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Abstract

Ozone is a pollutant of concern at many places across the world, even in the developed
countries. Indian sub-continent shows high values of ozone, which can have significant impacts
over human health, crop productivity and regional scale climatic patterns. Ozone, being a
secondary pollutant, is formed by reactions of pollutants like NOx, CO and VOCs, in the
presence of sunlight. Considering non-linear chemistry of ozone with the precursor pollutants,
apportionment of sources and species responsible for its formation is a challenging but
important task. There are action plans in place for control of PM pollution in different cities in
India, however, there exists limited research studies for understanding the causal factors for O3
formation and its control in India. This study has aimed at modelling of ground level ozone
concentrations in an urban setting and carrying out the source-specie apportionment to
understand causal relationships. The study also analyses the roles played by different precursor
species (NOx and VVOCs) in formation of ozone in a typical urban region.

Preliminary analysis of monitored data of ozone in Delhi shows that there are episodes of high
ozone levels during specific days and seasons. The assessment of statistical distribution of
ozone data has revealed that it broadly follows the 3-parameter lognormal distribution model,
except in autumn where Weibull distribution is detected. This suggests longish tail of the
distribution mainly on account of high ozone concentration episodes, especially during
enhanced photo-chemical activity. Preliminary model runs with an existing inventory of
precursors have shown satisfactory performance of CMAQ model for prediction of ozone
concentrations in Delhi for the year 2010. Further, it has been found that the performance
improves with the use of a hybrid model based on concatenation of outputs from deterministic
(CMAQ) model and statistical distribution models. Based on the satisfactory performance of
the CMAQ model in the preliminary analysis, it has been chosen for detailed modelling and

source-specie apportionment of ozone concentrations in a wider Delhi-National Capital Region



(Delhi-NCR). Detailed high-resolution multi-sectoral inventories have been developed for the
Delhi-NCR for the year 2012. The inventories have shown that transport sector accounts for 55%
of the total NOx emissions, followed by power plants (23%) and DG sets (7%). In NMVVOC
inventories, transport sector again accounts for 33%, followed by evaporative emissions
released from solvent use and fuel handling activities (30%), and agricultural residue burning
(28%). Meteorological model runs were performed using the WRF model for the year 2012.
Validated outputs of WRF, in the form of 3-dimensional meteorological fields, have been fed
into the CMAQ model for prediction of ozone concentrations using detailed emission
inventories. Model performance has been evaluated on a variety of evaluation metrics and has
been found to be satisfactory. The modelled monthly average ozone concentrations in the
overall study domain (NCR) have varied between 78-114 nug/m® (98 pg/m® average) across
different months; while within the city of Delhi the concentrations are lower and vary between
56-98 ug/m® (average 76 pug/m°), mainly due to titration effect. Further, simulations using
ISAM-CMAQ have been carried out for the whole year 2012 to ascertain the grid-wise source
contributions based on the two ozone formation regimes (NOx or VOC sensitive). Evaluations
carried out at a monthly averaged basis show that the share of boundary conditions i.e.
contributions from outside of the domain, is prominent all across the year in NCR. The share of
boundary conditions (BC) is about 92-93%, 88-92%, and 87-89% in whole NCR, Delhi, and at
a downwind location to Delhi, respectively. However, the share of local sources becomes
important, when analysed at an hourly averaged scale. The maximum contribution of local
sources in hourly ozone concentrations in Delhi goes up to 46% in summers, and upto 26% in
winters. Among these local sources, the major contributors are transport (13-31%), power
generation (2-10%), non-energy sources (1-3%), and neighbouring region sources (2-8%). The
downwind location to the Delhi city has shown even higher contribution of local sources,

reaching up to 56% in the post-monsoon season. This was due to atmospheric transport of ozone
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and its precursors from Delhi to downwind regions. It has been concluded that while regional
contributions are significantly high in NCR, the local source contributions are very important
during certain episodes, mainly during high photo-chemical activity. Conclusively, control
measures are required for local as well as regional contributors. Comparing the two ozone
formation regimes, the contribution of NOx limited regime is found to be higher in the summer
months, mainly due to low NOx/VOC ratios. In winters, biogenic VOC emissions are low and
higher NOx/VOC ratios are prevalent which lead to development of VOC limited conditions.
The share of VOC limited conditions in ozone formed in Delhi goes up from 12% in June to 55%
in December depicting a shift from NOx limited to VOC limited conditions from summers to
winter seasons, respectively.

Excluding the contributions of boundary conditions at the downwind location to Delhi, transport
sector contributes to 49-65% of locally formed ozone in NOx limited regime, followed by
power (12-21%), while in the VOC limited regime, transport sector contributes to 39-66% in
ozone followed by 7-22% contributions from evaporative sources and open agricultural burning
contributing up to 34% in some months. The share of VOC limited conditions in ozone formed
in downwind regions of Delhi goes up from 14% in June to 65% in December.

This study successfully demonstrates the use of photo-chemical transport models to predict
0zone concentrations in an urban setting in India. The study also shows the results of source-
specie apportionment of ozone in Delhi-NCR, which can also be used for scenario development

and policy analysis for evaluating local and regional scale interventions for control of ozone.
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List of Abbreviations

- Australian Air Quality Forecasting System

- Accumulated Concentration Over a Threshold of 40 ppb
- Air Quality Index

- A Unified Regional Air-quality Modelling System
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- Boundary Conditions

- Boundary conditions contributions

- Normalized mean bias factor

- Normalized mean absolute error factor

- Bharat Stage

- Continuous Ambient Air Quality Monitoring Program
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- Carbon Bond Mechanism

- CMAQ Chemical Transport Model

- Center of Global and Regional Environmental Research
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- Greater NOIDA (New Okhla Industrial Development Authority)
- Greenhouse Gas - Air Pollution Interactions and Synergies

- Global Atmosphere Watch programme
- Goddard Earth Observing System (GEOS) chemical transport model
- Generic Reaction Set

- Ground Level Ozone

- Heavy duty vehicles

- Hybrid forecast

- Hydrogen peroxide

- Nitric Acid

- Highly Reactive Volatile Organic Compounds

Integrated Climate and Air Quality Modelling System

- Initial conditions contributions

Indian Meteorological Department

Index of agreement

Indira Gandhi International airport (1Gl) airport
Intergovernmental Panel on Climate Change
Integrated Source Apportionment Module
Industrial Source Complex short term model
Income Tax Office (a traffic location in Delhi)
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- Multiscale Air Quality Simulation Platform
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- Meteorology-Chemistry Interface Processor
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NAAQS
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NAMP
NAQFC
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NCEP
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NOx
NO
NO2
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NOIDA
NSSO
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oC
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OZIPR
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Method of moments
Model for OZone and Related Chemical Tracers
Mean subtraction

Method of least squared error
Model system for soluble particles
Megawatt
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- National Air Monitoring Program

- National Air Quality Forecasting Capability

- National Centre for Atmospheric Research

- National Centres for Environmental Prediction
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- Normalized mean error

- Non-methane organic compound

- Normalised Mean Square Error

- Non-Methane Volatile Organic Compounds

- Nitrogen Dioxide

- Nitric oxide

- Nitrogen dioxide

- Nitrous oxide

- New Okhla Industrial Development Authority
- National Sample Survey Organization

- Ozone

- Observations

- QOrganic Carbon

- Ozone Source Apportionment Technology

- Ozone Isopleths Plotting Research

- Pollutants in the Atmosphere and their Transport over Hongkong
- Parts per billion

- Parts per trillion

- Particulate matter

- Particulate matter less than 10 mm size
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PM2s - Particulate matter less than 2.5 mm size

r? - Coefficient of correlation

RADM - Regional Acid Deposition Model

RA - Ratio adjustment

RAQM - Regional air quality model

RCG - REM CALGRID model

RMSE - Root Mean Square Error

ROM - Regional Oxidant Model

RH - Relative Humidity

RSPM - Respirable Suspended particulate matter
RTM - Regional Transport Model

SAPRC - State-wide Air Pollution Research Centre
SL - Silt Loading

SMRAQ - Seasonal Model for Regional Air Quality
SO2 - Sulphur Dioxide

SPM - Suspended particulate matter

STE - Stratosphere—troposphere exchange
STEM - Sulfur transport Eulerian model

TERI - The Energy and Resource Institute

Tg - Teragram

UAM - Urban Airshed Model

UK - United Kingdom

URM - Urban-to-Regional Multiscale Airshed air quality model
us - United States

USEPA - United State Environment Protection Agency
USGS - United States Geological Survey

uv - Ultra Voilet

VKT - Vehicle Killometre Travelled

VOC - Volatile organic Compounds

WHO - World Health Organization

WMO - World Meteorological Organization
WPS - WRF Pre-processing system

WRF - Weather Research Forecasting model
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