was found that emissions
estimates would need to be scaled by 0.6 for NOy, 2 for CO and 0.7 for BC, PM; s and
PMjo. NOx sensitivity studies showed using a lower estimate of the NOx emissions
yielded ozone predictions closer to the observations.

Sector based studies showed that the transport and domestic sectors were the
major contributors to pollution levels in Delhi. Industrial emissions were also large, and
the power sector was important for NOy and SO,. Delhi air quality was found to also be
impacted by emissions from outside of Delhi. The contributions from distant sources
ranged from 20 — 50% depending on the species. These results have important
implications for air quality management, and indicate that regional perspectives to
emission reductions are warranted. Finally, the influence of the air pollutants on

meteorology was investigated by comparing results from simulations that included
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feedbacks with those that did not. The feedbacks impacted boundary heights, temperature

and winds, which in turn impacted the pollution concentrations.
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CHAPTER 3 FUTURE EMISSION SCENARIO USING THE
GREENHOUSE GAS AND AIR POLLUTION
INTERACTIONS AND SYNERGIES (GAINS) MODEL

3.1 Introduction

Managing future air pollution levels is a challenge for thriving industrial economy
of modern India. Current and future economic growth in India may defeat ongoing efforts
to improve air quality through controls of particulate matter emissions from large
stationary sources and nitrogen oxide (NOx) emissions from vehicles. In a scenario of
rapid urbanization, it is expected that between 2005 and 2030, the increase in emissions
from point sources and large stationary sources will rise drastically, with SO, emissions
increasing 5 times and NOy multiplying 3 times under business as usual conditions.
Increased efforts will be necessary over the coming decades to deal with the continued
growth in energy demand.

Advanced emission control technologies are available to help maintain or improve
air quality despite the pressure from growing economic activities. Full application of
advanced technical end-of-pipe emission control measures in India (e.g., flue gas
desulfurization or catalysts for power plants) could lead to a substantial improvement in
air quality. A preliminary analysis using the GAINS —Asia computational model
estimates that the application of advanced emission control technology to all large
sources in India would reduce negative health impacts by half in 2030 (GAINS Report,
2010). But the report also notes that such an undifferentiated application of the controls

to all sectors would compound the already existing economic issues, and cost an
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additional 0.80% of GDP. Instead of the conventional all-encompassing control-strategy,
a cost-effective approach can reduce costs for air pollution control by/in 2030 by up to
50%.

The cost-conscious Greenhouse Gas and Air Pollution Interactions and Synergies
(GAINS)-Model can identify cost-effective portfolios of emission control measures that
achieve improvements in environmental impacts. The GAINS optimization tool
selectively allocates specific reduction measures across economic sectors, pollutants and
regions, thus reducing air pollution control costs. Such an analysis is very helpful for a
developing country such as India. Another advantage of the GAINS model is that it
includes controls focused on both indoor and outdoor air pollution, a crucial facet for a
village-intensive economy like India where a significant fraction of the population
depends on solid fuels for everyday use. Integral elements of air pollution control
strategies are the measures directed at eliminating indoor pollution from the combustion
of solid fuels. The GAINS model also helps to identify strategies to reduce ozone
precursor emissions which would also reduce crop losses, which helps to foster a healthy
environment for the generations to come.

The GAINS model also targets the core problem of greenhouse-gas emissions in
an economically viable manner. GAINS provide a comprehensive and affordable solution
to this foundational problem, building a clean environment and ensuring the health of
millions. Besides targeting the greenhouse gas emissions, the GAINS model also adopts
certain low carbon measures which reduce air pollution at reasonable costs. GAINS
scenarios demonstrate that a strategy employing certain climate-friendly measures, e.g.,

energy efficiency improvements, fuel substitution, co-generation of heat and power,
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integrated coal gasification combined cycle (IGCC) plants, etc., would reduce air
pollution at lower costs than a conventional approach that relies on technical end-of-pipe
emission control measures. At the same time it would also ensure the lowering of
greenhouse gas emissions (GAINS Report, 2010).

This state-of-the-art interdisciplinary model is built on a scientific tool that has
already helped European governments reduce air pollution across the continent without
compromising economic development (Hordijk and Amann, 2007). The above
examination of the various advantages offered by the GAINS model suggests that it
would be useful in helping to target air pollution controls in India.

This study employs IIASA’s Greenhouse Gas and Air Pollution Interactions and
Synergies (GAINS)-Model to provide a consistent framework of emission reduction
strategies targeted towards air pollution and greenhouse gas co-benefits. To accomplish
this goal a scenarios driven by the GAINS model was interfaced with the WRF-Chem
simulations. In this chapter we work with the GAINS group to develop a base scenario
for Delhi for the year 2030 and a method to interface this scenario with the WRF-Chem
model. Results comparing changes in criteria pollutant levels relative to 2010 on a sector
and spatial basis are presented and discussed. This work provides a basis for which
additional scenarios that target new air quality and/or climate targets can be developed

and analyzed using this framework.
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3.2 Description of the Greenhouse Gas and Air Pollution

Interactions and Synergies (GAINS) 2030 Scenario

A study of the Five-Year Plans prepared by the Government of India shows that

the GDP is assumed to grow by 8 to 10 percent/year in the 1"

Five Year plan and then at
an average rate of 10 percent/year in the 12th plan in order to double per-capita income
by 2016-17 (Planning Commission, 2006a). These increases result from continued
population growth (from 1.1 billion people in 2005 to 1.5 billion people in 2030) together
with an enhanced economic development that is expected to provide increased economic
wealth to the Indian population. As pointed out in the National Energy Map for India
such high economic growth will put a heavy demand on the supply of energy (TERI,
2006). Under these plans primary energy consumption is projected to increase by a factor
of 3.5 between 2005 and 2030. Moreover, as the growth in the transport sector is
expected to further worsen India’s oil import dependency (from currently 70 percent to
90 percent in 2030), the maximum utilization of indigenously available energy resources
is crucial to safeguard energy security. As shown in Table 3.1, coal is estimated to not
only remain the dominant energy-source but is projected to grow by a factor of six by

2030. Other sources of renewable energy (e.g. hydropower and wind) do demonstrate

similar growth rates by 2030 in India even though they begin as nominal sources in 2005.
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Table 3.1 Baseline projection of fuel consumption for India (PJ/yr).

1990 2000 2005 2010 2020 2030

Coal 3879 6776 8788 11501 21603 45096

Oil 2606 4314 5538 6843 10726 16846
Gas 593 1294 1627 3107 7153 7873
Renewable 1 9 13 34 41 105
Hydro 260 291 306 774 1258 1693
Nuclear 58 166 165 518 1619 1619
Biomass 4810 5446 6484 6987 6950 6896

Total 12207 18295 22922 29764 49351 80129

Source: GAINS Report, Nov, 2010.

The GAINS model estimates emissions driven by energy projections taking into
account fuel types, technologies, and emission control technologies.

Figure 3.1 shows the frame work of the GAINS model. The raw data from
different sources regions and or countries are collected and further processed by
employing several urban and regional scale models. The Energy model (PRIMES),
Transport model (COPERT) and Agriculture model (CAPRI) are used to scale the
emissions corresponding to each sector. The modeled GAINS emissions have a single or
uniform emission number over a region or province in a country. Here for the present
study we used the GAINS-ASIA model baseline emissions which were based on the
energy projections in Table 3.1 The baseline scenario diagnoses the possible
improvement in air quality levels with emphases on greenhouse gas emissions. The two

basic assumptions to fulfill the requirements of cleaner air and lower green house gas
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emissions are that existing policies are stringently implemented to the fullest and no

additional costs are added to the country budget.

Energy model _’[ Energy } SO,
e.g PRIMES
1
r Transport J NOx
Transport model l Industry } ’l PM
e.g COPERT
; NH
Agri. Model _>[ Agriculture 3
e.g CAPRI
> l Other (e. g.Waste] »| voc

Figure 3.1 GAINS Model Framework adopted to estimate the baseline emission scenario.

The GAINS future emission scenario assumes that various advanced control
technologies will be adopted by the year 2030 to reduce the greenhouse gas emissions
over India in a cost effective manner. For the current study, year 2030 was adopted as the
future emission scenario. Table 3.2 shows the emission control measures adopted in the
baseline projection for the year 2030. Certain stringent steps will be taken in the
transportation sector such as EURO-II standards are expected to be implemented on two
wheeler and EURO -1V on light and heavy duty vehicles. Four wheelers such as cars use

CNG fuels and it is anticipated to further expand this to buses and three wheelers in urban
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areas. In the case of point sources, equipment with high removal efficiency of particulate

matter is projected to be installed in power plants which are built after 2005. In the

domestic sector, changes in fuel type and cooking practices are anticipated.

Table 3.2 Emission control measures assumed in the baseline projection.

Stationary Sources

Mobile Sources

e Large combustion plants:
Electrostatic precipitators (ESP) at

large combustion plants to control

emissions of particulate matter (TSP
and PM2.5), with high removal efficiency
(99%) for all plants built after 2005.

Less efficient ESP for large plants
built before 2005 and all smaller plants.

e Small combustion plants in the power

sector and industry:

Cyclones or less efficient ESP for large
plants built before 2005 and all smaller
plants.

e Domestic sector:
Low sulfur medium distillates:
0.25% S from 2000,
0.05% S from 2005,
10 ppm from 2015.

Slow penetration (0.4%/year) of improved

cooking stoves

Two-wheelers:
Euro-II (Stage-II) controls after 2005
Light duty and heavy duty vehicles:
Euro-1/I after 2000
Euro-2/11 after 2004
Euro-3/11 after 2006
Euro-4/1V after 2010
Low sulfur gasoline (10 ppm) from
2015
CNG for buses and three-wheelers in

urban areas

Source: GAINS Report, Nov, 2010.
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Table 3.3 Emissions Comparison from Delhi 2010 to GAINS 2030.

Delhi -2010

SO, | NOy CO PM;y | PM; 5 | BC| OC [INMVOC
(Kt/year) -
Industrial 453 3.5 39.1 54 10.7 | 1.1 ] 43 18.5
Power 57.7 7.2 1.3 54 1.5 [(04] 1.2 33
Residential 21.5 8.8 254.4 1.1 0.01 | 221153 86.3
Transportation 8.48 | 28.5 106.2 57.6 229 | 1.6 1.8 | 106.2
Total 1329 | 479 | 400.9 69.4 352 | 5.2122.6| 2143
GAINS-

SO, | NOx CO PM;, | PM; 5 | BC| OC |[INMVOC
2030(Kt/year) -
Industrial 50.8 8.4 8.3 14.4 9.7 3629 1074
Power 185.6 | 75.3 4.9 15.3 89 10.0] 0.0 10.9
Residential 0.2 8.5 26.9 5.6 56 [05]1.8 3.2
Transportation 3.5 133.3 | 288.6 9.1 114 |6.8] 33| 101.6
Total 240.1 | 225.5 | 328.6 443 35.6 [109] 8.0 | 223.1
Times

1.8 4.7 0.8 0.6 1.01 |2.1]04 1.04
(2030/Delhi)

Table 3.3 shows the emission totals from different sectors and species for 2010
and 2030. The 2030 emissions correspond to the GAINS base-line scenario where as
2010 are the Delhi emissions inventory used in the analysis as stated in Chapter2. The
distribution patterns are different for all the sectors when compared to year the 2010.
There is an increase in emissions for certain species such as SO,, NOx and BC by factors

of 1.8, 4.7, and 2.1, respectively. There is also an increase in NMVOC (~1.04), CO and
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particulate matter show a decrease in the emissions in 2030 by 0.8 and 0.6 times,

respectively, when compared to 2010.

The Emission Model domain is shown in Figure 3.2 with two grids. The inner

grid has the emissions from Delhi city only.

/v Delhi

GAINS

7 Domain

Figure 3.2 GAINS Emissions Model Domain overlapped with total domain
choose for research.

The emissions from the GAINS model are outputs at the provincial level i.e.,
single values for each province. Therefore firstly the raw data has to be gridded onto the
chosen domain. To accomplish this job the emission over Delhi at 1.67km from the
existing inventory was taken as the base spatial distributions and the following procedure

was adapted to re-grid the GAINS raw data. The domain was divided into three regions:

e (Casel: Only Delhi

0 Divide the Delhi emissions with the ratios from GAINS baseline to Delhi.
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e Case2: Other regions outside Delhi still considered inside the inner grid boundary.

e (Case3: Outside Regions

0 Per grid emission = (GAINS emissions x (Area of the Grid))/(State area)

These gridded emissions are further processed to map onto the WRF-Chem
readable format. Mapping of raw emissions is supported by emission preprocessor
EPRES model. The details of the model are explained in section 2.2. The mapped total
GAINS emissions from each species are shown in Figure 3.3. The central regions of
Delhi act as hot spots for the emissions. Emissions from point sources i.e. NOy and SO,

are clearly shown the spatial distribution map.
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Figure 3.3 Daily average GAINS 2030 emissions from each species over Delhi
for the year 2030.

www.manharaa.com




76

3.3 Results and Discussion

Net changes in emissions from 2010 to 2030 were calculated and are shown in
Figure 3.4. There is an increase in NOy and SO, emissions over the domain due to the
expected rise in consumption of coal as a primary energy source. Previous analysis for
the year 2010 shows that the major source of CO pollution is from the transportation
sector, but the baseline scenario 2030 has targeted a huge reduction in CO emissions, as
seen in the central regions of Delhi when compared to year 2010. The net increase in BC
emissions at certain locations is as high as 50pug/m2/day. The reason is the increases in
the transport and industrial sectors. This is shown clearly in Figure 3.5 where the net
increases in BC emissions from different sectors are presented. Transport and Industry

sectors have the largest increase in BC.
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Figure 3.4 Daily average net change in the emissions from 2010 to 2030 over Delhi.
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Figure 3.5 Daily average spatial distribution of BC emission from different sectors for the
year 2030.

Figure 3.6 shows the 20 day mean spatial distribution of pollutants for the year
2030 with meteorological input conditions of 2010. The flow fields do change between
2010 and 2030 due to feedbacks associated with the pollutant distributions. The hot spots
remain similar to the results from 2010 with increase in levels of concentrations as shown
in Figure 2.7. Figure 3.7 shows the net percent change in concentration levels. BC has a
large increase of 140% over the Delhi city. The increase in emissions levels are reflected

in the increasing concentrations. Similar to BC, NOy also has an increase in

www.manharaa.com




79

concentrations by a 40%. Particulate matter in certain regions has increases and in other
regions decreases in concentration levels, due to the differences in emissions via sector
(Table 3.3). CO shows large reductions in concentrations (by 50%). O3 shows large

increases in the northern boundary cities.
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Figure 3.6 20-day Mean spatial distribution of pollutants over Delhi from GAINS 2030
emission scenario.
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The contributions of each pollutant from different sectors are shown in Figure 3.8.
Transportation and Industry sectors act as major source for increases in BC, CO, NOx
and particulate matter. Increasing levels of emissions trends reflects in the concentration

values from that corresponding sector.
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Figure 3.8 Spatial Distribution of pollutants from various sectors from GAINS 2030
emissions.
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Figure 3.9 shows the 20 day mean net change in pollutant levels from 2010 to
2030 by sector. There is net increase in BC ~30pg/m’. The interesting issue here is that
there is a decrease in BC concentrations from residential consumption. This is due to fuel
improvements and use of improved cooking gas stoves. From the emissions spatial
distribution patterns it is evident that there is decrease in total CO levels over Delhi by
the year 2030. These control measures reflected clearly on the concentrations with
decrease in levels of CO. The total reduction in CO is ~900ppbv.

Although preventive measures were incorporated during the emission scenario
projections to reduce the particulate matter there is still a significant increase in PM; s and
PM,y concentrations in this scenario. Due to the increases in pollution levels and BC
concentrations there is an increase in surface temperatures and anthropogenic radiative
forcing. Figure 3.10 shows the increase in surface temperatures over Delhi and the values
are as high as 0.65K at the suburban locations. The radiative forcing results are dealt with

in Chapter 4.
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Figure 3.9 20-day mean net change in pollutants concentrations from 2030 to 2010
across various sectors over Delhi.
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Figure 3.10 Net increase in surface temperature (K) over Delhi from 2010 to 2030.
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3.4 Summary

GAINS model was used to develop a 2030 advanced control technology emission
scenario. The changes in pollution levels in 2030 under this scenario were compared to
the baseline 2010 results discussed in Chapter 2. Under this 2030 scenario there was a
net increase in emissions of NOy, PM,s, BC and a reduction in CO, PM;,. The net
increases were associated in the large increases in net energy use and the large increase in
the power and transport sectors. CO emissions went down due to more efficient
combustion in the transport, industry and domestic sectors. The emission changes in 2030
differed by sector and this resulted in a change in emissions distribution in 2030 relative
to that in 2010. Under this scenario the average air pollution levels in Delhi of ozone, BC

and PM, s increased significantly.
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CHAPTER 4 RADIATIVE FORCING OVER DELHI

4.1 Introduction

Air pollution impacts human health and climate. Air quality levels and source
sector contributions were discussed in Chapter 2 and Chapter 3. This chapter deals with
climate influence (as expressed in terms of anthropogenic radiative forcing and changes
in meteorology) due to changes in air quality levels over Delhi during the years 2010 and
2030.

As an initial step to understand the influence of air quality on climate, the surface
temperatures were modeled for the year 2010 in Figure 2.5 and the net change in
temperate levels from 2010 to 2030 were presented in Figure 3.10. The analysis suggests
that changes of emission levels from 2010 to 2030 would cause a net increase in total
temperature at the surface of up to ~0.65K. Another effect of the increasing levels of air
pollution on climate change is through radiative forcing, short and long wave fluxes,
which are discussed in this chapter. Any alterations of the factors that affect climate
create energy imbalances in the earth system, and these imbalances are referred to as
radiative forcing (IPCC, 2005). The phrase radiative forcing signifies that the factors
(such as air pollution) affect the balance between incoming solar radiation and outgoing
infrared radiation within the Earth’s atmosphere. Positive forcing tends to warm the
surface, while negative forcing tends to cool it. Forcing values are expressed in watts per
square meter (W-m™).

Urban locations tend to have warmer climates when compared to remote places or

villages. Urban cities have a profound effect on the climatic conditions and modify it in
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various ways like : 1) the surface materials in cities absorb more shortwave radiation; 2)
configuration of building increases the absorption of shortwave radiation at low sun
angles and reduces the loss of longwave radiation at night; 3) transportation, industry and
the heat of buildings artificially warm the air surrounding the cities; 4) precipitation can
be higher in cities because increased thermal uplift and because of a greater quantity of
condensation nuclei ; and 5) winds are for the most part reduced by the increased friction
of the city surface.

The incoming solar radiation is in two forms longwave and shortwave. The
radiation emitted from the sun, solar radiation is short wave radiation. Seventy percent of
the total shortwave radiation is absorbed and 30% is reflected into the space. The
shortwave radiation can have a profound impact on certain biophysical processes, such as
canopy photosynthesis and land surface energy budgets, by being absorbed into the soil
and canopies. When the solar radiation is absorbed in the earth, a part of it reemitted as
longwave radiation. About 70% of the longwave radiation is lost to space and the rest is

absorbed in the atmosphere termed, the greenhouse effect.

Figure 4.1 shows the change in radiative forcing in the year 2005 from a baseline
of the industrial revolution, from the IPCC report. The net warming due to anthropogenic
emissions is ~1.5 W m™. Greenhouse gases like CO,, CH4 and N,O have a warming
effect on the earth’s surface, while the direct effects from aerosol cause cooling. The
effects of aerosols are complicated and depend on composition. Most aerosols, such as
sulfates, nitrates and sea salt scatter solar radiation, while black carbon and brown carbon
absorb solar radiation. All aerosols in the atmosphere, due to scattering and absorption,

reduce the amount of solar energy reaching the surface (this is called dimming). The
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absorbing aerosols heat the atmosphere and act like a greenhouse gas and contribute to
global warming. The effect of scattering aerosols is to cool the atmosphere. Currently the

net effect of all aerosols is a net cooling.

Radiative Forcing Components
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Figure 4.1 Anthropogenic radiative forcing components for the year 2005 from IPCC
report (IPCC, 2005).
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4.2 Results and Discussion

Radiative forcings were calculated for that several WRF-Chem simulations were
conducted for the period of 26 Sep to 15 Oct, 2010. Figure 4.2 show the total incoming
and outgoing fluxes from the simulation that includes all sources. Part of incoming solar
radiation is reflected back to the space and this is termed as outgoing solar radiation
(OSR). The outgoing longwave radiation reflects the radiations due to greenhouse gas.
OSR is a critical component of the Earth’s radiation budget and represents the total
radiation going to space emitted by the atmosphere. The earth's radiation balance is
nearly balanced since the OSR nearly equals the shortwave absorbed radiation received.
The imbalance between sum of the top and bottom is the atmospheric heating.

Figure 4.3 shows the impact of air pollutants from various sectors on radiative
forcing. The 20 day mean day time (9:30am to 6:30pm) spatial distribution of the
reduction in downward shortwave flux, i.e. radiation reaching the earth’s surface for each
sector to Delhi city are shown. This reduction is referred to as surface dimming. The total
anthropogenic dimming is ~ 50Wm™. The largest dimming of 16Wm? is from the
transportation and domestic sectors. The central regions of Delhi have high emission
contribution sources, like domestic and transportation which are clearly seen in the
spatial distribution of air quality levels of Delhi. The reduction in solar radiation has
implications for agriculture, as less solar energy means less available energy for

photosynthesis.
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Figure 4.2 20-day mean fluxes over Delhi from 2010 emission inventory. Top left
shortwave, top right total longwave reaching the surface. Bottom parts show
outgoing shortwave and longwave radiation at the top of the atmosphere.
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Figure 4.3 20-day mean day time downward shortwave flux (W m™) from various
sectors and surface dimming from total anthropogenic emission over Delhi
2010.
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The net change in the shortwave radiation i.e. the difference in incoming surface
and outgoing top of the atmosphere shortwave radiation is the shortwave atmospheric
forcing. Figure 4.4 shows the 20-day mean day time atmospheric forcing from various
sectors and the total forcing from anthropogenic emission over Delhi for the year 2010.
As mentioned in the definition of radiative forcing positive values show warming effect
on the earth’s surface. The total anthropogenic atmospheric radiative forcing for the
simulated period of 20 days is as high as 40 -50 Wm™, with the largest contribution from
the sectors with high BC emission i.e., transportation and domestic. This atmospheric

forcings results in as increase in atmospheric temperature and can impact atmospheric

stability and clouds.
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Figure 4.4 20-day mean day time anthropogenic atmospheric radiative forcing from
various sectors-2010.
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Similar calculations were performed for the year 2030 emission scenario. The
sector contributions to surface dimming and atmospheric forcing are shown in Figure 4.5
and Figure 4.6. The net changes in these fluxes are shown in Figure 4.7 and Figure 4.8.
Due to the increase in emissions from vehicular traffic there is large increase in surface
dimming and atmospheric heating. The forcings due to the domestic sector are

significantly reduced in 2030, due to the changes in fuels and improved stoves.
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Figure 4.6 20-day mean day time anthropogenic atmospheric radiative forcing from

various sectors in the year 2030.
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Figure 4.8 20-day mean net surface dimming from different sectors and total dimming
from anthropogenic emissions from the year 2010 to 2030.
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The spatial mean averages of the anthropogenic forcing in 2010 and 2030 are
summarized in Figure 4.9. In 2010 the anthropogenic pollutants in Delhi have a large
surface dimming (~13 Wm™) and a large atmospheric warming of ~ +15Wm™. The net
effect is a top of the atmosphere forcing of +1.9Wm™, indicating a net warming of the
system. This is due to the large emissions of BC from the transport and domestic sectors.
In 2030 the surface dimming increases more than atmospheric heating, with a net top of
the atmosphere value of ~ -20Wm™ indicating a net cooling effect of anthropogenic
pollution. Scattering aerosols, such as sulfate and nitrate increases faster than absorbing

aerosols, leading to a net cooling impact of the air pollution.

+1.6 Wm2(-0.3LW, +1.9SW) -24.6Wm2( -5LW,-19.6SW)

TOP of the Atmosphere TOP of the Atmosphere

-13.1 Wm2 (+0.3LW, -12.8SW)

-56.2 Wm2(+2.7LW,-53.55W)

LW-—-Longwave radiation 2 3 @
2@ 1@ SW-—Shortwave radiation

Figure 4.9 20-day spatial mean averages of radiation effects at surface, in and top of the
atmosphere for the year 2010 and 2030.
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4.3 Summary

Atmospheric radiative forcing was evaluated for the year’s 2010 and 2030 and
their net changes on the forcings were calculated. The spatial mean averages for the year
2010 show that anthropogenic pollutants in Delhi have a large surface dimming ~50Wm-
2. High levels dimming are due to the high concentrations of primary and secondary
aerosols. This reduction in solar energy reaching the surface impacts the vegetation by
reducing the photosynthesis processes. These pollution levels also cause a large positive
atmosphere forcing due to the large amounts of black carbon. This results in an increase
in temperature in the lower atmosphere. The net effect of pollution levels in 2010 is a net
warming (top of the atmosphere forcing are positive). Sector based analysis showed that
domestic, transportation, and industry all contribute to atmospheric warming due to high
levels of BC from corresponding sectors. Future projections of the atmospheric forcing
were evaluated for the year 2030. The assumptions used in the 2030 scenario lead to
overall increases in many radiative active pollutants, but with significant shifts in
emissions by sector. Large increases in forcing occurred in the transport, industry and
power sectors. The forcing from the domestic sector were smaller and in some in some
regions decreases in the domestic sector due to changes in fuels and improved cook
stoves. The net effect of the 2030 emissions was an increase in the surface dimming and
in atmospheric forcing, with the dimming larger than the atmospheric forcing, resulting in
a top of the atmosphere forcing being negative (cooling). Increase in vehicular traffic
reflected on surface dimming and atmospheric heating. Net increase in anthropogenic
atmospheric force of ~40Wm™ was observed. Contrary to all these there is net cooling

effect on the top of the atmosphere but increase in pollution levels. There are large
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absorbing aerosols (BC), but relatively very high scattering aerosol like particulate matter

(PM; s and PM ) leading to net cooling effect.
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CHAPTER 5 CONCLUSION AND FUTURE WORK

5.1 Conclusion

The online WRF-Chem model set up with 4 nested grid domains covering South
Asia, Northern India and NCR Delhi and Delhi city regions, was run for a 20-day period
(26 September to 16 October 2010). This time period corresponds to the Common Wealth
Games 2010, held from 4-14 October 2010 in Delhi, India. During this season the winds
were more frequent from NNW and generally low (<1m/sec) and pollution levels were
generally high. The model performance was evaluated against observations. The model
had a dry bias (under predicts RH), slightly under predicted during the peak day time
temperatures by 1-2 degrees (~5%), and was biased high in wind speed. The predicted
mean surface concentrations of various pollutants showed similar spatial distributions as
the observations with peak values in the middle of the domain reflecting the traffic and
population patterns in the city. The emissions and criteria pollutants levels exceeded the
National Ambient Air Quality standards, with BC levels greater than 25ug/m’ at
residential regions, and PM; s and PM; levels of 220-350 ],Lg/m3 and 350-550 ug/m3,
respectively. The day time peak ozone levels were as high as 100ppbv.

The contribution of various emission sectors including transportation, power,
domestic and industry were studied through a series of model runs. The sectoral emission
runs showed that the transportation and domestic sectors are the largest contributors to
CO, BC PM, 5 and PM;, concentrations. Within Delhi, the emissions from outside of

Delhi were found to contribute from 20% to 50% depending on species. This has
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important implications for control strategies and indicates the need for regional
perspectives.

Comparison of correlations between different species at various monitoring
stations was used to evaluate the emissions inventory. Assuming that the observations at
these sites are representative and that all the errors are associated with the emissions then
to make the modeled concentrations and slopes consistent with the observed values the
emissions would need to be scaled by the following: 0.6 for NOy, 2 for CO and 0.7 for
BC, PM, s and PM,,.

The exceeding levels of air pollution in Delhi city for the year 2010, paved an
interest to study future projections. 2030 was chosen as the year of study. To accomplish
this goal the Greenhouse Gas and Air Pollution Interactions and Synergies (GAINS)
model was employed and interfaced with WRF-Chem. Under this 2030 scenario there is
an increase in emissions for certain species such as SO,, NOy, BC and PM; 5 by factors of
1.8, 4.7, 2.1 and 1.01, respectively. There is also a slight increase in NMVOC (~1.04),
while CO and PM,, show a decrease in the emissions in 2030 by 0.8 and 0.6 times,
respectively.

Under this scenario, pollution levels generally continue to increase. The net
percent changes in concentrations in 2030 relative to 2010 were 140 and 40 for BC and
NOx, respectively. Large reductions (by 50%) were seen in CO. Similar to the 2010
emissions case, a sector based analysis was conducted with the GAINS inventory so as to
understand the major contributing sector to the deteriorating air quality levels of Delhi
city. There was a net increase of ~30ug/m’ BC from all sectors, but interestingly there

was a decrease in concentrations from domestic sources. The control measures taken to
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reduce the CO emission were reflected in a net decrease of ~900ppb. Although
preventive measures were incorporated during the emission scenario projections to
reduce the particulate matter, there was still a significant net increase in PM; s and PMy
concentrations.

The worsening air quality levels have a profound influence on the climate. The
simulations conduced for the year 2010 and 2030 suggests that, changes of emission
levels from 2010 to 2030 would cause a net increase in mean temperature at the surface
by ~ 25%. Another effect of the increasing levels of air pollution was seen on climate
change as measured through radiative forcing (IPCC, 2005). The pollution levels in Delhi
in 2010 show a large surface dimming. The total anthropogenic radiative forcing for the
simulated period of 20 days was as high (40-50Wm™). These high levels have influence
not only environment but also the eco-system i.e. effecting the crop production.

The radiative effects for the year 2030 were also studied. The 20day-mean values
show an increase in downward shortwave radiative flux at the surface. The total
anthropogenic atmospheric forcing is increased to 70W m™. These increasing levels of
the radiative forcing have multiple effects such as meteorological, changes in the

monsoon period, human health and imbalances in the ecosystem.

5.2 Future study

Out of the 26 mega-cities in the world, with population more than 10 million, 13
of them are affected by atmospheric brown clouds and 5 of them are in South Asia.
There is very limited information about aerosols in general from this region compared to

North America and China. The spatial and temporal variability analysis on Delhi provide
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an understanding how much and what time of the day the pollutants effect the air quality
levels of the city. This study focusing on Delhi at a finer resolution 1.67km can act as
pilot study to further extend to the other mega cities in South Asia and India in particular.

An important extension of this study will be to investigate the source-receptor
relationships across the domain at urban, local and regional scales. To facilitate this study
similar WRF-Chem sensitivity runs will be carried on the coarse domain (South Asia and
Northern India) to understand the long-range transport of pollutants from outside of Delhi
and pinpoint sectors that will be critical for air quality management. This sector based
analysis will be extended to other regions across the domain and will require validating
the model with observations from other regions in the domain. The satellite based
products (e.g. AOD) will also be used for model validation. Aerosol Optical Depth
(AOD) is the measure of atmospheric extinction through a vertical column of
atmosphere. The main composition of AOD includes sulfate, black carbon, and dust.
AOD gives the generic representation of the visibility and air quality from aerosols in the
city. The AOD data is available globally from NASA satellites and ground based
measurements network (e.g. AERONET). The online WRF-Chem also produces the
AOD output at 300nm, 400nm, 600nm, and 999nm wavelengths.

Black carbon (soot) has been receiving increased attention due to its important
role in global warming. The major sources of BC emissions are biomass burning and bio
fuel cooking and these estimates are highly uncertain. This research will build upon the
Common Wealth Games forecasting experience and focus on BC and study the sources
and remedial measures necessary to reduce the adverse impacts of BC on the aerosol

radiative forcing and health.
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APPENDIX

Table A1 Statistical analysis of various air quality species for the period of 20 days at
different monitoring stations with NOy one third emissions.

BC CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
Mean-obs 6.7 10.6 13.1 | 12.5 4.4
(ng/m’)
Mean- 17.1 12.0 16.0 | 17.2 22.4
model(pg/m’)
Bias(pg/m’) 10.3 1.4 29 | 47 18.0
RMSE(hr 15.0 9.4 9.8 12.1 20.4
avg)(ug/m’)
R 0.6 0.6 0.7 0.6 0.7
CO CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
Mean-obs(Ppmv) | 1.5 1.4 1.8 1.8 1.1 2.1 1.4 1.4 2.8 2.1
Mean- 1.1 1.3 0.8 1.3 1.0 1.2 1.3 1.3 1.4 1.0
model(ppmv)
Bias(ppmv) -0.4 | -0.1 -1.0 | -0.5 -0.1 -0.9 | -0.1 -0.1 -1.4 -1.2
RMSE(hr 0.8 0.8 1.3 1.2 1.0 2.0 1.1 0.9 2.3 1.5
avg)(ppmv)
R 0.5 0.5 0.5 0.4 0.4 0.5 0.3 0.5 0.2 0.3
NO, CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
Mean-obs(Ppbv) | 37.3 | 14.1 | 37.1 | 33.3 | 32.7 323 | 147 | 22.4 41.8 30.8
Mean- 499 | 50.3 | 40.5 | 55.7 | 40.2 53.8 | 50.5 | 50.0 51.4 46.9
model(ppbv)
Bias(ppbv) 12.5 | 36.2 3.3 22.4 7.5 21.5 | 35.8 | 27.5 9.6 16.1
RMSE(hr 28.6 | 50.2 | 39.8 | 449 | 31.8 448 | 529 | 434 41.0 33.1
avg)(ppbv)
R 0.7 0.4 0.3 0.3 0.5 0.1 0.1 0.5 0.2 0.4
NO, CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
Mean-obs(Ppbv) | 80.5 | 282 | 519 ] 795 | 729 | 123.9] 332 | 674 90.9 49.6
Mean- 654 | 63.8 | 475 | 77.7 | 49.0 733 | 67.5 | 65.6 67.6 63.4
model(ppbv)
Bias(ppbv) -15.1 | 356 | -44 | -1.9 | -239 | -50.6 | 343 | -1.8 -23.3 13.9
RMSE(hr 61.7 1 609 | 483 | 773 | 672 | 1095 634 | 574 76.7 61.0
avg)(ppbv)
R 0.5 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.4 0.2
Os-daytime CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
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Mean-obs(ppbv) | 60.9 | 46.5 | 56.7 | 558 | 61.0 | 48.2 | 67.2 | 56.9 46.9 44.8
Mean- 354 | 385 ] 394 | 364 | 38.7 369 | 39.0 | 399 39.2 39.1
model(ppbv)
Bias(ppbv) 2181 -3.8 | -99 | -16.1] -7.0 -9.8 | -24.5 | -15.8 10.3 1.6
RMSE(hr 38.6 | 294 | 340 | 379 | 392 344 | 463 | 384 43.1 27.6
avg)(ppbv)
R 0.2 0.2 0.1 0.0 0.1 0.0 0.1 0.0 0.1 0.1
PM, s CWG| ID 1G] ISC JSC | MDS | TG | TSC UD YSC
Mean-obs(ug/m®) | 115.5 | 114.1] 1435 | 107.8] 1233 | 768 | 883 | 915 119.6 128.2
Mean- 187.4 1 208.9 | 141.8 | 211.0 | 157.0 | 201.9 | 2104 | 192.6 | 220.3 | 201.0
model(pug/m?)
Bias(ug/m’) 719 | 94.8 | -1.7 ]103.2| 33.7 | 125.1 ] 122.0 | 101.1 | 100.7 72.8
RMSE(hr 1382 | 161.0 | 87.1 | 171.3 | 131.0 | 180.9 | 1899 | 166.8 | 179.6 165.6
avg)(ug/m’)
R 0.4 0.4 0.6 0.5 0.3 0.4 0.4 0.4 0.4 0.2
PM;, CWG| ID 1GI ISC JSC | MDS | TG | TSC UD YSC
Mean-obs(ug/m’) | 258.8 1 209.9 | 212.3 | 249.9 ] 221.7 | 217.7 | 200.1 | 232.7] 267.2 | 305.7
Mean- 321.1 | 346.3 | 243.1 | 3754 | 265.2 | 362.3 | 365.6 | 3345 | 358.4 | 3295
model(pg/m’)
Bias(ug/m’) 62.4 | 136.4 | 30.8 | 125.4] 43.5 | 144.6 | 165.5 | 101.7 91.2 23.8
RMSE(hr 208.5]263.5] 151.8 | 286.8 | 219.0 | 291.3 | 333.4 | 264.8 | 276.5 | 247.9
avg)(ug/m’)
R 0.5 0.5 0.6 0.5 0.4 0.4 0.1 0.4 0.4 0.2
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Table A2 Statistical analysis of various air quality species for the period of 20 days at

different monitoring stations with full NOy emissions.

BC cwG| I | 161 | 1sc | 5sc |mMps| 1G | 1sc | uD YSC
Mean-obs 6.7 106 | 13.1] 125 4.4
(ug/m’)
Mean- 13.8 145 | 143 | 142 16.4
model(pg/m’)
Bias(ug/m’) 7.3 8.9 1.9 1.7 16.3
RMSE(hr 12.5 16.7 | 114 | 115 223
avg)(ug/m’)
R 0.5 06 | 07 0.6 0.7
CO cwG| m | 161 [ 1sc | 1sc |mMps| TG | Tsc | uD YSC
Mean- 15 | 14 | 18 | 1.8 1.1 2.1 1.4 1.4 2.8 2.1
obs(PPmv)
Mean- 09 | 1.0 | 07 | 1.1 1.1 1.0 1.0 1.1 1.2 0.9
model(ppmv)
Bias(ppmv) 05 )-03]-11)-07] 05 |-1t1] -021]-03] -07 -0.5
RMSE(hr 10 [ os | 14 | 14 14 | 23 12 0.9 2.3 1.8
avg)(PPmv)
R 05 | 05 ] 05 ] 04 04 | 05 0.3 0.5 0.2 0.3
NO, cwG| m | 161 [ 1sc | i1sc |mps| TG | Tsc | uD YSC
Mean-obs(PPbv) | 37.3 | 14.1 | 37.1 | 333 | 32.7 | 323 | 147 | 224 | 41.8 30.8
Mean- 67.0 | 64.4 | 534 [ 733 | 69.0 | 71.1 | 66.9 | 66.0 | 69.7 61.0
model(PPbv)
Bias(PPbv) 299 [ 506 | 175 | 426 | 508 | 399 | 528 | 444 | 424 38.0
RMSE(hr 46.6 | 612 | 40.6 | 597 | 665 | 549 | 652 | 57.1 | 655 55.8
avg)(PPbv)
R 07 | 04 ] 03 ] 03 0.5 0.1 0.1 0.5 0.2 0.4
NO, cwG| m | 161 [ 1sc | 1sc |mps| TG | Tsc | uD YSC
Mean-obs(PPbv) | 80.5 | 282 | 51.9 | 795 | 729 [123.9] 332 | 674 | 909 49.6
Mean- 1499 | 143.7] 96.5 | 176.4 | 162.6 | 1683 | 156.5 | 153.1| 163.9 | 1324
model(PPbv)
Bias(PPbv) 70.1 [ 1163 ] 464 [ 1033] 122.0 | 47.0 | 1247 | 882 | 1045 | 90.7
RMSE(hr 1488 | 1675 96.8 11925 2019 | 164.6 | 1849 | 162.7] 211.8 | 1717
avg)(PPbv)
R 05 | 04 ] 04 | 04 0.5 0.5 0.5 0.5 0.4 0.2
Os-daytime [ CwWG| 1D | 161 | 1sc | i5sc |mMps| TG | tsc | uD YSC
Mean-obs(ppbv) | 60.9 | 46.5 | 56.7 | 558 | 61.0 | 482 | 672 | 569 | 469 44.8
Mean- 585 [ 60.5 | 58.6 | 56.1 | 626 | 59.0 [ 62.1 | 633 | 62.0 61.6
model(ppbv)
Bias(ppbv) 13 J1s1 ] 93136 ] 169 123 -14 ] 76 | 331 24.1
Table A2 Continued...
[ RMSEMmr | 381 | 346 | 339|374 ] 449 | 367 | 394 | 353 | 627 | 435 |
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avg)(ppbv)
R 0.5 0.6 0.2 0.5 0.4 0.4 0.4 0.5 0.1 0.4
PM, s CWG | ID IGI | ISC JSC | MDS | TG TSC UD YSC
Mean- 179.4 1 180.3 | 132.0 | 195.6 | 187.8 | 1889 | 1853 | 1789 | 207.4 179.6
model(pg/m’)
Bias(pg/m’) 63.8 | 709 | -7.9 | 92.8 | 118.7 | 112.5] 97.1 | 90.3 | 1284 69.8
RMSE(hr 137.1 | 142.3 | 86.3 | 169.8 | 203.2 | 1699 | 1629 | 156.2 | 2283 172.2
avg)(ug/m’)
R 0.4 0.6 0.5 0.3 0.4 0.4 0.4 0.4 0.2
4
PMi CWG| ID IGI | ISC JSC | MDS | TG TSC UD YSC
Mean- 258.81209.9 | 212.3 | 249.9 | 221.7 | 217.7 | 200.1 | 232.7 | 267.2 305.7
obs(pg/m®)
Mean- 2943 1288.9|209.2 | 326.0 | 308.8 | 318.1 | 304.0 | 294.5| 3199 | 279.1
model(pg/m’)
Bias(ug/m’) 355 |1 86.3 | 6.2 | 87.5 | 184.5 | 101.3] 104.3 | 68.6 | 143.4 17.3
RMSE(hr 207.8 1 224.3 | 148.8 | 271.0 | 345.4 | 256.0 | 265.5 | 245.7 | 359.3 271.4
avg)(ug/m’)
R 0.5 0.5 0.6 0.5 0.4 0.4 0.1 0.4 0.4 0.2
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Table A3 Statistical analysis of various meteorological parameters for the period of 20
days at different monitoring stations.

Temp ™MD | ysc | 1sc | Mps | iNs [ Tsc|cwa |uDp |1G1 | TG | NCM
Mean-Obs(°C) | 28.5 |29.4 [29.0 |28.9 |30.5|285(289 |288]289 |283 [29.0
Mean-

Model(°C) 289 2811290289 [29.0]292]282 |288|286 |292 |277
Bias Error(°C) | 7.2 62 |77 |74 |83 |94 |77 |74 |70 |95 |65

RMSE(hr 128 125135131 148150136 |133]13.0 151 |128
avg)(CC)

R 0.9 09 109 o9 |09 |og oo |09 (o9 |og o9

Wind speed utMD | ysc | isc | mps|iNs [ Tsc|lewa |up 161 |16 | NeMm
zgceﬁl;'Obs(m 3.1 02 loa loe loe |07 [os o2 o3 |os |71

ggS?};l'MOdel(m 23 21 |21 |21 |21 |21 |22 |21 |26 |22 |22

lsilj_?)Em’r(m 0.0 20 |19 |17 |18 |16 |17 |19 |23 |19 |-30
RMSE(hr 3.0 23 |22 |20 |20 |20 |22 |22 |27 |22 |ss6

avg)(m sec” )

R 0.6 06 |04 loe |05 |oe |oa o4 |04 |oa o4

RH utMD | ysc | isc | mps|iNs [ Tsc|lewa |up 161 |16 | NeMm

Mean-Obs(%) | 50.8 53.0 | 52.8 | 564 | 4721552 |53.6 |578]51.6 |575 |53.0

Mean- 439 495|443 | 448 |442]43.1 485 452451 |43.1 |515

Model(%)
Bias Error(%) |64 |99 |54 [28 [130]48 [107 [21 [66 [32 [126
RMSE(hr 306|343 3231339 | 354344364 |336]309 |358 |352
avg)(%)
R 08 |07 o7 los lo7 los o7 lo7 |os |os |os
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