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I
n order to respond to governments' priority needs, FAO globally supports the member 

countries by making its resources and technical expertise available to provide assistance in 

all areas pertaining to FAO's mandate covered by Strategic Framework. FAO Pakistan 

undertook an initiative in the form of Technical Cooperation Programme R-SMOG to support 

Government of Punjab for the investigation of the causes of smog in Punjab. Modern geospatial 

technologies, remote sensing, and advanced climatological modelling techniques have been 

employed to provide a comprehensive piece of knowledge for the decision makers and policy 

makers in order to understand the seasonal dynamics of smog, it's formation and sectoral 

contributions.

As a way forward, it is foreseen that the Government Institutions will be well-informed with research-based resources to 

better understand the causes of smog in order to alleviate detrimental health and environmental effects. Given that the 

Government is cognizant of the harmful health and environmental effects of smog, the results and �ndings of R-SMOG will 

be useful for devising appropriate policies and action plans. This will also aid to the increased capacity of Government 

institutions at the provincial level for design and implementation of the appropriate policies and strategies for climate 

change adaption and mitigation.

Ms. Mina Dowlatchahi,

FAO-Country Representative,

Pakistan

PROLOGUE
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T
he Punjab Agriculture Department is mandated to sustain food security and contribute 

towards the national economy. It aims to make agriculture cost-effective and knowledge-

based sector with emphasis on farmer's welfare as well as maintenance of the yield 

potentials. Having said that, the Punjab Agricultural Department has made signi�cant progress 

in transforming the cropping sector of Punjab and is making grave efforts to make the 

agriculture sector more productive and sustainable along with the promotion of environmentally 

safe agricultural practices. However, in recent years, smog in Punjab has emerged as a serious 

problem and crop residue burning is considered one of the key contributor in the formation of 

smog. Therefore, the Punjab Agricultural Department has requested FAO Pakistan to provide 

technical assistance in order to investigate the real contribution of smog caused by crop residue burning practices in 

Punjab. 

With the technical support of FAO Pakistan, the Punjab Agricultural Department hopes to utilize the �ndings of this report 

by identifying the causes of smog and help in formulating appropriate policies and action plans for mitigation of smog. 

The technical support provided by FAO Pakistan for planning and implementing high-end sophisticated geospatial research 

is highly valuable. The extensive piece of research on the causes of smog and seasonal dynamics would serve as the basis 

for devising appropriate agriculture policies and action plans for reducing the formation of smog caused by the agriculture 

sector.

Mr. Wasif Khurshid,

Secretary Agriculture Punjab,

Government of Punjab

FOREWORD
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LIST OF ACRONYMS

AERONET  Aerosol Robotic Network

AOD   Aerosol Optical Depth

ARL   Air Resources Laboratory

EOS   Earth Observing System

CALIPSO                  Cloud-Aerosol Lidar and Infrared Path�nder Satellite Observations

CH4   Methane

CO   Carbon Monoxide

CO2   Carbon Dioxide

DU   Dobson Unit

ECMWF                                 European Center for Medium Range Weather Forecasts

EDGAR                  Emission Database for Global Atmospheric Research

FIRMS   Fire Information for Resource Management System

FRP   Fire Radiative Power

GDAS   Global Data Assimilation

GIS   Geographic Information Science

GUI   Graphical User Interface

HYSPLIT                 Hybrid Single-Particle Lagrangian Integrated Trajectory model

IDL   Interactive Data Language

IDW   Inverse Distance Weighted

IPCC   Intergovernmental Panel on Climate Change

LULC   Land Use Land Cover

MODIS   Moderate Resolution Imaging Spectroradiometer

MW   Megawatts

NASA   National Aeronautics and Space Administration

NCEP   National Centre for Environmental Prediction

NetCDF   Network Common Data Form

NH4+   Ammonium

NO   Nitric Oxide

NO2   Nitrogen Dioxide

NO3-   Nitrate

NOAA   National Oceanic and Atmospheric Administration

NRT   Near Real-Time

O3   Ozone

OMI   Ozone Monitoring Instrument

OLS   Ordinary Least Square

OLI   Operational Land Imager

ONDJF   October, November, December, January, February

OTC   Ozone Total Column

SMOG   Smoke and Fog

SO4-2   Sulfate

SPM   Suspended Particulate Matter

Suomi-NPP  Suomi National Polar-orbiting Partnership
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TIRS   Thermal Infrared Sensor

TM   Thematic Mapper

UV   Ultra-Violet

VIIRS   Visible Infrared Imaging Radiometer Suite

VOCs                                     Volatile Oorganic Ccompounds
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EXECUTIVE SUMMARY

AO has created the Technical Cooperation Programme 

F(TCP) to make its technical expertise available to 

member countries upon request, drawing from FAO's 

core resources. The Technical Cooperation Programme on 

Remote Sensing for Spatio-Temporal mapping of Smog (R-

SMOG) in Punjab was initiated in 2017 upon the request of the 

Government of Punjab. The key objective of the R-SMOG is to 

evaluate the relationship between Smog and the rice residue 

burning practices by farmers in the Rice belt of Punjab. The 

�ndings of the R-SMOG will assist to generate scienti�c 

evidences to study the causes of Smog and to adopt 

adequate mitigation and adaptation strategies. It will also 

promote the development of appropriate strategies and 

necessary action plans.

The R-SMOG is a �rst of its kind comprehensive geospatial 

research which integrates Spatio-temporal mapping of smog 

viz-a-viz climatological modelling, study of seasonal trends 

and dynamics and estimates an inventory of sectoral 

emissions. The scienti�c study has generated signi�cant data 

and results, within the limits of unavailability of ground based 

air quality data and monitoring.

The term 'smog' was �rst coined in the early 20th century in 

London to describe the low-hanging pollution that covered the 

city. Smog is formed as a result of chemical reactions among 

suspended particles in lower part of the atmosphere, less 

than 5km above the ground and constitutes a mixture of air 

pollutants including ozone, dust particles, smoke particles, 

volatile organic compounds (VOCs), nitrous oxides and oxides 

of Sulphur. In Pakistan, the problem of smog has been 

increasing in intensity especially in the province of Punjab in 

recent years. Smog began to get noticed as a major problem 

in the late 1990s in upper Punjab, mainly in the industrial belt 

around Lahore, and generally in the winter months (December 

and January). In recent years, it has spread to a broader 

swath of the country including southern Punjab and Sindh. For 

the years 2015, 2016 and 2017 its intensity was observed even 

during the months of October and November. Punjab is the 

country's most vibrant province which contributes almost 

60% to the annual growth of industrial goods and services. 

The anthropogenic emissions are mainly contributed from 

industrial and vehicular emissions and biomass burning 

activities. During the episodes of Smog in Punjab, visibility 

conditions are often reported as extremely poor, and have at 

times resulted in economic losses due to disruptions in 

transport, e.g. air and road transport. Apart from this, the 

intense smog in Punjab in the past few years has also caused 

serious respiratory diseases and other health issues such as 

eye infections and allergies.

Smog is not only a local problem of Pakistan but has emerged 

as a regional problem affecting India and China as well and 

debates pertaining to this crisis are going on regarding 

burning of rice stubble as a signi�cant contributor to smog. It 

has been reported that increase in the area of non-basmati 

varieties and decrease in the area of basmati varieties has 

taken place in the previous few years, and non-basmati 

varieties produce a lot more stubble. Farmers owing to the 

less expensive methods, burn crop residues generated by rice 

in order to get rid of the stubble, as they have only three to 

four weeks to prepare for the wheat crop. The smoke 

resulting from this rice stubble burning normally stays in the 

lower troposphere (below 5 km) and is transported to the 

northern Punjab along southerly winds during the post-

monsoon season.

RESIDUE BURNING PRACTICES OF FARMERS

n order to understand the crop residue burning practices 

Iof farmers in Punjab, focus group discussions were 

organized in 11 rice growing districts namely Faisalabad, 

Gujranwala, Gujrat, Ha�zabad, Kasur, Lahore, Mandi-

Bahauddin, Nankana Sahib, Narowal, Sheikhupura, and Sialkot. 

The Focus group discussions were conducted in collaboration 

with the agriculture specialists from Department of 

Agriculture Punjab and the district extension o�cers. The 

�ndings of the focus group discussions helped understand 

the trends in residue burning practices.

Ÿ Crop residue burning is a common practice in the districts 

especially for rice in the month of November. The main 

reasons for burning crop residue are to get rid of 

trash/residue, the di�culty in soil preparation, desire to 
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save labor cost, to eradicate weeds and pests and to 

facilitate cultivation and timely sowing of the next crop.

Ÿ For Rice crop, 20-23% of the farmers reported that crop 

residue burning has increased in the last years. Overall, 

farmers reported burning of crop residue for the past 16 

years, ranging from 5 to 30 years.

Ÿ An important fact is that in the past farmers used  crop 

residues as fodder for their animals before starting 

burning of residues. This is no longer widely practiced. 

Ÿ As reported by 44% of farmers it was observed that the 

decision to burn a �eld is taken after mainly considering 

the dryness of the crop residue.

Ÿ Regarding the timings for crop residue burning, it was 

reported by 80% of the farmers that Crop residue burning 

is practiced during daylight, out of which between 28-48% 

of farmers burn the crop residue between 11 am-12 pm. In 

one �eld, crop residue burning lasts mostly for 0.5-1 hour 

as reported by 27 percent farmers.

Ÿ According   to farmers, burning of crop residue 

particularly of rice when it is wet/green and contains 

moisture, increases the amount of smoke.

Ÿ About 44% of farmers informed that there has been an 

increase in the cultivation of non-basmati rice varieties in 

the last two years.

Ÿ About 84% of farmers   informed that there has been an 

increase in the use of combined harvester in the last �ve 

years.

Ÿ Around 37% of respondents were of the view that there 

has been an increase in waste material.

Ÿ 70-80% of respondents reported that small industries 

have increased while 50-60 percent think that the number 

of automobiles/vehicles have increased since the last 5 to 

10 years.

FARMERS' RESPONSE TO BAN ON RESIDUE BURNING

Ÿ 42% of the farmers would agree to accept the ban 

provided that alternative methods for cleaning the �eld to 

facilitate the tillage operations are made available. These 

farmers also demanded Government to provide subsidy or 

better technology for incorporation of crop residue.

Ÿ 46% of the farmers would oppose the ban as they face a 

huge problem in land preparation and ploughing and in their 

view they have no other alternative.

CLIMATOLOGICAL MODELLING, SEASONAL DYNAMICS AND 

SMOG SOURCE IDENTIFICATIONS

ybrid Single Particle Lagrangian Integrated Trajectory 

H(HYSPLIT) model, developed by NOAA's Air Resources 

Laboratory was used to �nd 5 - day air-back source 

trajectories to assess transport of air parcels. AERONET and 

MODIS data were used for characterizing the optical 

properties and size distribution of atmospheric aerosols. 

Besides the source analysis, monthly wind dynamics using 

ERA-Interim from ECMWF at pressure levels (1000, 975, 950, 

900, 850 & 800) hPa have also been examined. The detected 

sources and wind speeds at different heights are studied in 

conjunctions with different extreme smog events. The model 

simulations showed seasonal variations in air parcel 

trajectories originating from different locations. In winter, 

most of the air parcels were arriving from west and south-

west, in pre-monsoon the westerly and south westerly air 

masses also became southerly, and monsoon exhibited 

eastern transport of air masses along with westerly and 

southerly air masses while post- monsoon pre-dominantly 

exhibited south-westerly air masses.  This trajectory analysis 

also demonstrates the western disturbances originating from 

the Mediterranean Sea in winter, dust storms associated with 

the southerly air masses carrying along dust aerosols from 

the deserts of Thar and Cholistan in pre-monsoon, easterly 

and southerly monsoon currents originating from the Bay of 

Bengal, and the Arabian Sea in monsoon and dry season as a 

result of south westerly air-masses with no moisture in the 

post-monsoon.

EXECUTIVE SUMMARY
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ASSESSMENT AND MAPPING OF REGIONAL POINT SOURCE 

LOCATIONS

ssessment and mapping of aerosol point sources 

Aindicate that 65% of the aerosol sources were 

detected within Pakistan which means most of the 

sources are located within Pakistan and sources of smog 

needs to be managed and controlled within the country as a 

matter of priority.

Biomass burning, and mixed-type pollutants were found 

mostly originating from within Pakistan in the smog 

dominated zone, however, sources were also detected in 

neighboring regions such as India, Afghanistan, and Iran with 

Indian contributions mainly constituting to �ne mode 

'biomass/urban' type pollutants.

On a seasonal basis, winter was found to comprise more 

sources than post-monsoon due to the greater season length, 

however, more “biomass/urban” type pollutant sources were 

found in the post-monsoon.  Trend analysis showed higher 

concentration during the recent years i.e. 2015 – 2017, which is 

also con�rmed by the spatial source locations found by the 

satellite data. The satellite pictures of smog dominated area 

show that burning activities in winter take place in different 

locations than the post-monsoon. In the high-pressure 

system, accumulation of pollutants is evident, therefore, if 

burning and combustion activities are controlled, the smog 

problem can be controlled.

REMOTE SENSING FOR ACTIVE FIRES MAPPING AND 

HOTSPOT ANALYSIS

ith the advancements in satellite remote sensing 

Wmethods, mapping of thermal anomalies and active 

�res has become possible through sensors aboard 

satellites. Availability of real-time data has improved, along 

with the mapping of thermal anomalies. There are different 

data products available for �re detection at different 

resolutions.  Visible Infrared Imaging Radiometer Suite (VIIRS) 

Active Fire detection product is one of the few data products 

that record active �res and thermal anomalies using satellite-

based sensors. In the current study VIIRS and MODIS �re data 

products have been employed to map the active �res and 

later on develop a hotspot analysis of frequent �re areas 

during the months of October, November, December and 

January.

A comparison of total �re events from 2008-2018 shows that 

the number of �re events is signi�cantly higher in the months 

of October and November which complements the fact that 

more crop residues burning activities are carried out in these 

months to prepare land for next sowing. Daily MODIS data 

products were also used to classify the active �re areas by 

using temperature and FRP (�re radiative power) in 

megawatts (MW).  The �re data for a con�dence level of 95% 

and above, has been used for this study.  FRP aided in 

quantifying burned biomass and the amount of radiant energy 

released per unit of time by burning vegetation. The point 

data of �re were interpolated to estimate the effect of �re. It 

is observed from the detection of seasonal �re events that 

there is a considerable spatio temporal variation in locations 

and intensities of the �re events.  Spatio-Temporal Hotspot 

analysis for ten years shows that many �re events occurred in 

the Indian administered Punjab. The �re events in Pakistan's 

Punjab are relatively less intense. These observations and 

analyses demonstrate the importance of aerosols and their 

transboundary impacts.

SECTORAL EMISSION INVENTORY

hough formation of Smog is supported by �res and crop 

Tburning activities, emissions from transport and 

industrial sector have a major contribution towards the 

formation of Smog. Therefore, it was considered to perform a 

sectoral emission inventory in order to compare and analyze 

the sectoral contributions.  This was achieved by estimating 

the emissions of gases such as SOx, NOx, CO, NVOMCs and 

PM2.5 from transport sector, Industrial sector and agriculture 

(crop residue burning).

Since the burning activity of rice residue occurs in October 

and November every year, the resultant air pollutant 

emissions from this burning activity would also be occurring 

only in these two months.  On the other hand, power, industry, 

and transport runs all over the year, the resultant air pollutant 
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emissions from these sectors would also be occurring during 

the twelve months.  Assuming that energy sector activities 

operate uniformly in a year, the total emissions are 

disaggregated into per month emissions.  This gives the 

realistic comparison of sectoral air pollutant emissions and 

share in Punjab.

Sectoral emission Inventory for Punjab shows that the major 

portion of total air pollutant emissions are coming from the 

transport sector (269 GG) and it holds 43% share in all sectors 

(power, industry, transport, and crop residue burning - CRB).  

The second key sector responsible for air pollutant emissions 

in Punjab is industry whose share is 25% and amounts 154 

GG. The sector at number three is agriculture (mainly 

considering rice residue burning). It accounts for 20% (121 GG) 

of total air pollutant emissions with respect to other sectors. 

The emissions from residue burning of other crops have not 

been estimated due to the fact that since smog usually 

happens in October and November and these two months only 

involves burning of rice residue. The last sector is a power 

which amounts 74 GG and contributes 12% in total emissions.  

Collectively, the main sectors responsible for air pollutant 

emissions in Punjab are power, industry, and transport which 

together hold 80% contribution in air pollutant emissions and 

aids in the formation of photochemical smog in Punjab. The 

contribution of Agriculture sector (crop residue burning) is 

signi�cant to the seasonal smog phenomenon in Punjab, 

although it is the third sector by emissions following transport 

and industrial sector. 

RECOMANDATIONS

Based on the conclusions, the key sectoral recommendations 

are proposed with regard to the reduction of air pollutant 

emissions from fuel combustion process and crop residue 

burning:

1. SOx and NOx emissions from combustion processes in 

power stations and industry needs to be controlled. In the 

case of controlling VOCs and CO emission in power and 

industry sector, there are a number of ways in which the 

combustion e�ciency could be increased, and emissions 

could be reduced.

2. In order to control air pollutant emissions from road 

transport, options available include changes in engine design 

and fuel quality better inspection and maintenance of 

vehicles is discussed. Long run recommendations include 

investment in public transport to reduce aggregate fuel 

consumption, shift to cleaner fuels and renewable energy.

3. For reducing crop residue burning, some of the key control 

measures could include:

a) Awareness raising amongst the farming communities about 

the negative impacts of crop biomass burning and importance 

of crop residues incorporation in the soil for maintaining 

sustainable agricultural productivity.

b) Support to be provided by the government to help farmers to 

purchase machines that can harvest with less residues, to 

adopt relevant climate smart practices to help increase yields 

and to use residues as fertilizer, animal feed supply, biogas 

production, or sell for use in different industries instead of being 

burnt.

c) Avoid usage of combine harvesters and promote no till and 

zero till methods of cultivation.

d) Responsibilities of local and central governments should be 

de�ned to improve coordination and cooperation between 

departments; to carry out various forms of information and 

education; to monitor �re spots by meteorological and 

environmental satellite; and to strengthen the inspection of 

illegal activities, etc.

e) There is a need for crop residue-based renewable energy 

planning. A number of such initiatives are being undertaken in 

the neighboring countries to utilize the potential of crop 

residues for bio-energy generation.

4. There is an urgent need of the collection of high-quality data 

in various districts of Punjab, especially those which cover 

the rice belt, on a regular basis. It is suggested that air-quality 

monitoring stations may be installed throughout Punjab 

province, and air samples of winter smog and post-monsoon 

smoky haze should be taken. More evidence needs to be 
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collected regarding sources and transport pathways of 

emissions of �ne mode aerosols affecting northern Punjab.

 

5. Establishment of an early-warning systems for potentially 

severe smog incidents and smog monitoring network is also 

recommended. 

6. Finally, since smog is a regional problem, which also affects 

neighboring countries (e.g., India, Iran, and Afghanistan), 

there is a need for inter-country collaboration on data and 

information exchange as well as collaborative strategies. 

Cumulative measures and joint efforts can help eradicate a 

problem that respects no boundaries. 
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INTRODUCTION 
Scope of prevailing smog problem in Pakistan

Smog is one of the several forms of air pollutants that cause 

harm to human functioning. It is normally a combination of 

several types of pollutants (nitrogen oxides, sulphur oxides, 

aerosols, smoke or particulates, etc.) with fog.

Industrial/vehicular emissions and forest/crop burning are 

some of the common sources of these pollutants. Formation 

of smog, however, is not dependent only on the presence or 

increase of these pollutants, but certain 

meteorological/weather conditions also help these pollutants 

suspend in the lower atmosphere because of which the 

pollutants form a dense visible layer of smog. This causes 

serious health implications (inhalation of higher than normal 

levels of pollutants) and affects logistics operations 

(reduction of visibility). This study attempts to use satellite 

remote sensing data to examine the smog and its behavior in 

relation to a variety of air pollutants, with a focus on crop 

residue burning practices in Punjab province of Pakistan and 

India.

Among other sources of pollutants, �re (generated through 

biomass burning and/or crop residual burning) is one of the 

important components used in emission and climate 

modeling and is also important for land management issues 

especially in case of natural hazards such as forest burning. A 

variety of greenhouse gases are emitted into the atmosphere 

when vegetation is burnt, and some of the chemically reactive 

gases also in�uence the chemical processes within the 

troposphere. Biomass burning has shown a strong 

relationship with the regional and global distributions of 

troposphere ozone and has been related to acid deposition in 

tropical regions (NASA, 2017). Other studies also point out that 

intensive biomass burning is a major source of emission of 

gases such as nitric oxide (NO), carbon dioxide (CO�), carbon 

monoxide (CO), ozone (O�), methane (CH�), and various gases 

containing nitrogen, sulfur, and other non-methane 

hydrocarbons (NASA, 2017). Not only this, but the aerosols 

concentration is also increased because of extensive biomass 

burning. The effects of smoke aerosols on clouds and climate 

have also been indicated in several studies. Smoke tends to 

interact with the clouds in a variety of ways, and due to the 

dark color of soot particles, they can constrain the cloud 

formation by inverting the convection process.

With the advancements in satellite remote sensing methods, 

thermal anomalies or active �res can be detected through 

sensors aboard satellites. Not only the availability of data has 

improved, but also the methods for mapping thermal 

anomalies have enhanced over the time. Mapping of thermal 

anomalies/crop burning has been done using a variety of data 

sources – a few relevant literate references include Korontzi, 

McCarty, Loboda, Kumar, & Justice, 2006; McCarty et al., n.d.; 

Singh & Kaskaoutis, 2014; and Sukhinin et al., 2004. Near real-

time (NRT) Suomi National Polar-orbiting Partnership (Suomi-

NPP) Visible Infrared Imaging Radiometer Suite (VIIRS) Active 

Fire detection product is one of the few data products that 

record active �res and thermal anomalies using satellite-

based sensors. Compared to the usually coarser spatial 

resolution satellite �re detection product (≥1km), the VIIRS 

provides an improved 375 m spatial resolution that provides a 

greater response over �res of relatively small areas 

(Schroeder, Oliva, Giglio, & Csiszar, 2014). The 375 m product 

complements the baseline Suomi-NPP/VIIRS 750 m active �re 

detection and characterization data, which was originally 

designed to provide continuity to the existing 1 km Earth 

Observing System Moderate Resolution Imaging 

Spectroradiometer (EOS/MODIS) active �re data record 

(EOSDIS, 2016). The active �re data is acquired globally, at a 

daily time interval.

Formation of smog has been found to be related to air 

pollution, and some researchers have also examined and 

evaluated this relationship (Ma, Hu, Huang, Bi, & Liu, 2014; 

SIFAKIS, 1998). Some studies also point to the development of 

indices using remotely sensed data for detection and 

mapping of fog, which could indirectly be used for assessing 

the presence of smog (Güls & Bendix, 1996; Torregrosa, 

Combs, & Peters, 2016; Wen et al., 2014). Several other 

research studies also point to the direct or indirect smog 

mapping approaches employing remote sensing and other 

data sources, and have also found some degree of 

relationship between crop residue burning and concentration 

of atmospheric particles such as particulate matter PM�.� and 

PM��, as well as with the pollutants such as carbon monoxide, 

Sulphur dioxide and nitrogen dioxide (Acharya & Sreekesh, 

2013; Alam, Qureshi, & Blaschke, 2011; Badarinath, Kharol, 

Sharma, & Roy, 2009; Kaskaoutis et al., 2014; Khokhar, Yasmin, 
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Chishtie, & Shahid, 2016; Samina Bibi, Alam, Bibi, Khan, & Haq, 

2015; Sharif, 2015; Tariq & Ali, 2015; Tariq, Zia, & Ali, 2016; Ul-

Haq, Tariq, Ali, Rana, & Mahmood, 2017; Ul-Haq et al., 2015).

The literature points to some sort of relationship between 

aerosol optical depth (AOD) and biomass burning (Vadrevu, 

Ellicott, K.V.S. Badarinath, & Vermote, 2011). The AOD can be 

derived from a variety of data sources, such as Aerosol 

Robotic Network (AERONET) (ground-based instrument) or 

MODIS (satellite-based instrument). Around 450 AERONET 

radiometers are in operation worldwide (Tariq et al., 2016), 

while MODIS uses a different set of algorithms to retrieve 

aerosol concentrations over land and oceans. Cloud-Aerosol 

Lidar and Infrared Path�nder Satellite Observations (CALIPSO) 

is another data source that provides information about the 

altitude of aerosols. While all the sources provide data with a 

good level of accuracy, the MODIS aerosol retrieval algorithm 

has recently been improved in order to correct systematic 

biases in the MODIS algorithm used previously (Remer et al., 

2005).

Fog has been mapped and characterized in several research 

studies. One such study attempts to use multi-satellite data 

and ground-based observations on aerosol properties and 

solar irradiance in the north Indian region to study the fog 

conditions (Badarinath et al., 2009). The study found a 

considerable increase in AOD and a decrease in total solar 

irradiance in the study area during the fog period. Another 

study employed the MODIS data to examine the temporal 

variations of AOD over central India (Asha B. Chelani, 2015). 

The study found a signi�cant relationship between population 

change and AOD levels, thus suggesting some sort of impact 

of urban agglomeration in AOD in the study area. In another 

study, the effects of crop residue burning on aerosol 

properties were examined in northern India (Kaskaoutis et al., 

2014). This study used MODIS data (along with ground-based 

sensors) for AOD measurement and found that biomass 

burning over densely populated and polluted areas were of 

concern as it contributed to the deterioration of the 

environment. The MODIS images also showed thick smoke and 

hazy aerosol layer in the atmosphere during the crop residue 

burning period. The winter fog episodes during 2012-2015 over 

Pakistan were examined in a study using MODIS, Ozone 

Monitoring Instrument (OMI) and CALIPSO data with the aim to 

map the spatial distribution of aerosols during the foggy 

periods (Khokhar et al., 2016). This study found that the major 

constituents of winter fog in Pakistan were the smoke and 

absorbing aerosols. Another study examined the NO� patterns 

and anomalies over a large area of Indus, Ganges, 

Brahmaputra, and Meghna river basins, and found that the 

highest seasonality was found over Meghna Basin due to large 

variations in meteorological conditions and large-scale crop-

residue burning (Ul-Haq et al., 2017). The study also found 

some anomalies in NO� levels that could be linked to intense 

crop-residue burning events. OMI data was used to obtain NO� 

concentration in this study.

CO� emissions, that can be somewhat attributed to crop 

residue burning, could be assessed using satellite remote 

sensing data. One study examined the spatiotemporal 

variations of CO� emissions through satellite remote sensing 

over Pakistan and neighboring regions (Zia ul-Haq, Salman 

Tariq, & Muhammad Ali, 2017). The data from Atmospheric 

Infrared Sounder (AIRS), together with the anthropogenic 

emission data from the Emission Database for Global 

Atmospheric Research (EDGAR), was used in this study. 

Similar sort of activity was undertaken to analyse the 

spatiotemporal variations of CO emissions through satellite 

remote sensing data over Pakistan (Ul-Haq et al., 2015). 

Mapping and analysis of the CO emissions could also be useful 

in studying its relationship with crop residue burning.

A.1 A brief introduction to smog associated problems in 

Punjab

In Pakistan, the problem of smog has been increasing in 

intensity especially in the province of Punjab in recent years. 

Smog began to be identi�ed as a major problem in the late 

1990s in upper Punjab, mainly in the industrial belt around 

Lahore, and generally in the winter months (December and 

January). In recent years, it has spread to a broader swathe of 

the country, including southern Punjab and Sindh. For the 

years 2015, 2016 and 2017 its intensity was observed even 

during the months of October and November. Punjab is the 

country's most vibrant province which contributes almost 

60% to the annual growth of industrial goods and services 
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(Hussain et al., 2012). The anthropogenic (man-made) 

emissions mainly come from high industrial emissions, 

vehicular emissions and biomass burning activities (Biswas et 

al., 2008; Alam et al., 2012). Visibility conditions in Punjab are 

often reported as poor e.g. visibility falls up to 200 m reducing 

even up to 50m (Yasmeen et al., 2012), the main cause of 

which are the intense polluted conditions in Punjab leading to 

increased risk of cardiovascular and respiratory diseases.  

According to the World Health Organization (WHO) estimates, 

in 2015, almost 60,000 Pakistanis died from the high level of 

�ne particles in the air, one of the world's highest death tolls 

from air pollution. On Nov 6, 2016, DAWN News reported the 

intense haze conditions in Lahore (capital of Punjab) due to 

impending smog. They reported that NASA (the National 

Aeronautics and Space Administration) has pointed out the 

crop stubbles burning which might be the major reason for a 

smog blanket in New Delhi, and also in Lahore, as their map 

showed several places in West Punjab that had thermal 

emissions. They quoted environmentalist and researcher 

Noman Ashraf that issue of crop stubble burning was being 

misinterpreted. “This is nothing new in the region and has 

been happening for decades. But this recent spike is because 

farmers in East Punjab, who had originally been selling their 

wheat stalks for biomass plants, burnt their agri-waste this 

year after their requested price was turned down by the 

biomass plants.” 

(Source: https://www.dawn.com/news/1294579 

date of access: Oct 17, 2018)

In 2017, the poor visibility situation in Punjab was reported by 

'Pakistan Today' on third of November, when motorway 

o�cials provided visibility conditions as reduced from 50 

meters up to 25 meters from Lahore to Bhera and up to the 

Vehari district, where 12 people got injuries in tra�c 

accidents due to visibility problems 

(Source: https://www.pakistantoday.com.pk/2017/11/03/smog-

continues-to-wreak-havoc-in-punjab/

date of access: Nov 8, 2018). 

On Nov 10, 2017, The New York Times referred to Lahore 'as 

one huge airport smokers' lounge' “You can see and smell the 

smoke all day; you can actually touch the �lth,” said Amna 

Manan, a 26-year-old manager for a multinational company in 

Lahore. They reported the state of Lahore as a city of 11 

million where half the time, people are scared to breathe in 

(Source: 

https://www.nytimes.com/2017/11/10/world/asia/lahore-smog-

pakistan.html

date of access: Oct 17, 2018). 

An independent activist, Abid Omar, who has installed his own 

air quality monitors and started publishing air pollution data, 

reported that in the recent few years, the level of dangerous 

PM�.� particles (i.e., particles with a diameter of less than 2.5 

micrometers) in Lahore had reached 1,077 micrograms per 

cubic meter, compared with the WHO prescribed safe limit of 

30 mcg/cu.m.

Pertaining to this looming crisis, a strong debate is going on 

regarding burning of rice stubble as a signi�cant contributor 

to smog, as excessive smoke produced as a result of burning 

is thought to travel in a trans-boundary transport. It has been 

reported previously that increase in the area of non-basmati 

varieties and decrease in the area of basmati varieties has 

taken place in the previous few years, in which non-basmati 

varieties produce a lot more stubble (BOS 2017). Farmers 

owing to the less expensive methods, burn these in order to 

get rid of the stubble, as they have only three to four weeks to 

prepare for the wheat crop. The smoke resulting from rice 

stubble burning normally stays in the lower troposphere 

(below 5 km) and is transported to northern Punjab along 

southerly winds during the post-monsoon season.

There is an interest in the trans-boundary dimension of the 

problem as well. Rice stubble burning takes place both in 

Pakistani Punjab and Indian Punjab in the post-monsoon 

season when deep smoke engulfs the cities in the Gangetic 

region, including Lahore and Delhi. In a newspaper interview, 

the former DG PMD, Dr. Qamar-uz-Zaman Chaudhry argued 

that the increasing intensity of smog has been caused mainly 

by the transport of pollutants from India, while the former DG 

PEPA, Mr. Asif Shuja Khan, placed responsibility on dust 

storms from the West. Therefore, the R-Smog project is an 

attempt to �nd out precursors and sources of smog by 

considering the time of rice stubble burning activities. 
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Considering the prevailing Smog in winters, FAO Pakistan was 

requested by Department of Agriculture Punjab in 2016 to 

undertake a Geospatial research-based project to investigate 

the causes of Smog. This project attempts to uncover the 

relationships among smog/fog formation, crop residue 

burning, and a variety of air pollutants in Pakistan and Indian 

administered Punjab, during the period from October 2008 to 

February 2017. The project entails two key objectives: 

1. Provide a scienti�c evidence to identify the relationship 

between smog and crop residue burning in Punjab and 

determine the sectoral contribution of crop residue burning in 

the formation of smog.

2. Propose policy recommendations based on the �ndings of 

the R-SMOG project for the necessary steps to be undertaken 

to reduce the contribution of agriculture-related practices 

towards smog.   

 

OBJECTIVES REPORT OVERVIEW

Section I 

discusses the details about sources of different types of 

atmospheric pollutants contributing to smog formation and 

the seasonal dynamics and trends of Smog in Punjab.

Section II 

discusses the details about types of atmospheric pollutants 

contributing to smog formation and the seasonal dynamics 

and trends of Smog in Pakistan.

Section III 

describes remote sensing analysis performed for a period of 

ten years. It also includes the data used, including satellite 

imagery from VIIRS, MODIS, CALIPSO and Landsat sensors.

 Section IV

describes the sectoral inventory of major air pollutants.

| xxii |



SECTION I
FOCUS GROUP DISCUSSIONS FOR CROP 

RESIDUE BURNING PRACTICES 

Key messages
 Farmers burn crop residues generated by rice 

1cultivations as it is the fastest and the least 

expensive method to prepare the �eld for the next 

planting season.

 An important fact is that in the past farmers used  

2crop residues as fodder for their animals before 

starting burning of residues. This is no longer 

widely practiced. 

 Upto 88% of the farmers would accept to respect 

3a law banning burning of crop residues provided 

that alternative methods for management of crop 

residues are made available.



Focus Group Discussions¹ were organized in the rice growing 

districts of Punjab to investigate the crop residue burning 

practices of farmers in Punjab. A training workshop for 

Agriculture o�cers/extension o�cers from Agriculture 

Department Punjab and Agriculture Extension Department 

Punjab to conduct Focus Group Discussions with the farmers 

was planned. Data collection was carried in the following 11 

districts of Central-East Punjab which are part of Wheat-Rice 

Systems namely Faisalabad, Gujranwala, Gujrat, Ha�zabad, 

Kasur, Lahore, Mandi Bahauddin, Nankana Sahib, Narowal, 

Sheikhupura, and Sialkot.

A total of 123 FGDs were conducted in 38 Tehsils of 11 rice 

growing districts in Punjab (Faisalabad, Gujranwala, Gujrat, 

Ha�zabad, Kasur, Lahore, Mandi Bahauddin, Nankana Sahib, 

Narowal, Sheikhupura, and Sialkot). In each district, FGDs were 

conducted in 2-5 Tehsils depending upon the size of the 

district. In each Tehsil, 2-3 FGDs were conducted. 

The selection of districts, tehsil, and UCs was done in 

consultation with the Agriculture Department of Government 

of Punjab. The map shows the UC's surveyed for the Focus 

Group Discussions. For a list of districts and Tehsils, and UCs 

where FGDs were conducted please refer to Appendix B.

Some of the key �ndings of the Focus Group Discussions 

(FGDs) summarized at district level are in the following 

section. On average, there were 401 farming households in 

each village where an FGD was conducted. In each FGD, on 

average 17 farmers participated. The farming households 

cultivated 1867 acres of land on average, highest 3380 in 

Ha�zabad, whereas lowest 1021 acres in Lahore. 

Crop Cultivation

Basmati Rice: 

Overall, on average, basmati rice is grown on 819 acres in the 

selected districts; lowest 52 acres in Faisalabad, highest 1867 

acres in Mandi Bahauddin.  Average yield (maund/acre) 

reported is 34 maunds, highest (44 maunds) in Ha�zabad and 

lowest (31 maunds) in Gujrat district.

|  2  |

Section I 
Focus Group Discussions For Crop Residue Burning Practices 

Non-Basmati Rice: 

Non-basmati rice varieties are grown on 619 acres in the 

selected districts on an average. Average yield (maund/acre) 

is 45 maunds, which is highest (46 maunds) in Ha�zabad and 

Kasur, and lowest (42 maunds) in Mandi Bahauddin and 

Narowal districts.

Maize: 

Maize is grown on 181 acres in the selected districts on an 

average; whereby 17 acres in Ha�zabad and 532 acres in 

Kasur. Cultivation of maize is not reported in Mandi Bahauddin 

and Narowal district. Average yield (maund/acre) is 272 

maunds, highest (523 maunds) in Lahore, lowest (41 maunds) 

in Kasur.

Sugarcane: 

Sugarcane is grown on 288 acres in the selected districts on 

an average. Cultivation of sugarcane is not reported in 

Gujranwala, Sialkot and Narowal districts. Average yield 

(maund/acre) is 737 maunds, highest (900 maunds) in Lahore, 

850 maunds in Gujrat, lowest (520 maunds) in Ha�zabad 

district.

Wheat: 

Wheat is grown on 1,357 acres in the selected districts on an 

average; whereby 743 acres in Lahore whereas 2730 acres in 

Ha�zabad. Average yield (maund/acre) reported is 35 maunds, 

highest (49 maunds) in Lahore, lowest (29 maunds) in Narowal 

district.

1- Crop Residue Burning 

After harvesting, burning of crop residue is quite a common 

practice in the selected districts. Different crops produce 

different types of residues. Rice and wheat produce straws, 

maize produces stalks while sugarcane produces trashes. The 

removed residue of crops is used for multiple purposes 

including for animal feed, fuel for brick kilns, and fuel in small 

industry. Some of it is burnt and other is sold out.

Basmati Rice: 

For Rice crop, according to the results of FGDs, an average of 

66% of crop area of basmati rice is burnt, which is lowest 

 ¹ The objective of the Focus Group Discussions is to gather information on the crop residue burning practices, and to 

identify reasons of crop residue burning. Preliminary �ndings reported are based on the responses in the FGDs in the 

selected areas and may not represent the situation of the entire district.
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35.5 acres of non-basmati Rice varieties are burnt in one day.

Wheat: 

The burning of the wheat residue was reported in all the 

districts except in Faisalabad, Gujrat and Kasur districts. 

Overall on average, 61 of crop area (acres) of Wheat is burnt, 

which is the lowest (2%) in Faisalabad and highest (89%) in 

Ha�zabad district. Between 70-100% of crop area of wheat is 

burnt by farmers in Kamoki, Noshehra Virkan, Wazirabad, 

Ha�zabad, Pindi Bhattian, Malikwal, Mandi Bahauddin, Phalia, 

Safdarabad, Daska, Pasrur, Sambrial, and Sialkot tehsils.  

Crop residue produced by wheat is 28 maunds per acre which 

were reported as the highest (49 maunds/acre) in Lahore. The 

ratio of paddy to straw is 52%.

When inquired about the uses of removed residues of wheat, 

it was found out that 41% of the removed residue of wheat 

was burnt by the farmers. The practice of residue burning of 

Wheat is lowest (3%) in Lahore and highest (84%) in Nankana 

Sahib.

The burning of the residue of wheat is more prevalent in 

Nankana Sahib, Sanglahill, Shahkot, Zafarwal, Daska, and 

Pasrur tehsils. As reported by the farmers, on average, 119.1 

acres of wheat are burnt in one day. 

Maize: 

The burning of maize crop residue area was only reported in 

Faisalabad, Kasur, and Nankana Sahib Districts. Overall, on 

average, 32% of crop area (acres) of maize is burnt; which 

was the lowest (15%) in Nankana Sahib and highest in Kasur 

(100%). 

Crop residue produced by maize is 45 maunds per acre which 

were reported highest (72 maunds/acre) in Kasur. 

When inquired about the uses of removed residues of maize, 

it was found out that 34% of the removed residue of maize is 

burnt by farmers. The practice of residue burning of maize is 

lowest (10%) in Faisalabad and highest (40%) in Nankana 

Sahib.

Sugarcane: 

The burning of the residue of sugarcane was only reported in 
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(15%) in Lahore and highest (78%) in Narowal.  Crop residue 

burning of basmati rice was not reported in Faisalabad 

district. There are also variations in burning of crop area 

within one district. Between 70-100% of crop area in Kamoki, 

Pindi Bhattian, Mandi Bahauddin, Nankana Sahib, Narowal, 

Shakargarh, Ferozwala, Sheikhupura, Pasrur, and Sialkot 

tehsils are burnt by the farmers. Rice residue produced by 

cutting basmati is 32 maunds/acre with highest rice residue 

reported in Kasur (42 maunds/acre). The ratio of paddy to 

straw is 48%. 

When inquired about the uses of removed residues of basmati 

rice, it was found out that 60% of the removed residue of 

basmati rice is burnt by farmers. The practice of residue 

burning is lowest (7%) in Lahore and highest (95%) in 

Nankana Sahib. The burning of the residue of basmati rice is 

more prevalent (70% and above) in Pindi Bhattian, Nankana 

Sahib, Sanglahill, Shahkot, Narowal, Zafarwal, Shakargarh, 

Ferozewala, Daska, Pasrur, and Sialkot tehsils. On average, 

29.8 acres of Basmati Rice crop residue is burnt in one day.

Non- Basmati Rice: 

The burning of the residue of other Rice varieties is prevalent 

in all the districts except in Faisalabad and Gujrat districts. 

Overall, on average, 61% of the crop area of non-basmati Rice 

varieties is burnt; which is the lowest (12%) in Lahore and 

highest (88%) in Ha�zabad. Between 70-100% of crop area of 

non-basmati rice varieties is burnt by farmers in Noshehra 

Virkan, Ha�zabad, Pindi Bhattian, Nankana Sahib, Ferozewala, 

Sheikhupura, and Sialkot tehsils. 

Rice residue produced by cutting other rice varieties is 27 

maunds per acre which were reported highest (51 maunds) in 

Kasur. The ratio of paddy to straw is 48%. 

When inquired about the uses of removed residues of other 

Rice varieties, it was found out that 58% of the removed 

residue of basmati rice is burnt by farmers. The practice of 

residue burning is lowest (7%) in Lahore and highest (95%) in 

Nankana Sahib. The burning of the residue of non-basmati 

Rice varieties is more prevalent in Kamoki, Pindi Bhattian, 

Nankana Sahib, Sanglahill, Shahkot, Narowal, Zafarwal, 

Ferozewala, Daska, Pasrur, and Sialkot tehsils. On average, 
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Figure 1.2: Map showing percentage of Basmati Rice Residue burnt by the farmers
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Figure 1.3 : Map showing percentage of Non-Basmati Rice Residue burnt by the farmers
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Figure 1.4 : Map showing percentage of Wheat Residue burnt by the farmers



Faisalabad, Mandi Bahauddin and Nankana Sahib Districts. On 

an average, 78% of crop area of sugarcane is burnt, which is 

the lowest (70%) in Nankana Sahib and highest (88%) in 

Faisalabad district. Between 70-100% of crop area of 

sugarcane is burnt by the farmers in Faisalabad, Jaranwala, 

Sumundri, Tandlianwala, Malikwal, Mandi Bahauddin, Phalia, 

Sanglahil, and Shahkot tehsils.

Figure 1.5 : District wise chart for percentage of crop residue burnt

When inquired about the uses of removed residues of 

sugarcane, it was found out that 78% of the removed residue 

of sugarcane is burnt by farmers. The practice of residue 

burning of sugarcane is lowest (62%) in Mandi Bahauddin and 

highest (98%) in Nankana Sahib.

The burning of the residue of sugarcane is more prevalent 
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Figure 1.6: District wise chart for percentage of crop residue burning in Basmati Rice
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Figure 1.7: District wise chart for a comparison of crop residue burning in Non-Basmati Rice varieties
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(70% and above) in Chak Jhumra, Jaranwala, Tandlianwala, 

Malikwal, Nankana Sahib, Sanglahill and Shahkot tehsils. On 

average, 36.2 acres of sugarcane is burnt in one day.

Crop Residue Burning Compared to Previous Years

Basmati Rice: 

For basmati rice, 49% of the farmer communities reported 

the same burning in 2016 as in the previous years. 23% of the 

farmers reported more burning, whereas 28% reported less 

burning compared to the previous years.  Farmers in Kasur, 

Ha�zabad, and Narowal reported more burning in 2016.

Non-Basmati Rice: 

For non-basmati Rice varieties, 46% of the farmer 

communities reported the same burning in 2016 as in previous 

years. 20% of the farmers reported more burning, whereas 

34% reported less burning compared to the previous years.  

Farmers in Kasur and Narowal reported more burning in 2016.

Wheat: 

For Wheat crop, 42% of the farmer communities reported the 

same burning in 2016 as in previous years last year. 19% of 

the farmers reported more burning, whereas 39% reported 

less burning compared to previous years.  Farmers in Narowal, 

Mandi Bahauddin, and Sialkot reported more burning in 2016.

Some other facts related to residue burning are as follows:

Ÿ The main reasons for burning crop residue reported by 

farmers are to get rid of trash/residue, the di�culty in soil 

preparation, desire to save labour cost, to eradicate 

weeds and pests and to facilitate cultivation and timely 

sowing of the next crop. 

Ÿ Overall, farmers reported burning of crop residue for the 

past 16 years, ranging from 5 to 30 years.

Ÿ An important fact is that before starting burning of crop 

residue, farmers used to use crop residue as fodder for 

their animals. 

Ÿ As reported by 44% of farmers it was observed that the 

decision to burn a �eld is taken after mainly considering 

the dryness of crop residue.
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Figure 1.8: District wise chart for a comparison of crop residue burning in Wheat

Ÿ Regarding the timings for crop residue burning, it was 

reported by 80 percent of the farmers that Crop residue 

burning is practiced during daylight, out of which between 

28-48% of farmers burn the crop residue between 

11 am-12 pm. In one �eld, crop residue burning lasts mostly 

for 0.5-1 hour as reported by 27 percent farmers. 

Ÿ According to farmers, burning of crop residue particularly 

of rice when it is wet/green and contains moisture, 

increases the amount of smoke. 

Ÿ About 44% of farmers informed that there has been an 

increase in the cultivation of non-basmati rice varieties in 

the last two years. 

Ÿ § About 84% of farmers were informed that there has 

been an increase in the use of combined harvester in the 

last �ve years. 

Ÿ Around 37% of respondents were of the view that there 

has been an increase in waste material. 

Ÿ 70-80% of respondents reported that small industries 

have increased while 50-60 percent think that the number 

of automobiles/vehicles have increased since the last 5 to 

10 years.

2- Experience/Impact of Smog

Based on the survey around half of the majority of farmers 

agreed that crop burning causes the formation of smog. 

Around 86% of respondents reported experiencing smog in 

2016 which includes 100% of the farmers from Faisalabad, 

Ha�zabad, Kasur, Mandi Bahauddin, Nankana Sahib and 

Sheikhupura districts. Smog was reported intense in the 

months of November-December 2016. 81% of the farmers also 

reported smog was experienced by other villages in their UCs. 

Further, 83 percent of respondents considered the intensity 

of smog was higher in 2016 compared to 2015. In all the 

districts, the intensity of smog was higher in 2016 compared 

to the intensity of smog in 2015 except in Kasur and Narowal, 

where it was the same as in 2015.

The overwhelming majority of the respondents agreed that 

smog caused health problems in their areas. Overall, the 

health of 57% of community members was reported to be 

affected by smog. Throat problem, breathing/respiration 
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Figure 1.10 : District wise percentage of communities that experienced Smog in 2016

Figure 1.9: District wise percentage of community members whose health was affected by smog in 2016 (%).
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problems, cough, �u, eye infections, allergy, and asthma were 

reported as major health problems caused by smog in all the 

districts. 
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Cost and Incentive to Farmers to Stop Crop Burning

The farmers were also asked about the incentives in order to 

stop crop residue burning. As reported in the FGDs, a farmer 

would accept a cost of Rs. 10,654/acre if crop burning is to be 

stopped. Half and all farmers would stop crop burning if 

provided an economic incentive of Rs. 6,400 and Rs. 8,800 per 

acre respectively. The demand for incentives was the highest 

by farmers in Sheikhupura (Rs. 12, 200 and Rs. 15, 364 per acre 

respectively).

Figure 1.11 : Cost (Rs. /acre) a farmer will bear if stopped crop burning

Figure 1.12 : Farmers would stop crop residue burning if given subsidy/incentive of Rs/acre
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3- Suggestions by farmers to reduce crop residue burning

The farmers offered the following main suggestions to reduce 

the crop residue burning:

Ÿ Use it as fodder or incorporate it into the soil.

Ÿ Provide suitable machinery to cut the residue at ground 

level and the machine which can separate the grains from 

straw/stems and bury the residues. It was also mentioned 

to provide special machinery such as (Kabuta), special 

harvester and chopper for rice residue management. It 

was also suggested to plough the Crop residue by disc 

harrow.

Ÿ Awareness among farmers about health, environmental 

issues and about care of environment Provision of special 

harvester for rice and wheat on subsidy.

4- What farmers would do if crop residue burning is 

banned by the Government

The responses by farmers, on the question of the possible ban 

by the Government on crop burning, are categorized into two 

groups mainly:

Ÿ 42% of the farmers agreed to accept the ban and demand 

for alternate methods for cleaning the �eld to facilitate 

the tillage operations. These farmers also demanded 

Government to provide subsidy or better technology for 

incorporation of crop residue.

Ÿ 46% of the farmers refused to accept the ban and said 

that they will protest against such laws as there face a 

huge problem in land preparation and ploughing due to 

straw and stems and there is no other alternate other 

than burning. They will stop the cultivation of such crops 

which produce residues.
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SECTION II
CLIMATOLOGICAL MODELING OF SMOG

Key messages
 Assessment and mapping of regional aerosol point 

1sources indicates that the 65% of the aerosol 

sources are detected within Pakistan. Smog sources 

need to be managed and controlled within the country 

as a matter of priority.

 If burning and combustion activities in winter and 

2post-monsoon periods are controlled, the smog 

levels can also be quickly reduced.



2.1 A brief introduction to atmospheric pollutants playing 

role in smog formation

Before the phenomenon of smog is discussed further, it is 

useful to describe various types of atmospheric aerosols 

(suspended particulates) which can either be naturally 

occurring such as dust, pollen, sea salt, volcanic ash, and 

carbon particles from natural �res, or anthropogenic (man-

made) i.e. from combustion sources in urban areas including 

soot, carbon particles, ammonia, sulphate and nitrate 

compounds.

 

Atmospheric particulates or aerosols can be found suspended 

in the air at different heights owing to their composition and 

size. They are divided into two main types; namely primary 

and secondary. Primary aerosols are emitted or injected 

directly into the atmosphere i.e. dust, pollen, vehicular 

exhaust, industrial emissions, biomass burning activities etc. 

and secondary aerosols are formed in the atmosphere by 

chemical reactions on the primary aerosols, such as the 

creation of sulfuric acid droplets and sulphate particles from 

an initial injection of sulphur dioxide gas from volcanic 

eruptions etc. Both primary and secondary particulates can 

have either natural or anthropogenic sources or a 

combination of both.

Smog is an example of a secondary aerosol formed as a result 

of chemical reactions in the lower part of the atmosphere. As 

discussed above, smog is a mixture of different pollutants, 

including oxides of nitrogen (Nox), oxides of sulphur (SOx), 

carbon monoxide (CO), particulate matter (PM), volatile organic 

compounds (VOC) and the ozone. In these pollutants, NOx in 

the presence of sunlight undergoes chemical reactions to 

create ozone. Ozone is the major factor behind the build-up of 

smog. Hence pollutants such as carbon monoxide are emitted 

directly from combustions activities of vehicles, industry and 

biomass burning which act as the primary aerosols, while 

ground-level ozone formed in the air from nitrogen oxide 

emissions act as the secondary aerosol in the build-up of 

smog. There is extensive scienti�c literature present on 

different modes of atmospheric aerosols. Here, discussed 

brie�y, atmospheric aerosols are categorized into different 

modes depending upon their size distribution. Generally, three 

modes are expressed in terms of their radii namely 'aitken 

mode', 'accumulation mode' and 'coarse mode'. The aitken 

mode (particle size < 0.1 μm) consists primarily of combustion 

particles emitted directly into the atmosphere and particles 

formed in the atmosphere by gas-to-particle conversions. 

They are usually found near highways and other sources of 

combustion. Because of their high number concentration, 

especially near their source, these small particles coagulate 

rapidly. Consequently, aitken particles have relatively shorter 

lifetimes in the atmosphere and end up in the accumulation 

mode. 

The accumulation mode (0.1 μm < particle size < 2.5 μm) 

includes combustion particles, smog particles, and 

coagulated aitken-mode particles. Particles in this mode are 

small but they coagulate too slowly to reach the coarse-

particle mode. Hence, they have a relatively long lifetime in 

the atmosphere and they account for most of the visibility 

effects of atmospheric aerosols. The nuclei and accumulation 

modes together constitute '�ne-mode' particles.

The coarse-particle mode (particle size > 2.5 μm) consists of 

windblown dust, large salt particles from sea spray, and 

mechanically generated anthropogenic particles such as 

those from agriculture and surface mining. Because of their 

large size, the coarse particles readily settle out or impact on 

the surface, so their lifetime in the atmosphere is only a few 

hours. In our analysis, we take two broad categories from 

literature as mentioned above namely '�ne-mode' particles 

(size < 2.5 µm) and 'coarse-mode' particles (size > 2.5 µm). 

Particle sizes with radii less than 2.5 µm are generally called 

PM�.� while with radii less than 10 µm are called PM�� (which 

also include PM�.�). Particles with diameter < 0.01 µm 

represent freshly formed particles near to the combustion 

source and are categorized as 'ultra-�ne' particles in the 

Aitken mode.

PM�.� has the greatest potential to affect human health. 

Because of their small size PM�.� can be drawn deep into the 

lungs upon inhalation. Approximately 70% of all particulates 

emitted by biomass burning are less than 2.5 microns in 
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diameter.

PM�� (dust, pollen, mold etc.) are bigger particles and quickly 

settle down by gravity or are washed out by rain. PM�.� 

(combustion, organic compounds, metals etc.) are smaller 

particles which remain in the atmosphere for a longer time (a 

couple of days to weeks). Due to their small sizes, they can be 

transported over longer distances. Their longer stay in the 

atmosphere, also makes the possibility of different 

photochemical and physiochemical processes, thereby 

altering their composition and characteristics. Therefore, the 

third category as 'mixed type', which de�nes those particles 

do not fall under �ne-mode and the coarse-mode category.

2.2 Optical properties of different atmospheric pollutants

Smog makes the atmosphere appear thick and dark or yellow 

in colour (depending upon the colour of pollutants present in 

the atmosphere).  It can occur any time during the year in the 

presence of air pollutants, however, the most noticeable 

times are from October to March, when lower temperatures 

and high atmospheric stability lead to reduced dispersal rates 

of pollutants. In order to get information about concentration, 

size distribution and variability of aerosols in Punjab, during 

the smog period, two types of optical properties have been 

used namely, aerosol optical depth  and Angstrom t

wavelength exponent ( ) . α

Aerosol optical depth is a dimensionless number that is 

related to the amount of aerosols distributed within a vertical 

column of atmosphere over the observation location. Aerosol 

particles in the atmosphere can block sunlight by absorbing 

or by scattering.  is used as a quantitative measure of the �t

extinction of solar radiation by aerosol scattering and 

absorption. Heavy aerosol loadings can lead to  higher than �t
0.3. In intense polluted days in Lahore,  > 1 has also been �t

reported.

Angstrom wavelength exponent  provides additional (α)

information on the particle size, aerosol phase function and 

the relative magnitude of aerosol radiances at different 

wavelengths.  is an exponent that expresses the spectral α

dependence of aerosol optical thickness (τ) with the 

wavelength of incident light .(λ)

 

(α) can be calculated from the spectral distribution of AODs 

following Ångström power law (Ångström, 1929) as:

where τ(λ) is the AOD at a particular wavelength λ (in μm) 

and β is the turbidity coe�cient ( at 1 μm). Typical values of 

α estimated from different  measured in the 0.44–0.87 μm 

wavelength regime are found to vary from 1 to 3 for fresh 

smoke particles, which is dominated by accumulation-mode 

aerosols to nearly zero for the atmosphere dominated by 

coarse-mode aerosols such as dust and sea salt [Holben et 

al., 2001; Eck et al., 2001]. α can be computed following the 

Volz method using any pair of wavelengths λ1 and λ2 as

where τ1 and τ2 are the AODs at wavelengths λ1 and λ2.  
α has been used in many studies as a tool to quantify particle 
size distribution from spectral distribution of  and for 
extrapolating  throughout the shortwave spectral region [e.g., 
Smirnov et al., 2002]. 

2.3 Climatology and seasonal air masses entering Punjab 

The climate of Punjab ranges from semi-arid to hyper-arid. 
Receptor site of Lahore being in northern ∘ ∘(31 32ʹN; 74 22ʹE) 
Punjab enjoys a semi-arid climate, while the deserts of 
Cholistan and Thal come under the hyper-arid category. 
Punjab receives frequent dust storms (DS) in the months April 
– June followed by monsoon rains from July – September. 
Hottest temperatures are recorded in the months of June and 
July with mean daily maximum temperature often exceeding 

∘40 C.  The rainy season is followed by the dry months of 
October and November. Cold weather persists December to 
March when the mercury falls as low as  on some of the ∘−2 C 
days.

(α)
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Looking at wind directions, during winter 
(December–February), western disturbances (from northwest 
and southwest) cause light to moderate rain and foggy 
conditions (Hameed et al., 2000), followed by pre-monsoon 
(April–June) during which air masses come from the 
southwest and the south resulting in dust storms (DS) and 
heat waves. The rainy monsoon (July–September) follows 
onwards, bringing along heavy downpour under in�uence of 
southerly and southeasterly air masses (Rasul and Chaudhry, 
2010) while the post-monsoon (October–November) is 
characterized as the dry season in which air masses usually 
come from the west. This makes Lahore particularly a 
sensitive receptor site in terms of long-range transport of 
different types of aerosols coming from remote locations 
carried along seasonal air masses.

The long-range transport of different types of atmospheric 
suspended particles (aerosols) on a regional basis, arriving 
Lahore (representing northern Punjab) originating from 
various source locations around the receptor site have been 
previously discussed in detail in a study carried out by GCISC  
(Zafar et al., 2018).  The results of the study showed that for 
the year as a whole, 61 percent of the particles originated 
from within Pakistan (mostly concentrated within Punjab) and 
39 percent from other regional sources. A classi�cation 
criterion was further established to identify aerosols as dust, 
anthropogenic (�ne-mode; mixed-mode) and maritime 
aerosols. Based on their �ndings, they established winter 
(December, January, February and March) and post-monsoon 
(October, November) seasons as the months during which 
most of the anthropogenic aerosols were transported to 
Punjab, from various locations both inside and outside of 
Punjab. 

This study discusses the regional sources of anthropogenic 
aerosols (responsible for smog formation) for a period of ten 
years ( 2008-2017)  on a seasonal basis i.e. for winter and 
post-monsoon.

The study entails in identifying different types of pollutants 
originating from within Pakistan focusing Punjab of Pakistan 
and regional countries. In the absence of any ground network 
of air quality observations, international data sources to study 
smog precursors have been utilized mainly taking into 
consideration optical properties of aerosols i.e. aerosol 
optical depth (τ) and Ångstrom Wavelength Exponent (α) in 

order to quantify their concentrations and types.

2.4 Smog source identi�cation in smog dominated regions 
with a focus on Punjab province of Pakistan 

2.4.1 Data and Methodology 
2.4.1.1 Hysplit air-parcel trajectory model

Hybrid Single Particle Lagrangian Integrated Trajectory 
(HYSPLIT) model, developed by NOAA's Air Resources 
Laboratory was used to create 5 - day air-back trajectories 
for the study period (2008-2017) to assess transport and 
sources of air pollutants.  HYSPLIT has been widely used in 
the research community for analyzing transport of air masses 
using forward and backward trajectories. The trajectories 
were created for the whole study period at the height of 2000 
m (2 km) taking Lahore as representative of smog dominated 
zone in Punjab. Lahore site has been selected based on 
availability of ground observations, hereby called as receptor 
site.

2.4.1.2 AERONET

The ground-based observations used for the study (period: 
2008-2017) are (a) sun-photometer data for aerosol-
monitoring, obtained from AERONET (AErosol RObotic 
NETwork) Level 1.5 (cloud-screened) (Holben et al., 1998; 
Smirnov et al., 2000), (τ) (500 nm) and (α) (measured 
between 440 and 870 nm),  installed in Lahore, and operated 
by the National Aeronautics and Space Administration (NASA) 
(https://aeronet.gsfc.nasa.gov/) ; 

Both AERONET and MODIS provide a powerful method for 
characterizing the optical properties and size distribution of 
atmospheric aerosols and have been extensively used to 
study the optical properties of aerosols at the global level 
(Holben et al., 1998). 

The trajectories were further associated with ground-based 
sun-photometer (AERONET) data of aerosol size distribution, 
to assess transport pathways of different aerosol types such 
as dust and anthropogenic arriving at the receptor site. 

2.4.1.3 ERA-Interim 

Besides the source analysis, monthly wind dynamics using 
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ERA-Interim from ECMWF at pressure levels (1000, 975, 950, 
900, 850 & 800) hPa have also been examined. The detected 
sources and wind speeds at different heights were studied in 
conjunctions with different extreme smog events.

2.4.2 Seasonal Dynamics with Hysplit  

In this study winter constitutes December, January, February 
and March, while post-monsoon constitutes October and 
November also shown by Hussain et al., 2005. Ali et al. (2014) 
studied the aerosol optical properties over Lahore (December 
2009 to October 2011) and found increasing  values over t
Lahore in winter. Their �ndings were also found consistent 
with Alam et al. (2010) and Alam et al. (2011) who also studied  t
trends over Lahore using MODIS data for the period's 
2001–2006 and 2002–2008 �nding that high mean  was t
obtained during the winter season. Figure 2.1 presents 
analysis of 5-day air-back trajectories for winter (DJFM), pre-
monsoon (AMJ), monsoon (JAS) and post-monsoon (ON).. The 

model simulations show seasonal variations in air parcel 
trajectories originating from different locations. In winter, 
most of the air parcels were arriving from west and south-
west, in pre-monsoon the westerly and south westerly air 
masses also became southerly, monsoon exhibited eastern 
transport of air masses along with westerly and southerly air 
masses while post-monsoon pre-dominantly exhibited south-
westerly air masses. This trajectory analysis also demonstrate 
the western disturbances originating from the Mediterranean 
Sea in winter, dust storms associated with the southerly air 
masses carrying along dust aerosols from the deserts of Thar 
and Cholistan in pre-monsoon, easterly and southerly 
monsoon currents originating from the Bay of Bengal, and the 
Arabian Sea in monsoon and dry season as a result of south 
westerly air-masses with no moisture in the post-monsoon. 
The seasonal variations in air masses depicted by model air 
parcel trajectories are also found to be in-line with the 
previous literature (Section 2.3), therefore these are used as 
baseline climatology to further build upon in the future time 
periods. 

Figure 2.1 : Five-day daily backward trajectories ending at Lahore from 2010 to 2014 with trajectory colors representing values of  measured at Lahore. The α

trajectories are shown season wise (a) winter (b) pre-monsoon (c) monsoon and (d) post-monsoon. The position of Lahore is represented by the black dots 
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Figure 2.2 (a) : Point source locations (Period: 2008-2017) for post-monsoon

2.4.3 Assessment and mapping of regional point source 
locations

In order to understand  smog conditions, point source 
locations were �rstly identi�ed based on HYSPLIT air parcel 
trajectories (period: 2008-2017). The methodology was 

adopted from Pace et al., 2006 which takes into consideration 
the interaction of an air parcel with the mixed layer  to 
identify aerosol source locations. Air parcel heights along with 
the tropospheric boundary layer heights were obtained by 
HYSPLIT at the height of 2000 m. . The aerosol loading at the 
source location was assumed as the point where the height of 
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Figure 2.1.1: Five-day daily backward trajectories ending at Lahore from 2015 to 2017 with trajectory colors representing values of  measured at α
Lahore. The trajectories are shown season wise (a) Post-monsoon (b) Winter. 

(a) (b)



an air mass 'zair' gets lower or close to the height of the 
mixed layer 'zmxl', e.g.(zair −zmxl)<500m (entrainment 
condition). However, if the criteria was being satis�ed at more 
than one point, that source location was chosen where the 
difference zair −zmxl was smallest (sign included). Those 
cases in which the entrainment condition was never met 
during the 5-day travel time of any trajectory, the air mass 
was considered to be in 'permanence condition'.

The point sources for anthropogenic aerosols were identi�ed 
for winter and post-monsoon. Pan et al. (2015) performed a 
multi-model evaluation of polluted aerosols over South Asia 
and found that the aerosol vertical mixing was relatively 
uniform within the lowest 2 km and could extend up to an 
altitude around 6 km in the pre-monsoon season. Therefore, 
the model was con�gured to obtain 5-day air-back 
trajectories at the heights of 2000 m by associating each 
trajectory with its corresponding  and  obtained from the t α

sun photometer data. The sources were identi�ed for the ten 
years period: 2008-2017 for post-monsoon and winter [Fig 2.2 
a,b].

Looking at the source locations, the sources were identi�ed 
on a regional scale; throughout Pakistan, in north-western 
India, Afghanistan, Iran and only a few in Saudi Arabia.
More sources were found in winter owing to the longer season 
length (i.e. four months in winter compared to the two months 
in post-monsoon).

2.4.4 Seasonal uni-modal and bi-modal distributions

Fig 2.3 shows that aerosols present in winter constituted two 
means (period: 2010-2014). The lower means (lower α) depict 
coarser aerosols while higher means (higher α) depict �ner 
aerosols. The distribution of sources depicts that coarser 
aerosols that might be present over the region in winter 
constitute the mean range of α (0.6-0.7) while �ner aerosols in 
range α (1.2-1.3). The distributions showed that winter was 
dominated by the �ner particles, pre-monsoon with coarser 
particles (having a uni-modal distribution of coarser aerosols), 
monsoon with equally distributed coarser and �ner particles 
(washed away with scattered rains and often depicted by 
cloudy conditions when studying with satellite) while post-
monsoon dominated by �ner aerosols (uni-modal distribution 

Figure 2.2 (b) : Point source locations (Period: 2008-2017)  for winter at 2000 m
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of �ner aerosols). In order to learn about the occurrence of 
smog sources in the current study, winter and post-monsoon 
seasons were selected, which were pre-dominated by the 
�ne-mode aerosols with anthropogenic origin. Lahore was 
ultimately found to fall under mean α of 1.2-1.3, while coarser 
or dust aerosols with mean α of 0.6-0.7.

2.4.5 Classi�cation

An aerosol classi�cation criteria developed by Zafar et al., 
2018 to detect aerosol source locations around a northern 
Punjab site (Lahore) has been applied further. . The criteria 
identify dust (i.e. dust), biomass burning/ urban-industrial (i.e. 
bu) and mixed (i.e. mixed) type aerosols over the study region 
[Fig 2.4 a, b]. The properties of dust aerosols were de�ned by 
t ≥0.3 and  ≤0.<75, while the properties for anthropogenic α

aerosols 'bu' were de�ned by  ≥0.2 and  ≥1.15. The aerosols t α

which lie in between the two thresholds were put under the 

Figure 2.3 : Gaussian distributions �tted to the aerosol sources found around Lahore from 2010 to 2014 for  showing the occurrence frequency of α

different aerosols in (a) winter (b) pre-monsoon (c) monsoon and (d) post-monsoon. (Source: Zafar et al., 2018 )

criteria for 'mixed' type of aerosols. The aerosols with < 0.2 t
were characterized as a clean environment. It was found that 
Lahore exhibited virtually NO clean environment. From  Fig. 
2.4, it is evident that most of the detected aerosol sources in 
winter and post-monsoon were found to lie in the category of 
urban industrial/biomass burning 'bu' and then in the 'mixed' 
type category. , while the particles in pre-monsoon were lying 

in the desert dust (DD) category. The particles in monsoon 
were lying in all three categories depicting equal contribution 
of all types of aerosols during this season. 

Therefore, based on the analysis,  post-monsoon and winter 
have been considered to study smog conditions over Punjab. 
Previously, no such studies have been done regarding source 
detection of pollutants originating from any local or regional 
source locations, arriving the districts of Punjab or any other 
part of Pakistan. Also, this study is the �rst ever attempt in 
identifying the smog sources and smog aerosol types on a 
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regional scale in light of certain threshold criteria for 
characterizing an air parcel composition into DD, BU, mixed 
and maritime pollutants. Smog in the post-monsoon is also 
referred as 'smoky haze' as dry season constitutes dry (�ner) 
particles, which when combined with smoke and other 
vehicular and industrial emissions turn into smog, hindering 
visibility. Smog in winter is also referred as  as 'smoky fog' 
because the lower temperatures condense the atmospheric 
gaseous water content in liquid droplets making fog, which 
traps incoming smoke and other pollutants, thus constituting 
smog.

From the �gure below, it can be seen clearly that 'bu' and 
'mixed' aerosols are mostly concentrated within Punjab and 
around the eastern border of Punjab. All three types of 
sources are present throughout the study domain, however, 
mostly occurring sources are found within Punjab. The 
contributions from India, Afghanistan, and Iran were further 
assessed by �nding out the total number of sources and their 

percentages in table 2.1 and 2.2.

2.4.6 Absolute and percentage distribution of point source 
regions

Of all types of  aerosol sources found around Lahore during 
winter and post-monsoon, 65 % of the sources were detected 
within Pakistan, 17 % in India, 11 % in Afghanistan, 5 % in Iran 
and 1 % in Saudi Arabia 1 %.  On a seasonal basis, 63 % of all 
types of regional sources were found in winter while 37 % in 
post-monsoon.  Of all the sources detected in winter, 39 % 
were detected in Pakistan, 13 % in India, 6 % in Afghanistan, 
4 %, in Iran, and no source were detected from Saudi Arabia.  
In post-monsoon, 26 % of the sources were detected in 
Pakistan, 4 % in India, 5 % in Afghanistan, 1 % in Iran and 1 
% in Saudi Arabia.  

The overall detected sources were further categorized into 
coarse-mode, �ne-mode and mixed type pollutants in both 
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Figure 2 .4 : Classi�cation of point sources in to dust, biomass burning/urban-industrial, mixed and maritime pollutants (period:  2008-2017) (a) in 

post-monsoon (b) winter.

winter and post-monsoon. From all the sources detected in 
winter in Pakistan, it was found that 8 % of the sources 
belonged to coarse-mode pollutants, 34% of them as �ne-
mode, 16 % as mixed-type while 2% as maritime. From India, 
it was found that 5% belonged to coarse-mode aerosols, 7% 
to �ne-mode aerosols, 8% to mixed-type aerosols and 1% 
maritime aerosols. From Afghanistan, 1 % of the sources 
belonged to coarse-mode, 6 % to �ne-mode and 3 % to 
mixed-type. From Iran, 2 % belonged to coarse-mode, 3 % to 
�ne-mode and 2 % to the mixed-type category. There is no 
signi�cant contribution of �ne-mode aerosols in winter from 
Saudi Arabia. 

The sources detected in post-monsoon within Pakistan, 2 % 
belonged to the coarse-mode category, 46 % to the �ne-
mode category, 23 % to mixed-mode category while 1 % to 
the maritime category. From India, no sources were detected 
in post-monsoon in coarse-mode category, 9 % were 
detected in the �ne-mode category while 2 % in the mixed-
type category. From Afghanistan, 7 % in �ne-mode and 6 % 
in mixed mode while both Iran and Saudi Arabia, had 1-2 % 
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contribution of �ne-mode sources. 

Overall 37% of all 'bu' pollutants in winter were detected 
within Pakistan with India being the second biggest source (at 
13%). In post-monsoon, 23 % of sources were detected within 
Pakistan and 4-5 % in both India and Afghanistan. Iran and 
Saudia Arabia was found to have a minimal share. 

Looking at the following tables, overall 65 % of both 'bu' and 
'mixed' type pollutant sources were detected within Pakistan, 
making it a major share of sources. Therefore, any 
mitigation/adaptation measures eventually needed to 
eradicate the smog problem are needed to be addressed and 
implemented on an urgent basis within Punjab. Fig. 2.5 
represents table 2 graphically.  
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Table 2.1 : Different types of aerosol sources (coarse mode/dust, �ne mode/urban-industrial, mixed type, and background type)
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Table 2.2 : Percentage wise types of aerosol sources
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Figure 2.5 : Graphical representation of aerosol sources
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2.5 Spatial source identi�cation using MODIS deep blue 
imagery

2.5.1 Data and Methodology  
2.5.1.1 Aqua MODIS deep blue imagery

Daily images were obtained from aerosol product (MYD04_L2, 
Collection 6.1, Level 2.0, 10 x 10 km) from sensors such as 
Moderate Resolution Imaging Spectrometer (MODIS) 
(http://modis-atmos.gsfc.nasa.gov/) onboard Aqua satellite 
(re�ectance at 550 nm), employed with the Deep Blue (DB) 
algorithm (Hsu et al., 2004, 2006; Sayer et al., 2013) which 
provides an aerial coverage of the aerosol optical parameters. 
The algorithm brightens the satellite re�ectance in the 
presence of dust and enhances the spectral contrast. The 
algorithm also consists of a suite of aerosol models for dust, 
smoke and continental aerosols.
 
The HDF-EOS to GeoTIFF Conversion Tool (HEG) of NASA 
(https://newsroom.gsfc.nasa.gov/sdptoolkit/HEG/HEGHome.ht
ml) allowed using the Aqua MODIS DB data by re-projecting it 
on a regular latitude-longitude grid with 0.1� spacing and 
stitching into daily �les (Klein et al., 2006).  Linear 
interpolations were performed for all MODIS granules from 
2008 to 2017.

2.5.2 Assessment of frequently occurring spatial source 
regions of smog

To further assess spatial source locations on seasonal basis 
(period: 2008–2017) of anthropogenic aerosols over the smog 
dominated region, different extreme events i.e. dense smog 
days, were selected. The criteria were selected as  >1.0, α ≥ 
1.15 and  >1.0,α ≤ 0.75 to classify high loadings of 'dust' and 
'bu' type aerosols on a spatial scale. Fig. 2.6 a, b shows the 
presence of 'bu' and 'dust' source locations for winter and 
post-monsoon. 'FOO' represents the frequency of occurrence 
of spatial source locations (in percentage).

Figure 2.6 depicts that in post-monsoon, more than 80 % of 
the source regions are centered around northern Punjab 
expanding towards the central and southern regions (FOO 
(anthro). The  values (AOD) are attributed to the anthropogenic 
activity on-going in and around Punjab as no dust source 
regions were found (FOO (dust)). In winter, the aerosol 
loadings are again attributed to the presence of 
anthropogenic source locations (FOO (anthro)). During winter, 

burning of coal, wood and brick kiln etc. are an on-going process 
which produce NOx and CO emissions in the presence of other 
vehicular and industrial emissions. These activities can be seen 
taking place across the whole Indo-Gangetic plain and the 
eastern central states of India. This provides an indicator that 
rice stubble burning activities in the post-monsoon take place at 
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different locations than the winter combustion activities. 

Figure 2.7 [a, b] indicates that the problem has indeed been 
intensi�ed during the past three years in which the burning 
activities have spread both south of Punjab and west of 
Punjab. Also, the burning activities have intensi�ed more 
across the Gangetic plains and across the eastern and 
southern states of India especially in the post-monsoon 
season. Looking at the percentage of sources, more than 

80% are found in eastern Punjab with a lateral spread and 
across the Indian regions of burning activities.

Figure 2.6: Seasonal spatial source locations (in %) of 'bu' and 'dust' 

aerosols.  (period: 2008-2014). (a) post-monsoon (b) winter. For both 

seasons, top �gures represent   values, middle �gs represent FOO for 'bu' 

type pollutants and bottom �gs as 'dust type pollutants.
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Figure 2.7a: Upper panel (post-monsoon) Left –Right (2010-2014) – 2017, (b) Lower panel (winter) Left – Right (2010-2014) – 2017.
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2.5.3 Assessment of smog affected regions (case to case 
basis)
 
The individual cases of various extreme smoggy days were 
further investigated to �nd event-based analysis of 
anthropogenic aerosols. Below is the sequence of �gures 
depicting individual events. The �gures have been created by 
projecting  values against the non-missing α values for 
anthropogenic aerosols. All events have been taken for  > 1.0 
and α ≥ 1.15 to detect the presence of 'bu' type pollutants. 

The intense smog events have only been taken for the post-
monsoon as this season brings along more smoky haze 
compared to winter. Events have been taken from 2008 – 
2017.  Individual events give an idea of the lateral spread of 
smog in Punjab and across the Gangetic plains including the 
eastern Indian states, depicting that burning activity have 
indeed been increased at both sides due to which the 
problem has increased and spread to the vast localities. 
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Figure 2.8: Different extreme smog events in the post-monsoon from 2010 – 2017. (R.H.S) aerosol optical depth ( ). (L.H.S)   values have been plotted t t

against anthropogenic .α

2.6 Seasonal dynamics and trends of smog (period: 2008-
2017)

2.6.1 Dynamics in post-monsoon

The wind vectors in �g. 2.9 presents (magnitude of zonal and 
meridional winds) from surface (1000 hPa) to 2 km (800 hPa) in 
the month of October averaged from 2008-2017. The data 
shows a persistent high pressure over central and eastern 
India at 1000 hPa, which starts shifting to the north when seen 
at higher pressure levels. At 800 - 850 hPa the high pressure 
can be seen over east of Punjab with a meridional shift of 5º 
to the north (i.e. 26º N – 31º N). The presence of high pressure 
up to the high levels depicts high atmospheric stability which 

serves to inhibit any atmospheric movement (and traps the 
pollutants in that region) that might be present at that time. 
High stability conditions from central India up to northern 
Punjab also seem to welcome high accumulations of 
pollutants into northern Punjab in the month of October which 
might not get clear even in November due to the absence of 
rains. From surface to 950 hPa, northwesterly winds can be 
seen blowing over Punjab entering into the Gangetic Plains. 
Winds become southerly at 900 hPa while easterly and 
southeasterly going up to 800 hPa entering from central India 
into central Punjab. Therefore, we might infer that the high-
pressure center present over 800 hPa to the east of northern 
Punjab acts as a precursor of movement of pollutants outside 
of Punjab at surface levels and inside of Punjab at higher 
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levels along the movement of winds.  Colors and length of the 
wind vectors indicate the wind speeds. 

2.6.2 Dynamics in winter

The wind speeds in winter (�g. 2.10) were also assessed. A 
prominent high pressure was found centered over the 
southeast of the Sindh province of Pakistan in the month of 
January. Also, a seasonal shift in winds has been observed 
during the month of November and December (not shown 
here), with no signi�cant cyclonic or anti-cyclonic activity. 
The high pressure signi�es atmospheric stability conditions in 
this region, when assessed at higher levels, where stability 
conditions prevail, however, shift to the northeast with a 5º 
meridional shift (i.e. from 25º N – 30º N) and a 2o zonal shift 
(i.e. 70º E – 72º E), entering into the south-central Punjab of 
Pakistan. In January, we see that westerly winds prevail over 
the surface at 1000 hPa, however, when we go to the higher 
levels i.e. 950 hPa winds become more southerly. At 850 hPa, 

south and central Punjab experience persistence of a 
localized high-pressure center, which eventually engulfs most 
of Punjab at 800 hPa. Presence of high pressure at higher 
levels seems to be an indicator of vertical mixing and 
transport of regional pollutants across the eastern boundaries 
into south Punjab, while outside of Punjab into the Gangetic 
plains at the surface levels. In winter, due to lower 
temperatures foggy conditions occasionally prevail which act 
as a precursor to trap any incoming pollutants causing 
hazardous health conditions. Any incoming rains are a result 
of western disturbances entering into Balochistan with 
positive vertical velocities (indicating cold air and 
subsistence) over the region and negative vertical velocities 
(indicating warm air and ascent) over most parts of Punjab. 
Such a system establishes as a result of atmospheric 
disturbances originating from the Mediterranean carrying 
along the moisture, at 200 – 300 hPa with triggers ascending 
and descending air masses at 500 hPa and the surface, 
creating atmospheric instability conditions.

Figure 2.9 : Wind speeds in October (period: 2008-2017) from 1000 hPa – 800 hPa (upper left to lower right).
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Figure 2.10: Wind speeds in January (period: 2008-2017) from 1000 hPa – 800 hPa (upper left to lower right).

|  35  |

SECTION II
Climatological Modeling of Smog



2.6.3 Trends of smog in post-monsoon

The trends of all three types of identi�ed aerosol detection 
points or sources were assessed on yearly basis (i.e. from 
2008- 2017) in order to capture the average annual variations 

of smog over the region. The trend plots were obtained for 
both  and α, for post-monsoon and winter. Looking at the t
yearly trends, in post-monsoon, 'bu' and 'mixed' type pollutants 
were found comparatively higher than 'dust' in the years 2010, 
2013, 2015 and 2016 (the data was missing for years 2008 and 
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Figure 2.11 : Upper Panel indicates trends of post monsoon values from 2008 – 2017, Lower Panel indicate trends of  values from 2008 – 2017.α
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2014). The highest loadings of 'bu' were found during 2016 
while the highest loadings of 'mixed' were found during 2015.  
In 2017, there seems to be some policy intervention as the 
loadings were found much lower compared to the two 
previous years. Looking at the α trends, the size distribution 
remains the same throughout the years showing that nature 
of anthropogenic activities remained the same, however 
intensity of activities kept on changing (graph) with changing 
aerosol loadings of  'bu' and 'mixed' type pollutants from year 
to year. 

2.6.4 Trends of smog in winter

Looking at winter trends, high loadings of 'bu' type pollutants 
were found during the years 2010, 2014, 2015 and 2016 in which 
the highest was observed during the year 2015 followed by 

2016. Highest 'mixed' type pollutant loadings were observed 
during the year 2016 followed by 2015. Again, in the year 2017, 
the loadings were observed as lowered compared to the 
previous two years. High 'dust' loadings were observed in the 
years 2010 and 2012. s values were found uniform up to the 
year 2014, however, there was a signi�cant increase in the 
aerosol loading during the 2015 and 2016. In 2017, aerosol 
loading was again found to be consistent with the previous 
years during both seasons. The  values indicated that almost α

uniform trends of �ne-mode particles or pollutants prevailed 
throughout the years with slight �uctuations (increase) in 'bu' 
type particles i.e. more �ne particles in 2012 and 2015. Winter 
trends also show that the nature of winter anthropogenic 
activities remained the same, however, the loadings of �ne-
mode and mixed particles kept changing from year to year. 
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Figure 2.12 : Upper Panel indicates trends of winter  values from 2008 – 2017, Lower Panel indicate trends of α values from 2008 – 2017.

2.7 Results & �ndings of climatological modelling
 
Most of the aerosol sources were detected within Pakistan. 
'biomass/urban' and 'mixed-type' pollutants were found mostly 
originating from within Pakistan in the smog dominated zone, 
however, sources were also detected in neighboring regions 
such as India, Afghanistan, and Iran with Indian contributions 
mainly constituting �ne mode 'biomass/urban'' type 
pollutants.  On a seasonal basis, winter was found to comprise 
more sources than post-monsoon due to the greater season 
length, however, more 'biomass/urban'' type pollutant sources 
were found in the post-monsoon. 

Trend analysis showed higher concentration during the recent 
years i.e. 2015 – 2017, which is also con�rmed by the spatial 
source locations found by the satellite data. The satellite 
pictures of smog dominated area show that burning activities 
in winter take place in different locations than the post-
monsoon even though the composition of pollutants show the 

uniform  with high . In the high-pressure system, α t
accumulation of pollutants is evident, therefore, if burning 
and combustion activities are controlled, the smog problem 
can be controlled.
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SECTION III
REMOTE SENSING ANALYSIS 

AND NUMERICAL MODELING

Key messages
 Though the assessment of regional point sources 

1show majority of smog sources lying within 

Pakistan, the Remote Sensing analysis of �re events 

indicates more �re events occurring in Indian 

administered Punjab. It is therefore evident that Smog is 

a trans-boundary issue and requires regional 

cooperation.



3.1 Data acquisition and their characteristics

Based on the available literature and review of available 
remote sensing-based data sources, total 6 types of data 
products were selected for mapping of smog, thermal 
anomalies, and air pollutants. Table 3.1 lists the sources from 
where the datasets were acquired. Owing to the complex 
nature of smog where it resembles a lot with fog (at least 
visually), direct detection and mapping of smog through 
satellite remote sensing was quite di�cult and required a lot 
more data variables and complex data processing. Therefore, 
this research study explored the methods for indirect 
mapping of smog using the satellite images and data of a 

variety of pollutants, through establishing spatiotemporal 
relationships between the visually evident smog/fog and the 
relevant air pollutants.

3.1.1 Aerosol Optical Depth

The presence of atmospheric aerosols performs a substantial 
role in the radiation of earth by means of radiative forcing 
along with chemical �uctuations. The aerosols produced by 
anthropogenic activities are complicatedly associated with 
the earth's self-regulating systems. The aerosols re�ect the 
sunlight and their presence results in the overall cooling of 
the climate (Kaufman et al., 2002). The calculation of the total 
effect requires precise information on aerosols distribution 
around the globe by means of satellite observations (Kaufman 
et al., 1997). Aerosols can scatter and/or absorb the solar 
radiation coming to the earth, where Aerosol Optical Depth 
(AOD) is a description of light absence in the path from source 
to the observer. Hence, more aerosols tend to reduce the 
intensity of light reaching the surface which is abundantly 

Table 3.1 : Sources, format, temporal and spatial resolutions of data acquired.

evident in the smog period. Therefore, this study uses daily 
AOD from MODIS for the study period over the region.

3.1.2 Mapping of Ozone

Ozone present in the lower troposphere (ground level) is a 
well-known secondary pollutant. It is a product of complex 
series of photochemical reactions including hydrocarbons 
such as volatile organic compounds (VOCs), and nitrogen 
oxides NOx (NO, NO�) in the presence of solar irradiation 
(Sillman, 1999). The chemical components required for Ozone 
formation originate from both anthropogenic activities (e.g., 
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industry and vehicle emissions) and biogenic sources (e.g., 
forest, and soil). Unlike Ozone in the upper atmosphere 
(Stratosphere) where it occurs naturally and is responsible for 
the protection of earth by absorbing the Ultra Violet (UV) 
radiations.

The man-made Ozone has adverse health and ecosystem 
effects; it is a strong greenhouse gas that contributes directly 
to global warming with radioactive forcing (IPCC, 2007; 
Stevenson et al., 2013; Monks, 2014; Sillman and Samson, 1995). 
The atmospheric lifetime of Ozone gas is short in polluted 
areas, whereas the concentrations of its precursor are 
relatively high. Their atmospheric residence time in the 
troposphere is around a week (Monks, 2014).
 
In this study, Ozone Total Column (OTC) daily measured by 
NASA Ozone Monitoring Instrument (OMI) was used. Total 
Column Ozone, or Column Amount Ozone, is the atmospheric 
density of Ozone in a vertical column of air. The Dobson Unit 
(DU) is a measure of total Ozone and is used for OMI and TOMS 
data. The Ozone monitoring instrument is a visual and 
ultraviolet spectrometer aboard the NASA Aura spacecraft. 
OMI can differentiate between aerosol types, such as dust, 
smoke, and sulfates, and can quantify the cloud pressure and 
coverage, which provides information to estimate the 
troposphere Ozone. The data ranges from the year 2008 to 
2018 for the months of October to February. The Ozone 
gridded product was downloaded for global scale, and then 
study area was extracted in a GIS environment. 

3.1.3 Mapping of SO� and NO�

NO� being a strong pollutant has been listed as a target 
pollutant. It plays an acute role in the chemistry of the 
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atmosphere (speci�cally troposphere) being mainly 
concerned for the formation and deposition of secondary air 
pollutants such as photochemical smog and acid rain 
(Seinfeld and Pandis, 2008). NO� can absorb the visible 
radiation and ultimately contribute in reducing the 
atmospheric visibility. Having this property along with the 
increased amount of its presence in the atmosphere, NO� 
carries a threat to alter the world climate. The world's climate, 
environment, and human health are already at risk due to air 
pollution. Urban air pollution is formed because of a 
combination of carbon monoxide (CO), sulphur dioxide (SO�), 
oxides of nitrogen (NOx), Ozone, and suspended particulate 
matter (SPM) along with volatile organic compounds.  

As a result, the air pollution is continuously escalating in the 
metropolitan cities of Pakistan due to the rapid increase in 
industrialization, means of transportation and population 
growth. The main source of air pollutants such as sulphur 
dioxide, nitrogen oxides, and carbon monoxide along with the 
particulate matter is combustion processes in industrial 
sectors and vehicles. NO� in the atmosphere is discharged 
through the burning of biomass, microbial processes in soil 
and combusting process of fossil fuels. The fastest escalation 
has been observed in Asia annually, at a 4-6 % increase 
(Ghude et al., 2009). Approximately 50% of NOx is released 
from tra�c and industries and 20 to 25% is released by the 
burning of biomass. In Pakistan, unlike global trends, 
anthropogenic activities play a major role in contribution to 
NOx sources. Based on the new and modern satellite 
technology and knowledge, the dynamic global trends 
scenarios can be observed well in time (Bortoli et al., 2007). 
Measurements of certain features or components are easily 
available since certain satellites became operational. This 
study uses the NO� and SO� data from the OMI sensor for the 
study period and area of interest. 

3.1.4 Optical and Chemical Characteristics of Aerosol 

Cloud-Aerosol Lidar and Infrared Path�nder Satellite 
Observations (CALIPSO) data were utilized to identify the 
vertical depth and types of aerosol season wise from 2008-
2018 using Vertical Feature Mask (VFM). CALIPSO is 
spaceborne LIDAR which can detect the presence of the 
aerosols at small vertical intervals starting from near earth 
surface up to the top of the atmosphere. CALIPSO can 
estimate the possible nature of the detected aerosols along 

the vertical pro�le. This data termed as VFM is used in this 
study. 

3.1.5 Active �re mapping 

Fire plays a crucial role in the structure and distribution of an 
ecosystem. Fires are caused by several reasons, for instance, 
pasture renewal in agricultural processes. Generally, �res are 
mainly run by several climatic factors. They can be caused by 
short-term or long-term factors such as precipitation 
patterns, temperature variations, and drought conditions etc. 
Biomass burning can also be caused due to decaying forest 
residues and crop stubbles. The smoke from biomass burning 
consists of numerous chemicals including carbon dioxide, 
carbon monoxide, hydrocarbons, water vapours, nitrogen 
oxides, and many other compounds. The smoke 
concentrations during burning tend to be higher when carbon 
monoxide along with other compounds and materials is 
emitted from smouldering �res.

Because of incomplete combustion, carbon dioxide, carbon 
monoxide, methane and compounds of other elements such 
as nitric oxide and sulphur dioxide are also produced. The 
increased level of carbon monoxide can affect human health. 

The emissions from these gases ultimately leave an impact on 
the atmosphere's chemical compositions and biogeochemical 
cycles (Andreae et al., 2005). The process of burning takes 
place in three steps:

a. Ignition
b. Flaming
c. Smouldering

Biomass burning serves a variety of purposes. It can help 
control weed, brush and garbage accumulation in crop �elds 
and grazing lands. It clears brushland and forest for 
agricultural purposes. It also provides with nutrient 
regeneration in croplands. In addition, biomass burning also 
produces charcoal for industrial use along with energy 
production for domestic purposes. The number of major 
aerosols in the atmosphere includes sulphate (SO�), nitrate 
(NO�-), black carbon, ammonia (NH�+) and organic carbon that 
are highly present in the eastern side of Pakistan. The lack of 
effective monitoring and measuring of air pollution is making 
Pakistan a vulnerable region as compared to the developed 
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world (Shahid et al., 2015).

This study also utilized the �re data from MODIS as recent 
studies have uncovered that employing MODIS active �re 
product enables us to identify burning crop residue, especially 
in the areas where traditional methods like normalized burn 
ratio were not su�cient (McCarty et al., 2007; Anderson et al., 
2012). MODIS collects �re data twice on daily basis by two 
satellites terra, commenced in 1999 and Aqua commenced in 
2002 at morning and evening respectively. NASA's active �re 
product MODIS (Moderate Resolution Imaging 
Spectroradiometer) (Justice et al., 2002) was the �rst �re data 
set made from the latest generation of 1 KM �re-capable 
sensors on-board terrestrial satellites. Since 2000, �re 
products of MODIS have been utilized to address concerns 
regarding biomass burning and its impact on earth's 
ecosystem(e.g. Chen, Velicogna, Famiglietti, & Randerson, 
2013; Chuvieco, Giglio, &Justice, 2008; Ichoku & Kaufman, 
2005; McCarty, Justice, &Korontzi,2007; Mollicone, Eva, & 
Achard, 2006; Peterson, Hyer, & Wang, 2014;Vadrevu et al., 
2012; Wooster & Zhang, 2004) and multiple other  
applications(e.g. Kaiser et al., 2012; Longo et al., 2010; Reid et 
al.,2009; Ressl et al., 2009; So�ev et al., 2009; Wiedinmyer et 
al., 2011). The �re products such as of MODIS and VIIRS are 
useful in terms of cultural analysis as well (e.g. Bromley, 2010; 
Koren, Remer, & Longo,2007; Schroeder, Giglio, & Aravéquia, 
2009). The MODIS active �re algorithm is based on algorithms 
formulated for AVHRR and TRMM VIRS (Giglio, Kendall, & 
Justice, 1999; Giglio, Kendall, & Mack, submitted for 
publication; Justice, Kendall, Dowty, & Scholes, 1996; Kaufman 
et al., 1990). The algorithm detects thermal irregularities per 
pixel by utilizing multiple channels (Giglio et al., 2003), 
followed by secondary emphasis which involves the 
application of the MODIS burned area algorithm (Roy, Lewis, & 
Justice, 2002). 

The �re products of MODIS contain Fire Radioactive Power 
(FRP), along with the grid location of �re pixels with respect to 
a coordinate system, date and time of �re occurrence 
(Kaufman et al. 1996). FRP refers to �re intensity which is the 
assessable degree of radiant heat that is directly related to 
the rate of combustion and emission of smoke.  (Ichoku and 
Kaufman, 2005; Wooster et al., 2003; Wooster et al.,2005). 
Many modi�cations and validations have been made in the 
derivation of FRP and �re by Wooster (2002), Wooster et al. 
(2005), Schroeder et al. (2010), Peterson et al. (2013), and 

Freeborn et al. (2014). The quality of individual �re pixel is 
determined by means of con�dence, it has three main 
classes:

Ÿ Low con�dence �re
Ÿ Nominal con�dence �re
Ÿ High con�dence �re

Many studies have validated the accuracy of MODIS products 
by comparing it with an independent well-established source 
at a global level (Justice et al., 2000). There are also numerous 
ground-based validation processes formulated by 
collaborating with �re groups internationally (Morisette, 
Justice, Pereira, Gregoire, & Frost, 2001, Schroeder et al., 
2014).

The active �re data product of Visible Infrared Imaging 
Radiometer Suite (VIIRS) 375 m was also selected for mapping 
thermal anomalies/crop burning. This data product is 
provided by the Fire Information for Resource Management 
System (FIRMS), where the data is obtained through the VIIRS 
sensor aboard the joint NASA/NOAA Suomi National Polar-
orbiting Partnership (Suomi-NPP) satellite. The 375 m data 
complements Moderate Resolution Imaging 
Spectroradiometer (MODIS) �re detection; they both show 
good agreement in hotspot detection, but the improved 
spatial resolution of the 375 m data provides a greater 
response over �res of relatively small areas and provides an 
improved mapping of large �re perimeters. The 375 m data 
also has improved night-time performance. Consequently, 
these data are well suited for use in support of �re 
management (e.g., near real-time alert systems), as well as 
other science applications requiring improved �re mapping 
(EOSDIS, 2017).

There is the potential for false positives detection of the �res. 
Therefore, only data with a con�dence level greater than 95% 
is used in this study provided by NASA for each detection 
point of �re (Figure 3.1). It is important to mention that �re 
event discussed in the study does not include �res burning 
out between the passes of the satellite and very small or low 
energy �res. Therefore, it is to bear that results of the study 
will not overestimate the �re events and relative inferences 
are at the discretion of the reader.
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Figure 3.1 : Raw (left) and processed (right) active �res data (VIIRS) of Punjab, Pakistan for a sample time. Number �re events signi�cantly reduced 

when a con�dence level of 95% or above is selected.
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3.1.6 Forward Trajectories - Transportation of Air Pollutants

Satellite-based remote sensing undoubtedly provides a 
unique opportunity to derive regional, global, and seasonal 
spatial patterns for aerosol loads and aerosol properties. The 
spatiotemporal processes involved can then be indirectly 
described and mapped through modeling techniques, e.g., by 
using the USA's National Oceanic and Atmospheric 
Administration (NOAA) HYSPLIT model (Draxler and Rolph, 
2003). In order to understand the effects of aerosols on the 
earth's climate system and the human health, there must be a 
routinely monitoring system setup, both on a global scale and 
on regional or local scales, in particularly by analysing their 
spatial and temporal patterns. 

To study the atmospheric transportation of chemical species 
both short term and long term, over the geographical location 
is performed by using the trajectory model. The spatial 
position of air parcels in the atmosphere makes it easy to 

identify the possible pathways, routes, and locations where 
pollutants can be transported.

The aim of the analysis was to examine the transboundary 
�re smoke and within Pakistan in association with crop type 
overlay with hotspot analysis of all �re events.

3.2 Data processing

Keeping in view the objectives and scope of this study, a 
period of ten years was considered i.e. from October 2008 to 
February 2018. It should be noted that only month of October, 
November, December, January, and February was included. 
Preference was given to select the weekly data (around 20-
time steps between October and February) in the case where 
weekly data was not available, monthly data was used.
 
The overall methodology of this Remote Sensing analysis 
revolves around mapping thermal anomalies/crop burning and 



smog using satellite-based remote sensing data sources, and 
to determine the extent of the relationship, if any, between 
these two. Figure 3.2 presents the general framework of this 
study, whereas further details are described in the following 
sections:The basic pre-processing of all the datasets was 
carried out, where almost all the pre-processing steps were 
applied to the data acquired. The second step involved data-
speci�c processing as the data preparation requirements 
were different for each dataset. 

1. Conversion to raster grids: Where data were not available 
natively in raster format, it was converted to raster data 
format, mainly using QGIS, Interactive Data Language (IDL) 
and/or other tools.

2. Re-projection: The data were re-projected to a common 
geographical reference system WGS-84.

3. Mosaic and subset: Data was mosaicked (where needed) 
and clipped to the boundaries of Pakistan and Indian 
administered Punjab.

4. Statistical operation: Weekly/Monthly/Seasonal averages of 
the data were computed, where applicable using daily data.

Later processed data was subjected to basic analyses for the 
spatiotemporal variations and relationships among different 
variables. The spatiotemporal variations in each data variable 
were examined as the �rst part of data analyses. Mapping of 

each data variable for each time step was carried out, and the 
maps prepared were later examined visually to comprehend 
the spatiotemporal variations within each data variable. Apart 
from regular mapping, density maps were created for active 
�re data using kernel density method in ArcMap to identify 
the hotspots of �re instances. Moreover, the low and high 
values of the relevant data variables were also examined to 
see the temporal variations in each. Animated images 
illustrating the spatiotemporal variations in each data variable 
were also created.

The spatiotemporal relationships were examined using 
rigorous statistical machine learning algorithms applied to 
test the relationships between the AOD and other data 
variables. Different options were explored to carry out 
regression analysis to investigate the relationships between 
the dependent variable, for instance, smog, and the 
explanatory / predictor variables, for instance, active �re, 
AOD, CO, SO�, and NO�. The most common regression analysis, 
i.e. Ordinary Least Square (OLS) could not be applied since the 
dependent variable, in the case of the �rst framework, is 
discrete and binary in nature with only two data values, i.e. 0 
(no smog/fog) and 1 (smog/fog). To account for this, it was 
necessary to apply a generalized linear modelling (Nakaya, 
2015), where a linear regression model describes a linear 
relationship between a response and one or more predictive 
terms. Most of the times, however, a nonlinear relationship 
exists between the data where a nonlinear regression 
describes general nonlinear models. A special class of 
nonlinear models, called generalized linear models, uses 
linear methods. In generalized linear models, each set of 
values for the predictors, the response has a distribution that 
can be normal, binomial, Poisson, gamma, or inverse 
Gaussian. In the case of the current study, it was a binomial 
response which was recorded, the intention was to examine 
the relationship of 'presence' or 'absence' of smog delineated 
through satellite imagery. Different software programs were 
considered (the majority of them tested as well) for these 
analyses, e.g. R, and GWR4 tool. R and Interactive Data 
Language (IDL) was selected and used for the analyses as it 
provided an edge over other programs in terms of 
performance and reliability, and because it also supported 
generalized linear modelling for the binomial distribution.

The data needed appropriate preparation to perform 
regression analysis in R and Minitab, which involved several 

Figure 3.2: General Methodology
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sequential processing steps – the majority of these 
geoprocessing tasks were performed in ArcMap, ERDAS 
Imagine and IDL. The overall geoprocessing work�ow, from 
processing the data for regression analysis to performing the 
actual correlation analyses, as illustrated in a later relevant 
section.

3.3 Results of Remote Sensing Analysis

This section presents the results and discussion on the 
spatiotemporal analyses of the data variables. Each data 
variable is discussed individually in the following sub-
sections.

3.3.1 Aerosol Optical Depth

All data is scaled between 0 to 1 for improving the display 
showing an extremely clean environment or cloud free 
environment for values close to 0.0 and 1.0 refer to hazy 
atmospheric conditions. Every map of AOD is generated by 
taking the mean of a season, one season includes the months 
October, November, December, January, and February from 
each year from 2008 to 2018. Maps for all the ten years were 
produced in a similar way. The high level of aerosols is 
indicated by red color whereas lower levels are indicated by 
green color. The bigger polygon indicates boundaries of 
Punjab within Pakistan, while the smaller polygon indicates 

Punjab in Indian Territory.

High loading of the aerosol is observed annually over Pakistan 
(Appendix C). There is an increasing trend in the AOD from 
December to February. There are substantial spatiotemporal 
changes in the concentrations of AOD between 2008-2018 
(Figure 3.5). Nonetheless, the Indian Punjab represents 
minimum variations and depicts high concentrations of AOD 
throughout the study period. The AOD analyses also indicate Figure 3.3: Seasonal average of AOD from 2008-2013.
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Figure 3.4 : Seasonal average of AOD from 2014-2018.

Figure 3.5 : Seasonal average of AOD from 2008-2018.



the increase in air pollution as shown in �gures 3.3 and 3.4. 
Almost all the images show Indian Punjab covered with high 
aerosol loading, whereas, Pakistani Punjab experienced high 
loading close to the Indian border. Overall, it is concluded that 
AOD has increased over the period of time in the study area 
with high loading on the Indian side.

3.3.2 Mapping of Ozone

The results for the �ve-year averaged Ozone of 2008-2013 for 
the months of October to February are shown in �gure 3.6. 
The highest value for ozone was approximately 284.85 DU and 
the lower value id approximately 265.66 DU. It should be noted 
that the concentration of ozone is higher in the northern part 
of Punjab (Pakistan) between 71°E to 74°E. Also, it is clear 
from �gure 3.6 that the ozone concentration between 32°N 
and 34°N is much higher. The variation in ozone 
concentration in northern (high value) and southern (low 
value) parts of the study area can be attributed to the 
differences in temperatures which causes the inversion.

The high value is 289.44 and low value is 270.53 DU. The 
spatial distribution of ozone concentration is similar as during 
2008-2013. The southern part of the study area has a lower 
concentration of ozone. After analyzing the spatial and 
temporal distribution of O� in the study area, the overall 
averaged O� for the study period of 10 years (2008-2018) was 

Figure 3.6: Seasonal average of Ozone from 2008-2013.

Figure 3.7 : Seasonal average of Ozone from 2014-2018.

also measured. During the last 10 years, the O� concentration 
ranged between 287.1-268.04 DU, as shown in �gure 3.8. The 
decadal analysis of O� concentration reveals that the northern 
region of Punjab was signi�cantly in�uenced by higher O3 and 
southern regions with lower concentration.

Overall, annual spatial distribution of Ozone didn't show any 
signi�cant spatial variation, where higher concentration was 
observed in the northern region and lower concentration in 
the southern region. Ozone concentration increased 
signi�cantly during the study period. 
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Figure 3.8: Seasonal average of Ozone from 2008-2018.



 concentration reveals that the central region (Lahore) of 
Punjab were signi�cantly in�uenced by higher SO� and 
undeveloped southern regions with lower concentration.

3.3.3 Mapping of Sulphur Dioxide (SO�)

he highest value for sulphur dioxide (SO�) was Tapproximately 0.27. It should be noted that the 
concentration of Sulphur dioxide is higher in central and 

southern part of Punjab (Pakistan) between 71°E to 74°E. It is 
also clear from Figure 3.9 that the SO� concentration between 
30°N and 32°N is very high. The variation in SO� concentration 
over the study area can be attributed to the total emission 
due to anthropogenic activities which may be vehicular 
emission in urban areas and crop burning in rural areas.

As re�ected, there is a decrease in the concentration of SO� 
during 2014-2018 in the study area (Figure 3.10). The higher 
and lower value for SO� is 0.24 and -0.06 respectively. The 
spatial distribution of SO� was slightly different from the 
previous map. Most of the sulphur dioxide was concentrated 
in the central and southern Punjab but has also moved a bit 
towards the northern parts.

Figure 3.9: Seasonal average of SO� from 2008-2013.

Figure 3.10 : Seasonal average of SO� from 2014-2018.
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After analyzing the spatial and temporal distribution of sulfur 
dioxide in the study area, the overall averaged SO� for the 
whole study period which is about 10 years, (2008-2018) was 
also measured. It was noted that during the last 10 years, the 
SO� concentration ranged between 0.23 and -0.01, shown in 
�gure 3.11. The decadal analysis of sulphur dioxide 

Figure3 .11 : Seasonal average of SO� from 2008-2018.

3.3.4 Mapping of Nitrogen Dioxide (No2)

The NO� was highest in 2017 and 2018 which leads with a value 
of 8.33 × 10��. The difference in values has been quite 
signi�cant from 2008 to 2018 with constantly increasing 



industrial activities. The observed results of NO2 are beyond 
the permissible limits by environmental departments because 
of its major impact on air quality of the region.

amounts. Pakistan administered Punjab is dominated by 
intense concentrations of NO�. 

Notable regions of high concentrations of NO� are found to be 
within Pakistani cities including Lahore. Figures 3.12 to 3.13, 
show signi�cant variations in the presence and intensities of 
NO� over Pakistan administered Punjab. Increased NO� column 
concentrations were found in areas with potentially high 

Figure 3.12 : Seasonal average of NO� from 2008-2013.

Figure 3.13: Seasonal average of NO� from 2014-2018.

Figure 3.14: Seasonal average of NO� from 2008-2018.
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3.3.5 Optical and Chemical Nature of Aerosol Types

CALIPSO data over Pakistan were utilized to identify the 
vertical depth and types of aerosol in each season from 2008-
2018. The type of aerosols which were identi�ed over the 
study area were dust, smoke, continental aerosols, sulfate, 
and other aerosols. The frequency analysis of yearly, and 
overall frequency from 2008-2018 was performed for the 
study area.

For instance, for the year 2009-10, the most dominant 
parameter was sulfate/other aerosol at a higher altitude 
during the months of October and January. The interesting 
aspect is the presence of smoke at a higher altitude during 
the month of October. While all other types which include 
dust, continental aerosol, and smoke (except for the month of 
October) remained at lower altitudes (Figure 3.15). Other years 
also followed nearly a similar pattern for temporal and vertical 
spatial distribution.  The monthly data of CALIPSO during the 
years 2008-18 for months of October-February are shown in 
�gure 3.16. The most prominent parameters were smoke and 
Sulfate/other aerosols. Continental aerosols were identi�ed at 
lower altitude during the month of December while 
Sulfate/other aerosol were found at a higher altitude during 



the month of October.

The frequency of occurrence for each parameter during the 
year 2008-13 (5-year) is displayed in �gure 3.17. Dust events 
were highest among all, with smoke at second position while 
continental and sulfate/other aerosol remain 3rd and 4th 
positions, respectively. The �gure reveals that dust was most 
frequent in the area under study. Smoke remained close to 
dust, while sulphate/other aerosol and continental aerosol are 
less frequent in the region during 2008-18. The occurance of 
dust events again topped the list with smog after it. The 
remaining two parameters occured less frequent (Fig 3.17).

Figure 3.15: CALIPSO derived aerosol types and altitude for the year 2009-10.

Figure 3.16: CALIPSO derived aerosol types and altitude from 2008-18.

Figure 3.17 : CALIPSO derived aerosol types and altitude from 2008-2013.

Figure 3.18 : CALIPSO derived aerosol types and altitude from 2014-2018.
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3.3.6 Fire mapping 

Daily MODIS data were used to identify the active �re areas by 
using temperature and FRP (�re radiative power) in 
megawatts (MW). The �re data for a con�dence level of 95% 
and above, has been used for this study. FRP aided in 
quantifying burned biomass and the amount of radiant energy 
released per unit of time by burning vegetation. The point 
data of �re were interpolated to estimate the effect of �re in 
the study area.

It is evident from detection of seasonal �re events (shown in 
Appendix G) that there is a considerable spatiotemporal 
variation in locations and intensities of the �re events. Many 
�re events occurred inside the Indian administered Punjab as 



compared to the Pakistani administered Punjab where �re 
events were relatively less intense FRP occurred. Further, two 
sets of �ve yearly seasons i.e. from 2008 to 2013 and 2014 to 
2018, were made to further classify the number of events 
other than yearly seasons. These sets also veri�ed that the 
maximum numbers of �re events occurred in the Indian 
administered Punjab. Figure 3.19 shows a total number of �re 
events from October 2008 to February 2013 and from October 
2014 to February 2018, which also veri�es that Indian 
administered Punjab showed an increased number of �re 
events as compared to Pakistan administered Punjab. These 
observations and analyses demonstrate the importance of 
aerosols and their transboundary impacts (Figure 3.19).
Unique day �re event frequency analyses were performed on 

monthly basis from 2008-2018. Figure 3.21 reveals that during 
the month of November, most of the �re events occurred 
(593), while in January only 36 unique �re events were 
identi�ed. During the month of October, February and 
December 389, 123 and 74 unique �re events were measured, 
respectively.

3.3.7 Hotspot analyses to identify areas of crop residue 
burning

Fire data sets were acquired from MODIS active �re 
detections standard product (MCD14ML), distributed by NASA 
FIRMS for the season (ONDJF) from 2008 to 2018. Every point 
of the data represents the midpoint of 1 km pixel indicating 

Figure 3.19: Classi�cation of �re events from October 2008 to February 2013 (left) and from October 2014 to February 2018 (right).
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Figure 3.20 : Active �re status from October 2008 to February 2018.

active �res with a con�dence level of 95% and above were 
selected to minimize the occurrence of false alarms (Giglio, 
2013). This criterion resulted in total 3,578 active �re 
occurrences during the studied period. Further, two types of 
approaches were incorporated for data analysis:

1. Temporal: it dealt with variables that changed over time 
such as temperature.
2. Spatial: it dealt with all variables except climate that was 
having a spatial component.

In the temporal �re occurrences, patterns were analyzed on 
weekly, monthly, seasonally and yearly basis, months from 
October to February were termed as the dry season (Restrepo 
et al., 2014). For detecting the spatial patterns of the active 
�res, hotspot analysis was used which enabled to determine 

single or multiple active �res when satellites scanned the 
area. Every detected �re consists of a con�dence value 
ranging from 0 to 100%, where 0 and 100 are the lowest and 
highest con�dence values, respectively (Giglio, 2013). Detected 

Figure 3. 21: Unique day �re events frequency from 2008-2018.
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Figure 3.23 : Five-year Hotspot analysis for 2008-2013 (left) and 2014-2018 (right)
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whether the �re occurrence was random, or these were 
spatially scattered clusters.

The data point clusters are identi�ed by the hotspot 
technique itself. Hotspots were identi�ed by using the spatial 
analyst tool Optimized Hotspot Analysis. The input data was 
given in the form of point, the tool performed the process of 
clustering based on hotspot occurrence per �shnet (grid), 
which was derived automatically in the process. The spatial 
tool then classi�ed the clusters statistically, the high-value 
clusters are categorized as hotspots and lower values are 
categorized as cold spots. Based on probability occurrence, 
hot and cold spots were further organized in 90%, 95% and 
99% con�dence levels (Figures 3.22 and 3.23).

3.3.8 Fire events overlaid on Rice Crop

Paddy crops residue burning in the Punjab region are a major 

source of the smoke. The growing seasons in the study area 
are from May to September and from November to April. 
Farmers usually start sowing crops and set the �re before 
plantation to clear the �elds (K. V�ayakumar et al., 2016). 
Hotspot analysis using the �re events in the study area was 
performed and the results were overlaid on crop masks of 
rice (Fig 3.24). 

The results revealed the hotspot & rice crop with 95% 
con�dence in the eastern region of India and some parts of 
central Punjab (Pakistan). The Pakistani region includes 
districts of Okara, Bahawalpur, and Kasur with major �re 
hotspots. Some cold spots and non-signi�cant events are 
covered in the Pakistan administered Punjab.

The results for the rice crop with hotspot analysis are shown 
in �gure 3.24. It was evident that the hotspot with 99% 
con�dence, resides in the Indian administered Punjab while 
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Figure 3.24 : Hotspot analysis and rice crop.

2016 and 2017 were focused due to worse smog conditions in 
the study area. Top ten �re events trajectories for the year 
2008 to 2018 are illustrated in �gure 3.25. The �gure reveals 
that the air masses with �re smoke reaches from India to 
Pakistan, Pakistan to India and within Pakistan. Out of 10 �re 
events, four events occurred during the years 2016 and 2017. 
Trajectories of each plume were monitored to note, whether 
plume is transported from India to Pakistan, transported from 
Pakistan to India, remained within Pakistan or remained 
within India. Based on the results it was suggested that 
Pakistan may suffer from local as well as trans-boundary 
smog events. The plumes (�re smoke) direction was not 
uniform, as it starts from the origin and transported in all 
directions in the study area. Majority of the air masses were 
found in the Indian administered Punjab while in Pakistan 
(Punjab), only two major events were found.

some hotspots were present in few districts of Pakistani 
administered Punjab. The most affected districts include 
Sheikhupura, Ha�zabad, Narowal, Nankana Sahib and Okara. 
Most of the cold spots and not-signi�cant locations were in 
Pakistani administered Punjab. The number of �re events 
contributed by rice crop residue burning was concentrated in 
the Indian side.

3.3.9 Forward Trajectory Analysis

A 24-hours trajectory analyses based on the NOAA HYSPLIT 
model was performed in the study area to understand the 
transportation path of �re smoke. The meteorological input 
for the trajectory model was the GDAS (Global Data 
Assimilation) dataset (reprocessed from NCEP by Air 
Resources Laboratory). All the trajectories were drawn at 300 
m altitudes for every top ten �re events (2008-2018). The year 
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The study area has been monitored to identify air pollutants 
and their types. The blue color in the �gures 3.27 and 3.28  
indicates no or very low air pollution, whereas white depicts a 
high level of air pollution. The vertical axis in the �gures 
indicates height in kilometers corresponding to each color, 
which indicates the extinction of light due to the presence of 
aerosols in the air.

Aerosol seasonal variations are forced by both, emissions 
along with meteorological conditions of any area. There exists 
variation in presence of aerosols with respect to altitude but 
overall, air pollution remained very close to the earth's surface 
i.e. within 1 to 2 km of height. Moreover, the transportation of 
these aerosols will leave an impact on the population of the 
study area. Apart from pure meteorological factors, transport 
of these aerosols can also take place under the thermal 
turbulence due to the burning of biomass.

As the air moves towards the north, away from the equator at 
high elevations, the Coriolis force affects by dominating the 
south and south-westerly winds. Major �re events along with 
HYSPLIT trajectories for the year 2016 are illustrated in �gure 
3.26, where the major �re events reside in the Indian region 
while some of the events were within Pakistan. One event 
directed from India to Pakistan in the eastern region covered 
a wide area facilitating in the dilution of the pollutants.

Trajectories for top ten �re events for the year 2017 are shown 
in �gure 3.26. It is evident that the entry and residence of 
smoke in Pakistan were more than in India. The direction of 
major �re smoke remains inside Pakistan, except one. The 
distribution of air masses in�uences the �ow and direction of 
the pollutants and their movement over the region.

3.3.10. Vertical extent of air pollution

Figure 3.26: Top 10 Fire Events Trajectories 2016 and 2017.
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Figure 3.27: Vertical extent of air pollution on 18 October 2011.

Figure 3.28: Vertical extent of air pollution on 9 November 2016.
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approaches, namely, SRM and BRM. This helped to examine 
the principal factors affecting the estimation of SMOG using 
different variables. BRM is based on “add” and “drop” 
approaches, where the “add” approach allows only those 
independent variables that can improve model �tting to enter 
the regression one by one, based on their p-value of 
correlation. A variable is retained in the regression equation 
until the p-value of its correlation is less than the threshold 
value (i.e., 0.01). The Inclusion of another variable can reduce 
the signi�cance of the previously added variable, and hence, 
it will be removed from the regression equation. The “drop” 
approach contrasts the “add” approach. A combination of 
both approaches was used in this study for a threshold p-
value of 0.01. The resultant model is called the Final 
Regression Model (FRM) and was subjected to further 
validation. The selection of the FRM was accomplished by 
considering measures of collinearity among predictors, 

3.3.11. Numerical Modeling

A regression model was developed for the estimation of SMOG 
using the NO�, Fire Count, Brightness and FRP. MODIS AOD is 
used as surrogate to SMPG in this model development. 
Different types of transformations (i.e. logarithmic, square 
root and inverse) were used to normalize the datasets. The 
normality of the data sets was determined through the 
Anderson–Darling test, followed by a Pearson correlation 
using Minitab Statistical Software.

To make sure that the proposed model should be reliable, 
three different approaches were used. First, a manual 
method, named as general regression model (GRM), second 
and third were automated approaches named as stepwise 
regression model (SRM) and best subset Regression model 
(BRM), respectively. To develop a GRM, independent and 
dependent variables with maximum correlation coe�cients (r) 
and a p-value of less than 0.01 were grouped together as 
potential candidates for multiple linear regressions. Each 
group of variables was subjected to multiple linear regression 
and a further selection of variables from each group was 
undertaken based on their p-values, T statistics, and 
coe�cients of determination (R2). Independent variables with 
signi�cantly larger p-values and smaller T statistics were 
omitted one by one, and the regression was repeated until a 
threshold p-value of 0.01 was reached for all the remaining 
variables. Each statistical set satisfying the above-mentioned 
criteria was further subjected to two more modeling 

Table 3.2: Numerical modeling results for the FRM for prediction of SMOG.
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namely, the Variance In�ation Factor (VIF) and adjusted R2 
(adj. R2), such that the FRM contains predictors with a 
minimum VIF only. The FRM had �ve variables (Table 3.2). One 
independent variable i.e. Log of MODIS retrieved AOD 
(AOD_log), against which dependent variables, the inverse of 
NO2 (1/NO2), log of number �re events (Fcount_log), the square 
root of brightness detected by satellite during �re events 
(Bright_sqrt) and the inverse of �re radiative power (1/FRP) 
were taken. The proposed model successfully explained 87.0 
% (R2) of the variance in the AOD with an adjusted R2 value of 
78.60 %. 

The �nal form of the equation can be written as follows (Eq. 1) 
for the prediction of AOD;

Where a is the regression constant and b–e are regression 
coe�cients, as shown in table 3.2. Overall, for the FRM, the 
coe�cient of determination (R2) was 0.87. It should be noted 
that all the independent variables showed signi�cant p-values 
in the FRM. From table 3.2, each variable can be interpreted in 
terms of its coe�cient value. Such as it can be said that 
AOD_log is expected to decrease by a factor of 2.89 x1014 for 
any increase in NO2 when all other variables are held 
constant. Similarly, it can be said that AOD_log is expected to 
decrease by a factor of 0.032, 4.047 and 13526 for an increase 
in Fire counts, �re brightness, and FRP.

Another factor which supports the best performance of Eq. 1 
is the VIF (table 3.2). VIF indicates the extent to which 
multicollinearity (correlation among predictors) is present in a 
regression analysis. Multicollinearity is problematic because it 
can increase the variance of the regression coe�cients (such 
as given in table 3.2), making them unstable and di�cult to 
interpret. It also measures how much the variance of the 
estimated regression coe�cients are in�ated as compared to 

AOD_log =  a + b  (NO2_1_A) + c  (Fcount_log) + d (Bright_sqrt)

+ e

 
(1_FRP)

               
(3.1)

Variance In�ation Factor

(VIF)
Predictor coe�cient

standard error 

coe�cient

T 

Statistics

P 

value

Constant

1/NO�

Fcount_log

brght_sqrt

1/FRP

114.85

-2.89E+14

-0.032

-4.047

-13526

56.09

1,37459E+14

0.016

2.000

6531

2,05

-2.11

-1.89

-2.02

-2.07

0.009

0.004

0.008

0.002

0.007

1.161

1.096

1.763

1.688



when the predictor variables are not linearly related. A VIF 
value of 1, between 1 and 5, between 5 and 10 and greater than 
10 represents that the predictors are not correlated, 
moderately correlated, highly correlated and severely 
correlated, respectively. In our model (Eq. 3.1) for the 
prediction AOD_log, there is no multicollinearity in the 
variables and all can signi�cantly estimate the AOD_log. The 
VIF in this study has been ranged between 1.096 to 1.763 
indicating that VIF is not a problem in this model. 
Compatibility and strength of the proposed model are also 
evident from the following graphs. Studies have suggested 
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that for a reliable model Normal Probability Plot should be 
along the diagonal, Residual versus Fitted Values should be 
spread majorly across the plot region, Histogram should 
predominantly follow the normal distribution and magnitude 
of the residuals should be minimum which in this case is 
between ± 0.2. Therefore, the model has the strength of 
predicting the SMOG with negligible error.  Model con�dently 
suggests that SMOG events during the study period have 
occurred due to extensive �re events in Punjab 
(Pakistan and Indian).

Figure 3.29: Residual plot for the numerical model



SECTION IV
SECTORAL EMISSION INVENTORY OF 

AIR POLLUTANTS IN PUNJAB

Key messages
 Sectoral emission inventory of Punjab shows that the 

1major portion of total air pollutant emissions are 

coming from the transport sector which holds 43% 

share, followed by Industrial sector which has 25% share 

and agriculture with 20% share.

The contribution of Agriculture sector (crop residue 

2burning) is signi�cant to the seasonal smog 

phenomenon in Punjab, although it is the third 

sector by emissions following transport and industrial 

sector. 



estimation of air pollutants from various sectors. The 
methodological approaches by the IPCC are classi�ed into 
three different tiers depending upon the quantity of 
information available or required, and degree of analytical 
complexity. 

In this study, Tier 1 approach of IPCC methodology is 
employed for estimating �ve emissions of �ve major air 
pollutants types (NOx, CO, NMVOCs, SOx, & PM�.�) from power, 
industry and transport sectors (IPCC, 2006; IPCC, 1997; 
Houghton, 1997). Tier 1 uses the country-speci�c activity data 
and the default emission factors established by the IPCC. The 
purpose of using Tier 1 method lies in the limitation of 
country-speci�c data availability of fuel and technology. Tier 1 
methodology is intended to be the least complex and ignores 
some dependent factor such as combustion, control 
technology, fuel type, operating conditions, equipment's age, 
and maintenance. On the other hand, Tier 2 employs country-
speci�c emission factors instead of Tier 1 defaults and 
required highly strati�ed activity data to correspond with 
country-speci�c emission factors for a speci�c region. 
Similarly, Tier 3 method uses detailed emission models to 
address national circumstances. In general, these methods 
provide greater certainty in estimates as compared to lower 
tiers though at the cost of detailed information and 
measurement complexity. Consequently, Tier 2 and Tier 3 
methodologies at present cannot be used for these estimates 
due to un-availability of country or region de�ned emission 
factors, absence of air pollutant inventories and models 
measurement systems as per national conditions repeated 
over time, and driven by high-resolution activity data and 
disaggregated at the subnational level (IPCC, 2006; IPCC, 1997; 
Houghton, 1997). 

In general:

Ÿ For the power industry, emissions of NOx> CO> NMVOCs 
have been investigated

Ÿ For the manufacturing industry, emissions of NOx> CO> 
NMVOCs have been investigated

Ÿ For the transport sector, emissions of CO > NOx > NMVOCs 
have been investigated

4.1 Fuel Combustion – Power, Industry, and Transport

4.1.1 Fuel combustion

In order to meet the objective of estimating major air 
pollutant emissions in Punjab, district-wise disaggregated 
fossil fuel consumption activity data for three energy sectors 
(power, industry, and transport) was required. The data was 
needed for the period 2008 to 2017 (10 years). However, due to 
the unavailability of district-wise fossil fuel consumption 
activity data in Punjab, activity data on total oil, gas, and coal 
consumption in all the three sectors in whole Punjab for 
selected time series has been utilized as it was available from 
the national statistics – Pakistan Energy Year Book (PEYB), 
published by Hydrocarbon Development Institute of Pakistan 
(HDIP) yearly.

In the case of transport sector (road transport) in Punjab, data 
on oil consumption for both the fuels (diesel and gasoline) 
was required as emission factors, this data was available for 
both fuels. However, for the reason, that of unavailability of 
fuel wise data, an average of both emission factors was taken 
and used to multiply with total oil consumption in Punjab's 
road transport to estimate air pollutant emissions. The data 
on natural gas consumption as Compressed Natural Gas (CNG) 
in the transport sector is separately available and taken from 
PEYB for the years 2008-2017. For power and industry sectors, 
total oil consumption is used as available.

Furthermore, province-wise coal consumption data in the 
power and industry sector of Punjab was not available from 
PEYB. The number available is for whole Pakistan. For that 
reason, the coal consumption data in Punjab is estimated 
from national level data. As coal is mainly used as fuel in 
cement and brick kiln industries, a total number of brick kilns 
and cement plants in Punjab were investigated and compared 
to a total number of these in Pakistan and then multiplied 
that fraction with a total consumption of coal by sector to get 
the sector-province wise coal consumption in Punjab.

4.1.2   Selection of methodology and emission factors

The methodology for calculating air pollutant emissions from 
fossil fuel combustion is well recognized by the 
Intergovernmental Panel on Climate Change (IPCC). The IPCC 
established methodology has been used for the emissions 
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and sugarcane tops are generated every year, and to clear the 
�eld for the next cropping cycle, in-situ burning of residue is 
the widely adapted disposal method (Jain et al., 2014). The 
study was designed to estimate the air pollutant emissions of 
NOx and CO from burning of rice residue in Punjab particularly 
in eleven districts of the study area. The area under study 
covered the following eleven districts as well whole Punjab:
1. Gujranwala
2. Gujrat
3. Ha�zabad
4. Mandi Bahaudin
5. Narowal
6. Sialkot
7. Kasur
8. Lahore
9. Nankana Sahib
10. Sheikhupura
11. Faisalabad

4.1.3 Crop residue burning - rice

Activity data needs and availability

Crop residue burning contributes signi�cantly towards the 
emissions of air pollutants mainly – NOx and CO and is a 
common practice in the developing countries.  In Southeast 
Asia, rice straw burning is the most common practice which 
constitutes 31% of agriculture waste. Crop residue burning is 
a global phenomenon and about 40% of the residues 
produced in developing countries are burned in�eld, however, 
the percentage for developed nations is lower.  It has been 
estimated that approximately 425 TG dry matter agriculture 
waste is burned in �elds in the developing world which is 
about one-tenth as much is burned in the developed 
countries (IPCC, 1997).

In Pakistan as well as in India, large quantities of crop 
residues including cereal straws, rice stubbles, woody stalk, 

Table 4.1: District wise rice production (000 tonnes) of Punjab (2008-2017)
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Gujranwala

Gujrat

Ha�zabad

Mandibahaudin

Narowal

Sialkot

Kasur

Lahore

Nankana Sahib

Sheikhupura

Faisalabad

Total

Districts 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

496

14

363

91

99

218

101

40

204

285

43

1954

487.2

82.3

223.3

160.1

154.6

350.8

144.1

62.9

179.6

299.9

42.8

2187.6

494.9

109.3

245.9

163.1

143

341

179.8

83.4

210.6

310

61.8

2342.8

501.1

86.45

254.3

150.85

150.35

326.6

163.25

71.4

191.65

324

54.35

2274.3

507.30

63.6

262.7

138.6

157.7

312.2

146.7

59.4

172.7

338

46.9

2205.8

545.4

55.5

251.6

148.8

146.1

290.4

146.8

55.9

175

368

46.1

2229.6

493.9

63.3

271.3

158.6

134

261

152.7

64.9

208.3

351.7

52.7

2212.4

578.36

63.3

271.89

157.15

149,12

302.29

160.22

59.2

186.42

382.15

50.37

2360.5

472

71

237

127

123

248

164

79

222

357

58

2158

480

52

279

115

115

238

143

66

216

333

53

2090



grid power supply is 23,644 MW as per indicated by the 
reported data (Abas et al., 2017). Fuel consumption breaks 
down in power plants indicate oil and natural gas constitute 
29% and 35.20% of share respectively, while coal utilization 
is negligible 0.10% of the total fuel mix (HDIP, 2013). 

The fuel consumption data in Punjab for the year 2017 
indicates consumption of 145088.11 TJ of natural gas and 
192014.55 TJ of oil in power sector. Owing to heavy reliance on 
thermal power plants, the power sector is one of the major 
contributors to air pollutant emissions. The table 6 below 
presents the total number of thermal power plants located in 
the 11 – districts (study area) of Punjab along with the type of 
fuel used and installed capacity (HDIP, 2017). The total number 
of thermal power plants in Punjab are 26, out of which 15 exist 
in the study area districts. These thermal power plants 
represent 58% of the total thermal power plants located in 
Punjab.

The manufacturing industry in Pakistan is the third largest 
sector of the economy and accounts for 13.56% of the GDP. 
Manufacturing industry constitutes share in fossil fuel 
consumption after the power sector (MoF, 2018). The analysis 
of the sectoral share of fuel consumption in Punjab indicates 
that the highest share in consumption of gas remained in 
power sector (27.5 %) followed by industry which stands at 
22.6 % and 9.5% (54312.93 TJ) of the total oil in the year 2017. 
While the manufacturing industry is the major consumer of 
coal usually in brick kilns and cement facilities.

Industrial facilities, particularly those consuming fossil fuel 
(cement, brick kiln, fertilizer, and general industries which 
may include paper, food, beverages, tobacco, glass, leather, 
textile etc.) in Punjab, are signi�cant sources of air pollutant 
emissions. Hence, emissions from large-scale manufacturing 
facilities as cement, fertilizer, brick kilns and other industries 
are of great concern as a major contributor to air pollution. As 
per the census of manufacturing industries, there are 6,417 
manufacturing industrial units in Pakistan and most of them 
are located in industrial clusters of Punjab and Sindh having 
56% and 28%, share in total respectively. The remaining 16% 
of industries lies in KPK, Baluchistan, and Islamabad. 

Furthermore, the total number of manufacturing industries in 
study area districts as per census is 2,486 which is 69% of 
total manufacturing industries in Punjab (PBS, 2013). The total 

4.1.4 Selection of methodology and emission factors

The methodology for calculating air pollutant emissions from 
crop residue burning is well recognized by the 
Intergovernmental Panel on Climate Change (IPCC). The IPCC 
established methodology has been used for the emissions 
estimation of following air pollutants – CO and NOx resulting 
from burning of rice residue in the �elds. The methodological 
approaches by the IPCC are classi�ed into three different 
tiers depending upon the quantity of information available or 
required and degree of analytical complexity (IPCC, 2006; 
IPCC, 1997; Houghton, 1997). 

District wise crop production data of rice were obtained from 
Bureau of Statistics Punjab (2011-2016), Pakistan Bureau of 
Statistics (2008-09), and 2017 Statistical Pocket Book of 
Punjab (BOS, 2017; BOS, 2016; BOS, 2013; BOS, 2012; BOS, 2011). 
The production data for the years 2010 and 2017 was 
interpolated and extrapolated respectively owing to the lack 
of reported statistics for these years. The production data of 
crop for the given timeline (2008-2017) are presented in Table 
6 4.1 respectively. The ratio of residue to crop yield, a fraction 
of residue burned, and dry matter content of residue was 
taken from the FAO survey results. The fraction oxidized in 
burning and carbon content of the residue was taken from 
default values of IPCC.

4.2 RESULTS

4.2.1 Sectoral (power, industrial, and transport sectors) 
overview

Punjab province, being the most populous and economic 
centre has a major share in the consumption of all energy 
products with 62% of electricity, 63% of POL products, 62% 
of lique�ed petroleum products and 38% of Natural gas.  
Petroleum demand of the power sector in Punjab is about 
36% of the total demand in the province, which comprises 
57% of the total power sector's demand in the country (Policy 
Paper, 2017). 

The energy mix of the country comprises of thermal, hydel 
and nuclear power plants, in which 67.82% of the electricity is 
generated through oil and gas burning in thermal plants, hydel 
power plants generate 28.40%, while 3.78% comes from 
nuclear and renewable sources. The total installed capacity of 
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annual production capacity of cement industry stood 44.8 
million tons in the year 2013. The production capacity has 
increased two-fold over the last decade to 45.6 MT per annum 
(Ali et al., 2015). Top �ve cement manufacturers (Lucky, 
Bestway, D.G. Khan, Fauji & Maple Leaf) comprised 58% of 
total installed capacity and has a market share of over 55%, 
all the cement units are located in Punjab (JCR-VIS 2016a).  
The fuel consumption statistics show that coal constitutes a 
major share in the cement manufacturing process and 
accounts for 131273.37 TJ in FY2017 in Punjab (HDIP, 2017).

number of brick kilns in Punjab as per census is 10,347 while 
in study area districts the number is 3690 which considers 
36% share in total. A total number of manufacturing 
industries including brick kiln in Punjab are 13,937, while in 
study area districts the number is 6176 which is 44% of total 
manufacturing industries in Punjab (PBC, 2016).

The cement industry plays a vital role in the country's 
economy with 19 cement units in north and 5 in the south 
region, it has a signi�cant share in the country's GDP. The 

Table 4.2: List of Thermal Plants Located in 11-districts of Punjab Province
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Name Location Fuel used Capacity (MW)

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Atlas Power

CCPP Nandipur

GTPS Faisalabad

Halmore Power

Japan Power

Kohinoor Energy

Liberty Power Tech

Nishat Chunian Power

Nishat Power

Orient Power

Quaid-e-Azam Thermal
Power Plant

Saba Power

Southern Electric

SPS Faisalabad

Sapphire Electric

Furnace Oil

Furnace oil+Gas

Gas

Gas

Furnace Oil

Furnace Oil

Furnace Oil

Furnace Oil

Furnace Oil

Natural Gas

Natural Gas

Furnace Oil

Furnace Oil

Furnace Oil+Gas

Gas

Shekhupura, Punjab

Gujranwala, Punjab

Faisalabad, Punjab

Shekhupura, Punjab

Raiwind, Punjab

Lahore, Punjab

Faisalabad, Punjab

Kasur, Punjab

Lahore, Punjab

Kasur, Punjab

Lahore, Punjab

Shekhupura, Punjab

Raiwind, Punjab

Faisalabad, Punjab

Shekhupura, Punjab

219

425

244

225

135

131

202

200

200

229

1180

125

136

132

102



(Sanchez-Triana et al., 2014; HDIP 2013). The fuel consumption 
data of transport sector shows a tremendous increase with 
15351.14TJ of natural gas and 369935.52TJ of oil in 2017, while 
the consumption data of 2008 stands at 42088.66TJ of 
natural gas and 204381.5 TJ of oil-based fuel (HDIP, 2017; HDIP, 
2008). As per Punjab Statistical Pocket Book, in 2015, a total 
number of registered vehicles in Punjab were 14,532,353 while 
in study area districts the number is 7,428,114 which comes 
out to be 51% of total road vehicles in Punjab (PSPB, 2017). 

Air pollutants depend upon several factors including the type 
of fuel used, vehicle type and size age and accumulated 
mileage of the vehicle, weather condition and maintenance of 
vehicles. The amount of emission is directly linked to the 
amount and type of fuel consumed. The number of vehicles 
increased from 2.71 million to 11.77 million during the last 20 
years. Road transport is dominated by two-wheelers and cars
with 82% of the total share (Mir et al., 2017). Total fossil fuel 
consumption of the transport sector from all fuel types as 
petrol, diesel, fuel oil, kerosene, lique�ed petroleum gas (LPG), 
is estimated to be 10.06 Mtoe for the year 2012. The 
breakdown statistics of fuels represent 50% of diesel, 23% 
gasoline, 22% CNG and 5% of LPG, kerosene, and fuel oil 
(HDIP, 2012).

4.2.2  Sectoral (power, industrial, and transport sectors) 
fuel used

The fuel consumption trend over the years (2008-2017) in 
power, industrial and transport sector illustrates that the 
transport sector has remained the biggest oil consumer 
followed by power sector (Figure 4.1-4.3) (HDIP, 2008-2017). 
Also, the sector-wise share indicates that for the power 
sector the irregular trend can be seen over the ten years 
(Figure 4.1).

The industrial sector of Punjab consumed coal, natural gas, 
and oil for energy generation. The graph (Figure 4.2) indicate 
that the natural gas sector has shown a tremendous decrease 
in the last ten years in Punjab and make up the largest fuel 
consumed by the industrial sector followed by coal. The fuel 

consumption statistics show 117729.61TJ of coal consumption, 
196197.20 TJ of natural gas and 24387.09 TJ of oil for the year 
2008 which increased tremendously over the years and 

Brick kilns are another stationary source of air pollutants, use 
of low-grade coal and other fuel mixes like old rubber tires, 
lignite coal, rice husk agricultural residues, plastics, and 
different industrial waste ultimately causing air pollutant 
emission and black dense smoke. Brick kilns industry being 
the major users of coal after the cement sector consumed 
41% (2 million) of the total coal consumed and 1.6 TG per 
annum (SAARC, 2012). In Pakistan, 59 billion bricks are 
produced yearly and there are around 18000 units of brick kiln 
in the country out of which 10,347 are located in Punjab (PBC, 
2016). 

Fertilizer production in Pakistan stands at 5.4 TG in 2012, 
which includes all type of fertilizer produced i.e. urea, super 
[phosphate, ammonium nitrate, and nitro phosphate] (MoF, 
2016). Natural gas is the key fuel used as feedstock and fuel in 
the fertilizer manufacturing. The consumption of gas was 
141120.37 TJ for the year 2017. Fertilizer demand met through 
local as well as foreign production, with domestic production 
accounting for 7.6 million tons while 1.8million tones were 
imported during FY15 (JCR-VIS 2016b). 

Road transport has played a substantial role in the country's 
economy accounting for almost 13.27% in the GDP, 17% of 
Gross Capital Formation, 6% of employment and 15% of the 
Federal Public Sector Development Programme (PSDP). The 
road network carries over 96% of inland freight (273 MT per 
year) and 92% of passenger freight and has been growing at 
an average rate of 14.1% during 1985-2005 (MoF, 2017). On the 
other hand, railway freight tra�c has declined by 48% during 
this period, consequently, all the growth was handled by road 
sector (ADB, 2006). Due to the dependence of transport sector 
on carbon-intensive fuel, this sector accounts for its highest 
contribution in air pollutant emissions out of which 67% are 
attributed to gas and diesel oil (Sanchez-Triana et al., 2014).

The transport sector is one of the major commercial energy 
consumers of the country accounts for 38% of the total 
energy consumption (48MTOE). 90% of the fuel used in this 
sector is oil - (diesel and gasoline) representing 57% share of 
the total petroleum products, while compressed natural gas 
(CNG) and electricity meet the remaining requirement of 22%. 
The natural gas consumption, especially in the form of CNG in 
road sector, has experienced a signi�cant increase of 84% 
from 1998 to 2007, although its share in total consumption of 
gas has increased from 0.6% to 9% in the last ten years 
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and the consumption increases onward with the imports of 
lique�ed natural gas (LNG).

The consumption of transport fuel has increased gradually 
over the last ten years (2008-2017). Figure 4.3 illustrates the 
fuel consumption trend of the transport sector in Punjab 
indicating the sector which has been dominated by oil over 
the past ten years. Gas consumption as transport fuel 
increased signi�cantly from 2008 to 2013 by virtue of friendly 
government policies. Owing to the gas shortage problem and 
shutting down of CNG stations after 2012 resulted in the fall of 
gas consumption trend.

4.2.3 Disaggregation of emissions by gas (NOx, NMVOCs, 
and CO)

The increased use of fossil fuel with the advent of industrial 
revolution and urbanization, the concentration of air pollutant 
emissions (NOx, SOx, CO, NMVOCs, PM2.5) is rapidly growing. 
Punjab, being the most populated province and the economic 
hub of the country, is a major consumer of all energy 
products. 

Owing to heavy reliance on oil and gas based thermal power 
plants, the power sector of Punjab emits a signi�cant amount 
of air pollutant including NOx, NMVOCs, CO. The graph (Figure 
4.4) shows the estimated contribution of the power sector in 
air pollutant emissions, which clearly demonstrate the 
signi�cant increase and higher share of NOx emissions from 
power plants of Punjab (2008-2017).  Due to the decrease in 
consumption of fuels from 2012-2013, the graph shows a 
decrease in NOx emissions for the corresponding years. CO 
and NMVOCs emissions from the power sector remain almost 

reached up to 131273.37 TJ of coal, 141120.37 TJ of natural gas, 
while oil consumption reached to 54312.93 TJ in the year 2017.  
The trend also illustrates the minimal share of oil-based fuel 
in the industrial sector. The dramatic change in natural gas 
consumption can be viewed in the context of a decrease in 
gas supply owing to gas load shedding in the year 2011 to 2014, 

Figure 4.3: Fuel consumption trend of transport sector - Punjab (2008-2017)
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Figure 4.1 : Fuel consumption trend of power sector - Punjab (2008-2017)

Figure 4.2: Fuel consumption trend of industrial sector - Punjab (2008-2017)

Figure 4.4: Power sector emissions (NOx, NMVOCs, CO) during 2008-2017 Punjab



over the last seven years owing to an increase in fuel 
consumption by the transport sector (Figure 4.6). The trend 
depicts the highest share of this sector in total air pollutants.

4.2.4 Disaggregation of emissions by sector (NOx, NMVOCs, 
and CO)

The sectoral distribution and average share (10 years) of 
emissions of ozone precursors (NOx, NMVOCs and CO) in 
Punjab are shown in �gure 4.7, 4.8, 4.9, 4.10, 4.11, and 4.12 
respectively. The graphs indicate the largest share of the 
transport sector in these pollutant emissions with an average 
share of 64% in NOx and 98% share in CO and NMVOCs in 
total emissions from all three sectors. Power and industry 
contribute 17%, and 19% respectively in the NOx emissions 
and holds an insigni�cant share of NMVOCs and CO emissions 
as compared to the transport sector.

In 2017, the total NOx emissions from all the three sectors 
were about 399 GG, CO 1,701 GG and NMVOCs were 321 GG, this 
trend highlights the gradual increase in emissions over the 
past ten years.

CO emissions are highest from the transport sector 
accounting for about 98% of the emission followed by the 
industrial sector. The signi�cant increase in CO emissions 
from the transport sector in Punjab is owing to the increase in 
the number of vehicles in the region in the past ten years.

�at over the past ten years. The estimated emissions solely 
from the power sector are 60 GG, 2GG and 6 GG of NOx, 
NMVOCs and CO, respectively in 2017.

The trend demonstrates the highest share of NOx emissions 
from the industrial sector, and it corresponds to the fuel 
consumption trend over the years (Figure 4.5). CO makes up 
the second highest share of total emissions from the 
industrial sector, and the CO emissions increased gradually 
from 2014. In 2017, NOx emissions from the industrial sector 
are estimated at 71 GG, CO at 24 GG and tiny share of NMVOCs 
(4 GG). 

Road transport released approximately 1671 GG of CO which is 
74% of the total emissions from the transport sector in 2017, 
whereas NOx and NMVOCs were 268 GG, and 315 GG 
respectively. The emission trend for the years 2008-2017 
shows that share of CO emissions is increasing signi�cantly 
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Figure 4.5 : Industrial sector emissions ( NOx, NMVOCs, CO) during 

2008-2017 – Punjab

Figure 4.6: Transport sector emissions ( NOx, NMVOCs, CO) during 2008-

2017 - Punjab

Figure 4.7: Transport sector emissions ( NOx, NMVOCs, CO) during 2008-

2017 - Punjab



4.2.5 Sector wise emissions of SOx 

The SOx emissions from three sectors (Power, Industry, and 
Transport) in Punjab has increased tremendously over the last 
ten years for all major sectors. This increase is attributed to 
the increase in fuel consumption. 80% of total SOx emission 
and three-quarter of this is arising from coal, which contains 
high sulphur content. In 2017, the total SOx emission in Punjab 
from the power sector was 380 Gg, the industrial sector 
emitted 571 GG, while the transport sector accounted for 34 
GG (Figure 4.13). As shown in the �gure 4.14, an average share 
of industrial sector in SOx emission is the highest 50%, 
followed by the power which accounts for 47% of the total 
SOx emissions in Punjab from three sectors.

Figure 4.11: CO Emissions in Punjab - By sector

Figure 4.12 : Average share (10 years) of CO in Punjab by sector
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Figure 4.10: Average share (10 years) of NMVOCs in Punjab by sector

Figure 4.8: Average share (10 years) of NOx in Punjab by sector

Figure 4.9: NMVOCs, emissions Punjab - By sector



In this study, air quality scenarios were analyzed using two 
models i.e. Pak-IEM and GAINS. Pak-IEM is an energy model 
for projection of energy demands in a country while GAINS is 
an environment model for projections of air pollutant and GHG 
emissions. The model gave projections of PM�.� till 2030 with 
�ve years' interval having the base year 2007.  The model 
takes into account the whole Pakistan as well as regions and 
all sectors. Since our study is focused on Punjab province and 
for four sectors, therefore the model is set again to run for 
the Punjab region. The estimates of PM�.� from 2007 to 2030 
with �ve years' interval were then interpolated to get the 
desired yearly time series from 2008 to 2017.

Figure 4.15 : PM2.5 emissions in Punjab - By sector

Figure 4.16: Average share (10 years) of PM2.5 in Punjab by sector
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Figure 4.13: SOx Emissions in Punjab by sector

Figure 4.14: Average share (10 years) of SOx Emissions in Punjab by sector

4.2.6 By sector emissions of PM�.�

Emissions (in GG) and ambient concentration (in µg per m3) of 
PM�.� over Punjab has been assessed through GAINS model 
based on Mir et al. (2016). 

Figure 4.15 indicates by sector quanti�cation of PM�.� 
emissions in Punjab for the time series 2008 – 2017. On the 
other hand, Figure 4.16 shows the average 10 years share of 
PM�.� emissions in Punjab.  It is obvious from the chart the 
signi�cant sector contributing to PM�.� emissions in Punjab is 
industrial which hold 92% contribution.

Figure 4.17 shows the modelled results of ambient PM�.� 
concentrations over Pakistan from 2007 to 2030 with �ve 
years' interval. It is clear from the maps that the PM�.� 
concentrations are getting intense over time particularly on 
the rice-wheat belt districts of Punjab which are under 
consideration in this study. The concentration of PM�.� above 
50 µg per m3 is shown in almost all study districts and it is 
projected to increase 8 times in 2020 and 12 times in 2030 
with respect to the base year 2007.
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Figure 4.17 : GAINS model results - PM�.� ambient 

concentration over Punjab 

4.2.7 Emissions from crop residue burning sector 

Open �eld burning of rice stubble results in the emission of 
many harmful air pollutants, like carbon monoxide, NOx, SOx, 
along with particulate matter and hydrocarbons Emissions 
generated from crop residue burning of rice are presented in 
the �gures indicate large variations across 11 – districts of 
Punjab depending upon the crop productivity. In the present 
estimates, total rice production of 1954 thousand tonnes led 
to the total emissions of 66.248 GG of CO and 2.633 GG of NOx 
for the year 2017 in 11 – districts of Punjab. Figure 4.18 and 4.19 
provides details of total rice contribution and by each district 
in Punjab pool over the last ten years.  Rice production 
statistics depicted in the �gures indicates highest production 
for the year 2013 (2,361 thousand tonnes) with Gujranwala 
ranking �rst with 578.4 thousand tonnes of production, 

afterward Sheikhupura with the production of 382.2 thousand 
tonnes.
 
CO and NOx emissions from rice residue burning in 11- 
districts are presented in �gure 4.20, the total emissions from 
all districts stand at 66.25 GG of CO and 2.63 GG of NOx for the 
year 2017. It can also be depicted here based on rice 
production graph by districts that the maximum share in 2017 
emissions is of rice residue burning in Gujranwala, 
Sheikhupura, Ha�zabad, and Sialkot, with Gujranwala 
contributing maximum from rice burning. 

The total production of rice increases substantially from 3,277 
thousand tonnes in 2012 to 3648 thousand tonnes in 2015 
(Figure 4.21). During the same period, the area under rice crop 
increased from 1.71 million hectares in 2012 to 1.87 million 
hectares in 2015. On an average, the study area (11 districts) 
share in the total production of rice in Punjab stands at about 
64%.

Figure 4.18 : Rice production in 11 districts from 2008 - 2017

Figure 4.19: Total rice production of all 11 districts in Punjab
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Figure 4.20: Emissions from rice residue burning in 11 districts

Figure 4.21 : Rice Production (total) in Punjab from 2008 - 2017
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Figure 4.22 : Emissions (total) from rice residue burning in Punjab from 2008 - 2017



CO and NOx emissions from all over Punjab for the years 
2008-2017 are presented in �gure 22 signifying a subsequent 
increase in the emissions from 2014 to 2017 accounting 96% 
of CO and 4% of NOx. It has been estimated that for the year 
2017, the emissions of CO and NOx was 108.83 GG and 4.325 GG 
respectively from the �eld burning of rice straw in Punjab. 
While the estimated emissions from districts under study are 
66.25 GG of CO and 2.63 GG of NOx, accordingly contributing 
61% share of total air pollutant emissions from Punjab.

4.3 CONCLUSIONS & RECOMMENDATIONS

Since the burning activity of rice residue occurs in October 
and November every year, the resultant air pollutant 
emissions from this burning activity would also be occurring 
only in these two months. On the other hand, power, industry, 
and transport runs all over the year, the resultant air pollutant 
emissions from these sectors would also be occurring during 
the twelve months. Assuming that energy sector activities 
operate uniformly in a year, the total emissions are 
disaggregated into per month emissions. This gives the 

realistic comparison of sectoral air pollutant emissions and 
share in Punjab as shown in Figure 4.23 and Figure 4.24.

The major portion of total air pollutant emissions are coming 
from the transport sector (269 GG) and it holds 43% share in 
all sectors (power, industry, transport, and crop residue 
burning - CRB). The second key sector responsible for air 
pollutant emissions in Punjab is industry whose share is 25% 
and amounts 154 GG. The sector at number three is 
agriculture (rice residue burning). It accounts for 20% (121 GG) 
of total air pollutant emissions with respect to other sectors. 
The emissions from residue burning of other crops have not 
been estimated due to the fact that since smog usually 
happens in October and November and these two months only 
involves burning of rice residue. The last sector is a power 
which amounts 74 GG and contributes 12% in total emissions. 
Collectively, it is clear from the �gures that the main sectors 
responsible for air pollutant emissions in Punjab are power, 
industry, and transport which together hold 80% contribution 
in air pollutant emissions and aids in the formation of 
photochemical smog in Punjab. Though the emission 

Figure 4.23 : Sectoral emissions in Punjab (cumulative)
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Based on the conclusion, the following are some of the key 
sectoral recommendations with regard to the reduction of air 
pollutant emissions from fuel combustion process and crop 
residue burning:
 
1. SOx emissions from combustion processes in power 
stations and industry could be controlled by implementing 
following �ve distinguished technical measures (Cofala and 
Syri, 1998a):

a) Changes in the energy system leading to lower 
consumption of sulfur containing fuels (by energy 
conservation or fuel substitution).

b) The use of low-sulfur fuels, including fuel desulfurization.

c) In-furnace control of SO2 emissions (e.g., through limestone 
injection or with several types of �uidized bed combustion).

d) Conventional wet �ue gas desulfurization processes.

e) Advanced, high-e�ciency methods for capturing sulfur 
from the �ue gas. 

2. For NOx emissions control in power and industry sector, the 
following two broad groups of technical emission control 
options are well-known (Cofala and Syri, 1998b):
 

a) In-furnace control of NOx emissions for stationary sources, 
i.e., the so-called combustion modi�cations (CM) or primary 
NOx reduction measures.

b) Secondary measures depending on the treatment of �ue 
gases (selective catalytic reduction (SCR), selective non-
catalytic reduction (SNCR)).

3. In the case of controlling VOCs and CO emission in power 
and industry sector, there is a number of ways in which the 
combustion e�ciency could be increased and emissions 
reduced. Some of them include the following options (Klimont 
et al., 2000):

a) Replacing old with the new boilers can signi�cantly reduce 
VOC and CO emissions.

b) Improving the performance of old boilers which include 
external furnaces, ceramic inserts, and pellet burners.

c) Utilization of oxidation catalysts which the most cost-
effective way to eliminate or reduce VOC and CO.

4. Furthermore, for reducing particulate matter (PM2.5) 
emissions from large boilers in power stations and industry, 
there are following seven end-of-pipe options available 
(Klimont et al., 2002). 

a) Cyclones

b) Wet scrubbers

c) Electrostatic precipitators (three stages, i.e., one �eld, two 
�elds, and more than two �elds)

d) Wet electrostatic precipitators

e) Fabric �lters

f) Regular maintenance of oil-�red industrial boilers

g) Two stages (low and high e�ciency) of fugitive emissions 
control measures

5. For controlling air pollutant (NOx, CO, VOCs, PM2.5 and SOx) 
emissions from road transport, options available are divided 

Figure 4.24 : Sectoral emissions shares in Punjab
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contribution of the burning of rice residue is minimal as 
compared to other sectors but may support signi�cantly the 
seasonal smog phenomenon in Punjab.

AGRICULTURE
(Crop Residue 

Burning)
20%



into the following categories (Klimont et al., 2002; Cofala and 
Syri, 1998a; Cofala and Syri, 1998b; Klimont et al., 2000):

a) Changes in engine design, which result in better control of 
the combustion processes in the engine.

b) Changes in fuel quality, e.g., decrease in sulfur content. 
Changes in fuel speci�cations may provide engine 
manufacturers with the greater �exibility to use new emission 
reduction technologies.

c) Flue gas post-combustion treatment, using various types of 
trap concepts and catalysts to convert or capture emissions 
before they leave the exhaust pipe.

d) Better inspection and maintenance. Examples are in-use 
compliance testing, in-service inspection, and maintenance, 
onboard diagnostic systems.

6. For reducing crop residue burning, following control 
measures could be taken into account (Sarkar et al., 2018; 
Zhang et al., 2017)

a) Awareness must be created amongst the farming 
communities about the negative impacts of crop biomass 
burning and importance of crop residues incorporation in the 
soil for maintaining sustainable agricultural productivity.

b) With the development of recent technologies, rice residues 
can be processed and managed using better practices. 
Management options for rice residues can be classi�ed as in-
�eld and off-�eld management. Some of the off-�eld options 
include using rice straw for livestock feed, mushroom 
production, anaerobic digestion (biogas production) and 
mulching.

c) Support to be provided by the government to help farmers 
to purchase machines that can harvest with less residues, to 
adopt relevant climate smart practices to help increase yields 
and to use residues as fertilizer, animal feed supply, biogas 
production, or sell for use in different industries instead of 
being burnt.

d) Avoid usage of combine harvesters and promote no till and 
zero till methods of cultivation.

e) Manual harvesting of crops is a much better option than 
mechanical harvesting as the �elds are ploughed easily, so 
everything is mixed up and acts as a fertilizer. However, as 
this is labor-intensive, there are some locally developed 
machines that can harvest crops from the roots. But they are 
expensive, so government subsidies can help farmers in this 
regard.

f) Educating farmers to make them aware of the monetizing 
opportunities from selling the residue products.

g) Responsibilities of local and central governments should be 
de�ned to improve coordination and cooperation between 
departments; to carry out various forms of information and 
education; to monitor �re spots by meteorological and 
environmental satellite; and to strengthen the inspection of 
illegal activities, etc.

h) To curb smoke from stubble burning in the post-monsoon, 
such technologies as Turbo Happy Seeder machines could be 
introduced to farmers (a tractor-mounted machine that cut 
and lifts standing stubble and drills wheat seeds into the bare 
soil without burning). 

I) There is a need for crop residue-based renewable energy 
planning. A number of such initiatives are being undertaken in 
the neighboring countries to utilize the potential of crop 
residues for bio-energy generation .

7. An urgent need is the collection of high-quality data in 
various districts of Punjab, especially those which cover the 
rice belt, on a regular basis. It is suggested that air-quality 
monitoring stations may be installed throughout Punjab 
province, and air samples of winter smog and post-monsoon 
smoky haze should be taken. More evidence needs to be 
collected regarding sources and transport pathways of 
emissions of �ne mode aerosols affecting northern Punjab.

8. The data can help create awareness and provide 
information necessary for crafting targeted solutions. For 
example, if it is established that winter smog contains 
vehicular and industrial pollutants rather than smoke 
particles, the remedy would be to improve fuel quality, install 
catalytic converters (which render NOx emissions inert), and 
regulate point sources of emissions. 

|  75  |

SECTION IV
Sectoral Emission Inventory of Air Pollutants in Punjab



SECTION IV
Sectoral Emission Inventory of Air Pollutants in Punjab

9. Promotion of such practices such as water sprinkling and 
vacuum cleaning of roads, restrictions (e.g., through a ruling 
by law courts) on �eld �res to burn crop remnants, provision 
of public health education, especially for school going 
children, or the creation of arti�cial rain depending upon the 
feasibility. 

10. Establishment of early-warning systems for potentially 
severe smog incidents and smog monitoring network is also 
recommended.

11. Long run recommendations include investment in public 
transport to reduce aggregate fuel consumption, shift to 
cleaner fuels and renewable energy, and smart urban design, 
with indigenous species of plants and on a human-centric 
approach.

12. Finally, since smog is a regional problem, which also 
affects neighboring countries (e.g., India, Iran, and 
Afghanistan), there may be a case for inter-country 
collaboration on data and information exchange as well as 
collaborative strategies. Cumulative measures and joint 
efforts can help eradicate a problem that respects no 
boundaries.
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District Tehsil Number of FGDs Conducted

CHAK JHUMRA

FAISALABAD

JARANWALA

SUMUNDARI

TANDLIAN WALA

Total

GUJRANWALA

KAMOKI

NOSHERA VIRKA

WAZIRABAD

Total

GUJRAT

KHARIAN

SARI-ALAMGIR

Total

HAFIZABAD

PINDI BHATTIYAN

Total

CHUNIYAAN

KASUR

KOT RADHA KISHAN

PATTOKI

Total

LAHORE CANTT

LAHORE CITY

Total

MALIK WAL

MB DIN

PHALIA

Total

NANKANA SAHIB

SANGLA HILL

SHAHKOT

Total

FAISALABAD

GUJRANWALA

GUJRAT

HAFIZABAD

KASUR

LAHORE

MANDI BAHAUDDIN

NANKANA SAHIB

2

5

2

2

2

13

3

2

3

3

11

6

3

2

11

5

5

10

1

2

3

3

9

5

7

12

3

4

5

12

6

3

3

12



|  87  |

APPENDICES

NAROWAL

SHEIKHUPURA

SIALKOT

District Tehsil Number of FGDs Conducted

NAROWAL

NAROWAL/ZAFARWAL

SHAKARGARH

Total

FEROZEWALA

MURIDKE

SAFDARABAD

SHARAQPUR

SHIEKHUPURA

Total

DASKA

PASRUR

SAMBRIAL

SIALKOT

Total

4

2

4

10

1

3

2

2

3

11

3

2

2

5

12

123
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District Tehsil Union Council 

126 RB

146 RB

208 R.B

209 R.B

202 R.B

199 R.B

229 RB.

200 RB.

103 RB.

201

228 GB

416 GB

MUNICIPAL COMETTI

KOT SHERA 

ARUP

BUTRAN WALI

SADOKI

CHAK RAMDAS

ABIDABAD

BUDHA GORAYA

NO KHAR

NAT KALAN

AHMED NAGAR

MANSOOR WALI

KARIANWALA

ANJALA

MANGOWAL GHARBI

FATEH PUR

DAULAT NAGAR

MURALA GUJRAN

KOTLA ARAB ALI

SEKRALI

DHORIA

BAGH NAGAR

KHOHAR

SHAH JAMAL

CHAK CHATA

KALIKI MANDI

CHAK JHUMRA

FAISALABAD

JARANWALA

SUMUNDARI

TANDLIANWALA

GUJRANWALA

KAMOKI

NOSHERA VIRKA

WAZIRABAD

GUJRAT

KHARIAN

SARAI-ALAMGIR

HAFIZABAD

FAISALABAD

GUJRANWALA

GUJRAT

HAFIZABAD
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VANEEKY TARD

KOLU TARD

BHALUPUR

RASOOL PUR TARD

KOT SARWAR

SADHOKI

KHURAM CHARIRA

ALLA ABAD

BAHADUR PURA

FATEH PUR

RAJOWAL

MATTA

ZAFAR KEY

AKBAR ABAD

GHUMANKE

LAMBAY JAGIR

BARKI

HALLOKEE

BHASEEN

WARRAICH

KAHANA NOH

SHAHPUR KANJRAN

MARAKA

ALI RAZA ABAD

PAJIAN

MANGAN

CHUNG

SHAMKI BHATTIAN

RUKKAN

CHAK RAIB

HARIA

MIAN WALA

MANGAT

MOJIAN WALA

DHOK KASIB

DHUNNI KALAN

BHEIKHO

DHEREKAN KLAN

JANO CHAK

PAHRIANWALI

PINDI BHATTIYAN

CHUNIYAAN

KOT RADHA KISHAN

PATTOKI

LAHORE CANTT

LAHORE CITY

MALIK WAL

MANDI BAHAUDDIN

PHALIA

District Tehsil Union Council 

KASUR

KASUR

LAHORE

MANDI BAHAUDDIN
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KOT HUSSAIN KHAN

NABI PAR  PIRAN

MACHIRALA

NO.63 SYED WALA

U.C 34 KOT NAMDAR

NATHA

BAHLIR CHAK

NO.43 R.B

MUD BALOCHAN

U.C NO.176PANWAN

CHAK 83 R.B DALA JARMIYAN

KOT NIZAM DIN

TALWANDI BHINDRAN

JASSAR

CHANDOWAL

DAM THAL

JANDYALA

DARA PUR

CHAK AMRO

PHUL WARI

ARA MANGA

KOT NAINA

KHAN PUR

QILA SITAR SHAH

LAMBRA

KALA KHATAI

RATTI TIBI

SALAR BHATIA

KOT MEHMOOD

SAJOWAL

BAKHI

JANDIAL SHER KHAN

NOKHAR

ADAMKE. CHEEMA

GALOTIAN KHURD

SATRAH

BADIANA

SOKANVIND

BADOKE CHEEMA

HABIBPUR

NANKANA SAHIB

SANGLA HILL

SHAHKOT

NAROWAL

SHAKARGARH

FEROZEWALA

MURIDKE

SAFDARABAD

SHARAQPUR

SHIEKHUPURA

DASKA

PASRUR

SAMBRIAL

NANKANA SAHIB

NAROWAL

SHEIKHUPURA

SIALKOT
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KAPOOR PUR

MALKHAN WALA

MARALA

KOTLI COHARAN

SIALKOT
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Food and Agriculture Organization of the United Nations, Pakistan initiated the Technical Cooperation Programme on 
Remote Sensing for Spatio-Temporal mapping of Smog (R-SMOG)   upon the request of the Government of Punjab. The R-
SMOG evaluates the relationship between Smog and the rice residue burning practices by farmers in the Rice belt of 
Punjab. It is a comprehensive geospatial research which integrates Spatio-temporal mapping of smog viz-a-viz 
climatological modelling, study of seasonal trends and dynamics and estimates an inventory of sectoral emissions. The 
�ndings of the R-SMOG will assist to generate scienti�c evidences to study the causes of Smog in Punjab and to adopt 
adequate mitigation and adaptation strategies.

REMOTE SENSING FOR SPATIO-TEMPORAL MAPPING 

OF SMOG IN PUNJAB AND IDENTIFICATION OF THE 

UNDERLYING CAUSES USING GIS TECHNIQUES (R- SMOG)

Food and Agriculture Organization of the United Nations

2018


