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Abstract

Sulfur dioxide (SQ) is a chemically active trace gas and one of thg@ncriteria
pollutants. Pakistan lacks the monitoring faciliym a larger scale to measure
atmospheric gases on regular bases. This studenisethe results of atmospheric
SO, column densities obtained from satellite obseovatver Pakistan during the
time period of 2004 - 2012. level-2 data product sdtellite instruments
SCIAMACHY onboard ENVISAT, OMI onboard Aura and G@WR onboard Metop
retrieved by using Differential optical absorptispectroscopy (DOAS) technique are
used. Spatio-temporal distribution of $€vlumn densities along with the seasonal
variation over main cities and regions of Pakist&s been discussed. The Nabro
volcano eruption in 2011 had caused high 8@umns over East Africa, Middle East
and South Asian regions. Satellite images trackedransported S{pollution over
Pakistan during this event. Other significant valcaeruptions and their trans-
boundary effect over Pakistan’s atmosphere hawe lzen discussed in this study.
Back trajectory analysis is performed to track dinigin of air masses with high SO
column densities detected over Pakistan. Tempeomugon of SQ column densities
exhibited an overall increase of 70% (125% withcti@n of trans-boundary SO
pollution from regional volcanoes) during the tiperiod of 2004-2012. Spatial and
temporal analyses of Sollution over Pakistan by using satellite obs@orahas

been discussed for the first time in Pakistan.

XV



Chapter 1

Introduction

1.1.Background

Environmental concerns related to air quality iswna global issue, more
particularly in the developing countries and urlsanters. Air is a mixture of various
gases, liquid particles and small solid particsurce of these substance are both
natural and anthropogenic activities such as imghsst motor vehicles, domestic
activities and many others. Problem arises whenqgumntity of these substances
exceed the safe level and cause harm or discomafémimans or plants, animals and
materials. Such substances are known as air paltutair pollutants are in the form

of liquids, gases or particles (Aliasal, 2007).

The problem of air pollution and the efforts to toh it is not a recent
phenomenon. An early example of pollution controflisance can be traced to
thirteenth-century England, when King Edward | beshrthe burning of highly
polluting coals in London (Schwela, 1997). Air pibn and its adverse effects were
recognized early; despite this the fossil fuel congtion in the transport sector and
industrialization in the pre and post industrialaleition caused the rise in air
pollution in various urban areas (Betlal., 2004). In December 1952, the London’s
great black smog had severe health impacts, cawangt 4000 deaths and when
considered the long term effects, approximately0D2@eaths were reported (Bell and
Davis, 2001). Furthermore statistical studies onderpiology held in 1950’s,
associated the deteriorating human health witlp@liution, even on the lower levels

of air pollution (Bellet al., 2004).
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No doubt the development and advances in technadloglifferent sectors has
improved the quality of life and brought comforttte people, nevertheless it has also
increased the emission foot prints of each indi@id(Thornton, 2007). These
emissions are associated with many health hazands ita also endangers the
environmental sustainability. Rapid growth of paidn, usage of fuels in vehicles,
continuous urbanization and rapid industrializatibas a major role towards
increasing air pollution (Thornton, 2007). Therefair pollution is an important

environmental concern and requires consideraldatin.

In response to such a significant issue, with tlasspge of time extensive
literature related to the air pollution effects bealth and environment has been
amassed by various countries around the globe. Tiheg also developed standards
and guidelines for the protection of human heahld aonserving the environment
(Thornton, 2007). In recent years extensive resetias been carried out on the
causes and sources of air pollution, its effecthiaman health and its environmental
impacts (Ferdous, 2008). Consequently researchalsasfocused on understanding
the impacts of air pollution by spatial analysidjieir has emerged as a significant
tool in today’s research (Ferdous, 2008). Althowgh has various significant air
pollutants that adversely affect atmosphere, ptesesearch project focuses mainly

on an industrial pollutant Sulphur dioxide (§0

1.2. Sulphur dioxide in Atmosphere

Sulphur dioxide (Sg) is present in the atmosphere as a result of bathral and
anthropogenic sources (Lekeal., 2008; Seinfeld and Pandis, 1998). Naturallysit i
produced due to the oxidation process occurrinthé soil, oxidation of hydrogen

sulfide (HS) and dimethyl sulfide (DMS) over oceans and digon volcanic
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eruptions. Among other natural sources of,S@lcanic eruptions are the major
contributor and are sporadic, emitting 7.5-13 Tg P& year (Halmeet al., 2002;
Andres and Kasgnoc, 1998).Whereas combustion sfl fiagels and biomass burning
contributes to the anthropogenic sources of $@duction (Lelieveldet al., 2007,
Finlayson-Pitts, 2000; Eisinger and Burrows, 199Rjiphur (S) is found mostly in oil
and coal and when burnt, it combines with oxygey) é@dd SQ is produced (Mirza&t

al., 2013).

SO is a very reactive compound. It reacts easilytanfother compounds such as
sulphuric acid (HSQy), sulphurous acid (#30;) and sulphate (SO) particles. These
compounds are very harmful to the environment dbkageto the human health. $0
is a criteria pollutant (USEPA, 2013) and also oh¢he key precursors of acid rain.
Acid rain is a hazard for forests and many freslewacosystems around the world

(Ferrari and Salisbury, 1999).

SG, life time varies from few days to several week&itPand Stutz, 2004). In
troposphere due to its reaction with hydroxyl (Gl other oxidizing agents, it has a
limited lifetime of just a few days (Platt and Stu®004; Atkinsenret al., 1997).
However in lower stratosphere its lifetime exceéusn several weeks to 2 years

(Platt and Stutz, 2004; Eisinger and Burrows, 1998)

1.3. Monitoring of Trace Gases

Traditionally, monitoring of atmospheric gases utthg SQ has been carried out
via air quality monitoring stations located in ttiges and also through the total ozone
(O3) monitoring station. These stations along €3timates could also provide SO
measurements (e.g. Fiolet@r al., 1998; Zerefost al., 1986). Such monitoring
stations are located sparsely and,S@bnitoring on a global scale through these

3
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stations is not possible. Since last few decadet) watellite observations and
advancement of technology, now the atmospherig i8@nitoring on large scales has
become possible (Camt al., 2008; Khokhart al., 2005) with good temporal and
spatial coverage. Space borne instruments, for pbea@lobal Ozone Monitoring
Experiment (GOME - since 1996) (Thometsal., 2005; Khokharet al., 2005) ,
Ozone Monitoring Instrument (OMI) (Krotkoet al., 2008, 2006; Lelieveldt al.,
2006) and Global Ozone Monitoring Experiment-2 (GEM 2 since 2008) in
addition to SCanning Imaging Absorption spectroMettor Atmospheric
CHartographY (SCIAMACHY) (Leest al., 2008; Bovensmanet al., 1999) have
opened new corridors providing a continuous spatidl temporal analysis of such air

pollutants around the globe.

Pakistan has no continuous monitoring facility flioe monitoring of ambient air
quality. Punjab Environmental Protection Agency AERand Pakistan Council of
Scientific and Industrial Research (PCSIR) havef#udity of mobile laboratories.
But these laboratories record intermittently in feites. This study has first time
focused to prepare database of atmospherig &M@ emphasized on the amount of
SO, present in the atmosphere of Pakistan as a coeseguof trans-boundary
movement of air masses, by using satellite datdast emphasized on spatial and
temporal variation in S©column densities during the time period of 20@012. For
this purpose S©column densities data of SCIAMACHY instrument ised. SQ
absorption lines are between the wavelengths of-3826 nm of Ultraviolet (UV)
region (Rixet al., 2012; Khokharet al., 2006). The Differential Optical Absorption
Spectroscopy (DOAS) (Khokhat al., 2005; Van Roozendael, 1999; Richter, 1998;
Perner, and Platt, 1979) technique is used fordtreeval of SQ column densities in

the atmosphere from nadir measurements of SCIAMACBIAly data and images of
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GOME-2 and OMI instrument have been used to mosipecial events of high SO

columns as consequence of volcanic activity innighboring regions.

1.4. Research Obijectives

Objectives of the present study are:

a. To prepare database of S&lumn densities over Pakistan during the last
decade (2004-2012).
b. To monitor and analyze the spatial distributionSa), over Pakistan from

satellite observation.
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Literature Review

2.1.Earth’s Atmosphere and Composition

Earth’'s atmosphere is made of various gases. Antbaege gases mainly,0O
Nitrogen (N) and Argon (Ar) makeup the 99.9% of the entire agphere. The
composition of earth’s atmosphere is dependent wperemissions that go into the
air, whether they are by natural sources or by hmuadivities. The composition is
also determined by the energy which flows intodtraosphere, out of the atmosphere
and also within the earth’s atmosphere. The pradgpurce of this energy is sunlight
at UV, visible, and near-infrared (NIR) wavelengthEhis incoming energy is
balanced at the top of the atmosphere by the auggemission of infrared (IR)

radiation from the Earth’s surface and from theadphere (Isaksest al., 2009).

2.2.Layers of Atmosphere

The air from below is in contact with earth’s sedalt is warmed from below.
When it is warms up, it expands and with the exjmanghe air cools down.
Temperature of air and density of air determineshtmidity of the air. More the air
can hold the amount of water vapors in it; mortheshumidity of the air. These three
properties together i.e. Temperature, density andidiity, enforces the atmosphere
layered structure. Figure 2.1 shows this structilme atmospheric layers are related to

temperature, pressure and height.
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-20 0
120 -80 -40 o 40 80 120 °F
Temperature

Figure 2.1: The different layers of atmosphere, teerature, and pressure
profiles with respect to altitude (adapted from Lyrdon state college meteorology

department, 2006).

The first layer is the troposphere. It starts freanface and extends to the upper
boundary; at about 11 km. The upper boundary isedbas tropopause. The height of
troposphere varies, around equator it is about m6akd around poles it is 8 km.
Atmospheric gases are most concentrated in thisr.ldg troposphere, there is an
indirect relation between temperature and heighheight increases the temperature
decreases, with the average rate of 6.5 °C-.Kiis rate is known as ‘lapse rate’
(Allaby, 1996). Above the tropopause, the next ajpheric layer is stratosphere. It
extends up to 40 km and is mainly composed of stdby air. In troposphere the
pollutants disperse, whereas in stratosphere that@ats do not disperse and remains

7
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for long period of time. The significance of strgpbere lies in the presence of dense
O3 layer in it. The @ layer helps in preventing the UV light (which iarmful to

living organisms) reaching the earth’s surface (2&n Leun, 2004).

2.3.Sulphur dioxide
2.3.1. Physical and Chemical Properties

SO, is a colorless and reactive gas. It is solublevater and has a very pungent
odor. Human nose can detect it due to its pungeot, @t the concentration of about
0.5 — 0.8 parts per million or 1329 - 2126 m°. In the atmosphere, S@ndergoes
series of conversion process. These processes meshe formation of various new
compounds (MfE, 2004b), for further details referthe section 2.3.3.1.1. Table 2.1

presents the physical and chemical properties gf SO

Table 2.1: The Physical and Chemical Properties 80,

Property Value Reference
Molecular weight 64.065
Physical state Colorless gas Lide, 2002.
Melting point -75.5°C
Boiling point -10.05°C Lide, 2002.
Specific gravity (liquid) 1.50 RSC, 1999.
2.26 (at 0°C) Genium, 1999; RSC, 1999.
Specific gravity (gas) 338 kPa (at 21°C) RSC, 1999.
(air =1) Vapor pressure 230 kPa (at 10°C); 330 kPa (at
20°C); 462 kPa (at 30°C); 630 | Weil and Sandler, 1997.
kPa (at 40°C)
17.7% (at 0°C) Genium, 1999.
Solubility in water
85 g/L (at 25°C) RSC, 1999.
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22.971 g/100 g kD (at 0°C);
16.413 g/100 g O (at 10°C);
11.577 g/100 g O (at 20°C);
8.247 g/100 g kD (at 30°C);
5.881 g/100 g KD (at 40°C)

Weil and Sandler, 1997.

Solubility

Soluble in ethanol, ether and

Lide, 2002.
chloroform.
Moderately soluble in benzene
acetone and carbon Genium, 1999.

tetrachloride.

Soluble in chloroform, ether,
alcohol, methanol.

Budavari, 1996.

Acid/Base properties

Dissolves in water to form a
slightly acidic aqueous solution

Genium, 1999; Weil and
Sandler, 1997.

of H,SO.

0.1 to 3ppm Genium, 1999.

Odor threshold in air 0.45 ppm (low): 4.8 ppm (high)

1.9 ppm (irritating).

ATSDR, 1998; Ruth, 1986.

Conversion factors for vapor

1 ppm = 2.62 mg/f IARC, 1992.

(at 25 °C and 101.3 kPa)

2.3.2. Sources of SQ

Sulphur is emitted into the atmosphere from botkunah and anthropogenic
sources. The natural sources include volcanoestt{egni7.5-13 Tg S@ per year)
(Halmeret al., 2002; Andres and Kasgnoc, 1998), DMS from theaos (16-54 Tg S
per year) (Kettle and Andreae, 2000) and wildfiNa&ldfires are also categorized as
anthropogenic sources of &OOverall emissions of SOfrom wildfires have
increased since 1750 till 2000, from 1.46 Tg.$@r year to 4.1 Tg S{per year
(Dentenetet al., 2006). The increase in anthropogenic emissiéi®p from the year
1850 to 1980 is 2 to 131 Tg Sfer year (Smitket al., 2011). Throughout these years,
coal combustion has contributed majorly to the, S#issions. Whereas $0
emissions from the petroleum combustion have ise@amainly after the 1940’s

(Smithet al., 2011).
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In following section, few major natural and anthogpnic sources of Shave

been discussed.

2.3.2.1.Volcanoes

Emissions from volcanoes are major natural soufc&Qp and also of other trace
gases. Other than $Qolcanic eruptions can inject carbon dioxide @;Qvater
vapors (HO), hydrofluoric acid (HF), hydrochloric acid (HCBnd ash into the
atmosphere. These gases can disturb the compositiatmosphere and perturb the
atmospheric chemistry. This can potentially aftbet environment and climate of the
earth (Yanget al., 2009). The gases and particles from volcanicssions are
converted into tropospheric and stratospheric aésdRobock, 2000). These aerosols
can persists in the stratosphere for many yearscangde the lowering of global
surface temperature by 0.5 °C, whereas the aslonsetines removed from the
atmosphere within days (McCormiek al., 1995). Highly explosive volcanic events
affect climate on time scales of months to yearsb@®k, 2000; McCormiet al.,
1995). Figure 2.2 shows volcanic activity and gasitting from volcano and how

they can affect the atmospheric composition.
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Figure 2.2: Volcanic gas emissions (Figure modifiefom McGee and Gerlach,

1995)

Generally the major volcanic eruptions are disadisde®wever most of the
volcanic emissions are released from the continwmgs non-eruptive degassing of
the volcanoes. Out of total S@leased into the atmosphere from volcanic emissio
99% of it is released from continuous volcanic dsgeg and around 1% is released

due to the sporadic eruptions (Andres and Kasgi@®sg).

The large volcanic eruption events can be monitaredi studied through satellite
observations (Carn and Bluth, 2003). However with development of ground-based
remote-sensing techniques the local and regiorikieinces of degassing volcanoes

could also be observed (McGonigle and Oppenhei2®3; Galleet al., 2002).

2.3.2.2.0ceans and Wetlands

The biological reactions and geochemical processiroag on the terrestrial
lands and in the oceans produce trace gases. T$es galeased from oceanic

processes include DMS, carbonyl sulphide (COSH End carbon disulfide (GS
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The biogenic continental sources also release #&tyaof sulphur containing
compounds, including #$, DMS, dimethyldisulfide (DMDS), GS COS,
methylmercaptan (MeSH) etc. These all trace gasesamverted to S£by oxidation
process and finally to 430, through a series of chemical reactions. HoweVerse
SO, emissions could not be identified via satellitesetvations (Khokhar, 2006) due

to the less sensitivity of satellite instrumentgioecean surfaces.
2.3.2.3.Fossil fuel Consumptions

Fossil fuels include coal, petroleum, natural dasjmen and shale oil. Fossil
fuels are the foremost source of obtaining enespgcifically heat and electrical
energy. The main constituents of these fuels areoca(C), Q and hydrogen (b).
Other than these sulphur, nitrogenXldompounds and metals are also part of fossil
fuels (Chmielewski, 2011). SCemissions from the fuel, depends directly on the
content of sulphur in fuel and also on the amodrfuel consumption (Vijayet al.,
2004). Generally natural gas has less quantityugghsir, whereas in coal and oil
sulphur levels are variable and it is mostly higlSEPA, 1995). S©is emitted most
when fossil fuels are combusted in industrial faed such as power plants (EPA,
2011). During the combustion process of coal, suiptontaining compounds are
transformed into SO After conversion, S@along other flue gases are emitted into

the air Ppuri¢ et al., 2013).
2.3.2.4.Metal Ore Smelting Industry

Metal ores contain prevalent quantity of sulphure3e metals include aluminium
(Al), zinc (Zn), copper (Cu), iron (Fe), lead (Phickel (Ni) and many other common

metals (Khokhagt al., 2008). For example, in earth’s crust Cu is primdound as
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chalcopyrite (CuFes, bornite (CygFeS), chalcocite (CeS) and covellite (CuS)

(Emission Estimation Technique (EET), 1999).

Smelting is referred to the process through whichmally a metal ion is reduced
to a free metal. As a result of this process, sulph eliminated from the metal ore as
SO, (Khokharet al., 2008). SQ emissions from smelters can affect vegetatioresipr
water reservoirs and land surface present neasrttedters (AMAP, 2006; Savased

al., 2006; Telmeet al., 2006; Aamlid, 2002; EET, 1999).

2.3.2.5.0il Refineries

Oil refineries transform the valuable constituewnfs crude oil, into various
markedly important petroleum products that are usecdeveryday life. This is
achieved by the extraction and up-gradation of eroidl products like jet fuel, diesel
and gasoline (Ba-Shammakh, 2011). Crude oil hasgh kevel of sulphur in it
(Neidell and Lavaine, 2012). In a refinery, firsetcrude oil is broken into raw stocks.
Further from these raw stocks, the finished praglwe made (Gary, 1994). The
streams flowing out of distillation units of crud@ also accompany sulphur and some
other impurities with itself (Ba-Shammakh, 201Y).Hrance, about 20% of SO

released from oil refineries (Soleille, 2004).

2.3.2.6.Biomass Burning

Biomass burning is considered as both natural amtdr@pogenic phenomena
(khokhar, 2006). However it is primarily an anthoggnic activity (Alexandeet al.,
2004; Delmas and Servant, 1988). There are tlm@sons behind biomass burning:
land clearing for shifting the agriculture, defdeg®n or land clearing for cultivation

purposes and the annual bushfires in dry savanBashfires are of special
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importance in Africa, where around 40% to 60% sa@snare burned annually

(Deschler, 1974).

2.3.3. Atmospheric Chemistry and Fate
2.3.3.1.SQ Removal Mechanisms from the Atmosphere

SO, once emitted into the atmosphere, it can eitherved to some other
compounds or it can be removed completely fromatimeosphere. The S@emoval
from atmospher@volves various mechanisms for instance oxidatég,deposition,
wet deposition, dissolution, absorption by soil &edetation, and few other processes
(ATSDR, 1998; Katz, 1977). The removal processalan change S{Qnto sulphates
and HSO, (ATSDR, 1998), this conversion accounts for 10% abimospheric
removal of S@ (Hegg and Hobbs, 1978). Out of all these procesekded to
removal, the dominant processes are wet depositiash out and absorption process

(Hegg and Hobbs, 1978).

The following sections describe some of the sigaifit removal mechanisms for

SO, from the atmosphere.

2.3.3.1.1. Oxidation of SO,

SO, oxidation can occur either homogenously or hetemegusly. It can also
occur as combination of both homogenous and hetessus reactions (Bunce, 1994;
Finlayson-Pitts and Pitts, 1986). Homogenously; 8%dation can occur in gas phase
and in aqueous phase whereas heterogeneouslyy dccarr on the particles surface

(Bunce, 1994; Finlayson-Pitts and Pitts, 1986).

Photochemistry and temperature are two importambspheric parameters that

influence the rate of SMxidation (Finlayson-Pitts and Pitts, 1986). Phbsaistry
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is significant in respect that some intermediatetiens in S@ oxidation process are

photochemical and some of the reacting specieslaceproduced by photochemical

reactions (Finlayson-Pitts and Pitts, 1986). Terapee also plays a key role, as the

rate of SQ oxidation in summer is higher than the oxidatisogess in winter. The

rate is also higher in the midday compared to #te at night (Finlayson-Pitts and

Pitts, 1986).

Table 2.2: Mechanisms of Conversion of Sulphur Diage to Sulphates (adapted

from Wilson, 1978)

Mechanism Overall Reaction Factors Affecting Reactin

Direct SO, — H,S0,

Photooxidation . S .
(in the presence of light, oxygen and SO, concentration; sunlight intensity
water)

pr?gti(gxi dation SO — H:S0, SO, concentration; organic oxidants,

(In the presence of smog, water, NOXx,
organic oxidants, hydroxyl radical,...)

OH, HO, and RO radical
concentrations

Oxidation in liquid
droplets

SO, - H,S0O;
(in the presence of liquid water)
NH; + H,S0; — NH," + SQ*

(in the presence of oxygen)

Ammonia (NH) concentration

Homogeneous
aqueous phase

oxidation*

SG; (ag)— sulphate
(by dissolved HO,, O;, OH, SQ,
HSGOs, SO, PAN, CHCOOH,

CH,C(0)OOH, HQ, NO,, NO,, N(IlI),
HCHO, Cb)

pH, ionic strength

Catalyzed oxidation
in liquid

Droplets

SO, — SO”

(in the presence of oxygen, liquid water|
and metal ions)

Metal ion or salt concentrations

(Vanadium (V), Manganese (Mn), Fe

~

Catalyzed oxidation
ondry

Surfaces

SOZ — HzSO4

(in the presence of oxygen, liquid water|
and metal ions)

Carbon particle concentration

(surface area)

*Seinfeld and Pandis, 1998; Bunce, 1994
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The oxidation process is also affected by somer@tmospheric conditions, such
as the humidity of the atmosphere and compositiod aoncentration of the
particulate matter in the environment (Bunce, 1994ummary of the reactions

involving SG oxidation processes is given in the table.

SO, oxidation in the homogeneous gas phase involvage thparticular

mechanisms. These oxidation mechanisms are (Eggeid Cox, 1978):

a. Oxidation by the photo-chemically generated rea&ciivermediates.
b. Oxidation by thermally generated reactive interratss.

c. Direct photo-oxidation of excited SO

There are many reactive species which are genebgtgdhotochemical process,
that participate in S©oxidation reaction (Bunce, 1994; Calvert and Staelk 1984);
for instance the oxidation reaction by atomic oxyg®), G, HO,, Criegee biradical
(RCHOOH) and some organic radicals (Bunce, 199%lalson-Pitts and Pitts, 1986;
Eggleton and Cox, 1978). Among all the oxidatioacteons, OH oxidation reaction
with SO, is the most significant (Bunce, 1994; Calvert &tdckwell, 1984). Reason
behind this is the slow reactions of other reacsipecies or their low concentration in
most atmospheric conditions (Bunce, 1994; FinlayButs and Pitts, 1986).

Following equation represents the reaction of OH\BQG.
SOOH (+ M)—> HSG; Eqg. 2.1

‘M’ represents another molecule, which can b®HO, or N, in the air. M serves
as the carrier of excess energy out of the reaclibis reaction leads to the $@alf-
life of around 10 days (Calvert and Stockwell, 198fhe HSQ radical formed

during the reaction, eventually results in the picitbn of SO, aerosols (Calvert
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and Stockwell, 1984). The common reaction pathway®0; conversion into K50,

is presented by following reactions (Bunce, 1994ldyson-Pitts and Pitts, 1986).
H3® O, —» SO; + HO, Eq. 2.2

SO, oxidation process is also carried out by thermgéperated reactive species.
These species are olefins or alkenes;z; M@d NOs. For the oxidation reaction by
alkenes, industrial areas or urban areas are ltestesl, as this reaction requires
presence of high level of alkenes. Without the tagiount of alkenes in atmosphere,
this reaction would not occur. Whereas in the axiatareaction by N@ and NOs,

SO is not oxidized to a measurable extent (Eggletah@ox, 1978).

Solar radiation causes the production of excited §ARC, 1992). In direct
photooxidation process, excited S@acts with @ and produce sulphur trioxide
(SGs). After SQ production, water vapors react with S&nhd form HSO,. This is a
slow process (Eggleton and Cox, 1978; Kellaggal., 1972) and therefore this
reaction is not considered to be an important payhfer the removal of SCfrom the

atmosphere (Kelloggt al., 1972).

Homogeneous gas phase reactions lead to the pramduot H,SQ, which
subsequently condenses either on to pre-existirigcies or forms new particles with
partial neutralization by NH(Khoder, 2002). Through reaction with RHH,SO, is

converted to (NSO, and/or NHHSO, (Khoder, 2002).

Catalytic oxidation of S@occurs at the water body surfaces, on moist seirédc
soil and plants, in fog and in cloud droplets (Rde1973). This oxidation process is

given in the following reaction (Friend, 1973):
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SO+ 12 @ (dissolved) + HO — 2H+ + SQ* Eq. 2.4

In this reaction, S@dissolves into aqueous solution to forreSIs. After which
molecular oxygen oxidize 4G; into H,SOy. The catalysts involved in this process
include NH* and certain transition metal ions (in the formsait) (Friend, 1973;

Kellogget al., 1972).

According to Bunce (1994), S@xidation in water droplets has been described
since 1985. In this oxidation processQd, NO, and Q and other compounds are
involved (Seinfeld and Pandis, 1998). The mechasigwolved in such reaction are
not certain (Bunce, 1994). These processes arerdlsenced by some parameters,

for instance ionic strength, temperature and phhfglel and Pandis, 1998).

2.3.3.1.2. Wet and Dry Deposition

In wet deposition, two processes are involved:

a. Washout

b. Rainout

Washout includes all the removal processes oca@ussithin the cloud, whereas
Rainout is defined as removal involving falling gipgtation (Garland, 1978; Kellogg
et al., 1972). The processes involved in washout forS@gremoval are coagulation,
diffusional uptake and sulphate particles formatioat serve as condensation nuclei
(HSDB, 2002). Processes included in the rainoutd#fasional uptake of SPand
interception of particles by falling raindrops (HBD2002). There are number of
factors on which S@removal by wet deposition is dependent. Theseofacare
precipitation intensity, type, frequency, duratioglative amounts of SQo sulphate,

and the size distribution of particulate sulph&t&DB, 2002).
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Dry deposition refers to the process in which gemed airborne particles are
deposited on water surfaces or land as a conseguehovarious atmospheric
processes (Porter, 2006). S@rect transfer is the major dry removal mechanism
dry removal of atmospheric sulphur (HSDB, 2002)cédin take place directly on
surfaces, by gravitational pull and also by sulphparticles physical or chemical

capture by moist surfaces (HSDB, 2002; Kelleygl., 1978).

The factors on which SQlry deposition depends are moisture content andfpH
the soil (HSDB, 2002). Plants can also directlyoabed SQ from air (ATSDR,
1998). Wet and dry deposition both has its owniigance. On the basis of relative
importance, for larger area both are important,r@ag when considering areas closer

to the vicinity of source, dry deposition is mongpiortant (HSDB, 2002).

2.4.Residence Time of SQn the Atmosphere

Atmospheric residence time of $@ determined by the combined rate of all the
removal processes (mentioned in the previous sextiand rate of SOemissions.
SQ, life time varies from few days to several weekstrbposphere due to its reaction
with OH and other oxidizing agents, it has a liditéfetime of just a few days.
However in lower stratosphere it has several wéeksonths (Eisinger and Burrows,
1998). Katz (1977) gives SQesidence time in the atmosphere of 2 to 8 days.
According to Hidy (1994), the SQesidence time in lower atmosphere is about 1 to 3

days and HSDB (2002) ranges it from 1 to 5 days.

2.5. Effects of SQ

Air pollution is the cause of many short term aadd term problems. Pollutants

specifically SQ in the environment disturb the balance of manyntbal reactions

19



Chapter 2

which in turn destabilizes the environmental systamd cause harm to human health,
wildlife and environment. Therefore the monitoringf various pollutants
concentration in air is now considered as an ingmrtmeasure (Ferdous and
Kanaroglou, 2007) to assess the air quality. Adogrdb World Health Organization

(WHO), air pollution causes 3 million deaths peayésolaiman, 2007).

Exposure to S@causes many health hazards including the throsg,reyes and
skin irritation (Hansel and Oppenheimer, 2004)., $also associated with severe
effects on respiratory system (Hansell and Oppemdgi2004) and SOparticulate
matter causes visibility reduction and respiratitingss (Ferdous, 2008). A study was
performed in New York by Shegt al., (1973) on school children of 5 -10 years old.
The conclusion of the study showed that, exposur8@ high concentrations may
cause reduction in ventilatory function for proledgtime. According to a report by
Clean Air Hamiton's (2007), exposure of S€aused the death of 62 individuals out

of 714.

SO, is a major contributor to the acid rain phenome®@, and other soluble
gases emissions (such as HCL etc.) from volcanigescause the formation of acidic
clouds and then acid rain. It may have negative achpon the surrounding
ecosystems, infrastructure and eventually resnlthé economic losses (Delmede

al., 2002).

2.6.Satellite Remote Sensing

Remote sensing is the collection and analysis fofmmation or data regarding an
area, event or object without any physical contaith that object. The two most
common platforms used for remote sensing are gatafid aircrafts (Sandwell, 2009;
Sanderson, 2000; Levin, 1999). Typically electroneg waves are used to carry the
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collected information, although sometimes other mseare also used. If man made
emitter are used as a source of these electromagnates, then the process is
known as ‘active remote sensing’ and if natural @aare used as a source then it is

called ‘passive remote sensing’ (Lenoble, 1993).

Satellite remote sensing offers obvious attractiaesa means of monitoring,
including a synoptic perspective unhindered by #parse road network that
constrains ground-based measurements. Satellitsureaents are an important tool
for monitoring the large scale distribution of cheah compounds in the atmosphere

and their temporal evolution with global coverage.

2.6.1. Satellite observations

In the last few decades, satellite observatiorchefnical compounds such as ;SO
NO,, CO, ozone and Cthas been very helpful in improving the capabildyassess
the effects of anthropogenic emissions on air tjuéichoeberét al., 2007; Levelet
al., 2006; Richteat al., 2004). Such studies include the identificatidrkey source
regions, the quantification of sources strengtimsl the assessment of changes and
trends over past decades. Total Ozone Mapping ®peeter (TOMS) instrument
was used for the first time for extended satellileservation of tropospheric
composition (Krueger, 1989), it was designed far tibtal ozone column observation
but tropospheric ozone columns and volcanic, $Quld also be retrieved. GOME
(Burrowset al., 1999) was first satellite instrument with a gp@aesolution that can
observe some other compounds along with ozone. WWélpassage of time satellite
instruments with better spectral resolution, calgitio observe more compounds and
improved coverage were designed such as SCIAMA@$¥ument (Bovensmann

et al., 1999), OMI instrument (Levedt al., 2006) and GOME-2 (Callies al., 2000).
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Satellite observations provide information about thpatial distribution of
atmospheric trace gases on both regional and @onéh scales. In addition, the
availability of atmospheric pollutants or trace gmslata archives for a whole decade
or for a longer period of time provides importantormation related to the trend of

some emission in the world (Fishmetral., 2008; Martin, 2008).

The table 2.3 provides the list of satellite instants whose observations are used
in the current study. All instruments in Table ardow-Earth, sun-synchronous polar

orbits and in nadir (or limb/nadir) viewing geometr

Table 2.3: Nadir Viewing Satellite Instruments usedfor the Remote Sensing of

Atmospheric Chemistry (Martin, 2008: IGAC, 2007)

Instrument SCIAMACHY OMI GOME-2

Platform ENVISAT AURA METOP

Measurement period 2002-2012 2004-Present  2006-Present

Equator crossing time 10:00 am 01:45 pm 09:30 am
Nadir resolution(km?) 60x30 24x13 80x40
UV-Vis-NIR-

Spectral region UV-Vis UV-Vis

SWIR

2.6.1.1.Scanning Imaging Absorption Spectrometer fo Atmospheric

Chartography (SCIAMACHY)

SCIAMACHY (Bovensmanret al., 1999) is a multi-channel grating spectrometer
onboard Environmental Satellite (ENVISAT). It wasuhched by European Space
Agency’s (ESA) on T March, 2002 and was active till August 2002, vétresolution

of 60 x 30 km. It achieves the global coverage in 6 days (&ea., 2011). It does
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measurements in several geometries during every wmrtduding nadir, limb and
occultation geometries. Occultation geometry inekidboth solar and lunar
geometries. SCIAMACHY instrument measures in therelength range from 220
nm to 2400 nm with a spectral resolution of 0.25inmJV region, 0.4 nm in visible
region and less in Near Infrared (NIR) region. Séeegions of wavelength includes
the detection of various trace gases (e.g., Wikteb@l., 2006; Buchwitzt al., 2005;
Richteret al., 2005; Afeet al., 2004). For the retrieval of $S@olumn, channel 2
(ranges from 310-405 nm) spectra in nadir geometrysed (Leeet al., 2008;

Khokhar, 2006).

2.6.1.2.0zone Monitoring Instrument (OMI)

OMI instrument (Leveltet al., 2006) onboard Aura (Earth Observing System
(EOS) CH-1) satellite on #5July, 2004 into a susynchronous orbit (Leet al.,
2011). It has a spatial resolution of 13 x 2&kannadir and it provides daily coverage
on global basis (Levett al., 2006). OMI is an imaging spectrometer and isuse
dimensional charge-coupled device (CCD) detectokevdlt et al., 2006).
Atmospheric S@ is retrieved by the backscattered solar radiatfoom the
atmosphere and surface of Earth (leeal., 2011). OMI uses UV (270-365 nm) and
VIS (366-500 nm) channels for measuring both baektsred radiance and incoming
solar irradiance (Yangt al., 2009). OMI instrument provides measurementszohe
profile, total ozone column, cloud characteristiasrosols, and gases (S®CHO,
NO,, OCIO and BrO) column amounts etc. (Morales-Riyeét@11; Leveltet al.,

2006).
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2.6.1.3.Global Ozone Monitoring Experiment — 2 (GOM-2)

The successor of GOME-1 instrument is the GOME4R @Ral., 2012; Calliest
al., 2000) launched on October 2006. GOME-2 instruntexs been onboard the
Meteorological Operational satellite-A (MetOp-A)ttvia resolution of 80 x 40 Km
(Smedtet al., 2012). It is a UV-VIS spectrometer which measurenadir geometry,
has the wavelength range from 240 nm to 790 nm wisipectral resolution of 0.26
nm and 0.51 nm. It also directly records a sun tspec once a day. GOME-2
achieves global coverage in almost 1.5 days &Réat., 2012). Owing to an optimized
movement of the scan mirror, the ground pixel sermains nearly constant over the

full scan (Rixet al., 2012).

2.6.2. Differential Optical Absorption Spectroscopy (DOAS)Technique

Beer-Lambert law (Khokhar, 2006) describes the giigm of radiation by
matter. The absorption of light of the intensity)lat the wavelengthh as it passes

through an infinitesimally thin layer of an absaorpimatter ds is:
di(2) =1(4). c(9). a(4,T)ds Eqg. 2.5

Here o(4,T) is the absorption cross section of the absorbpegiss and c(s) is its
concentration. Integration of equation (2.5) fdirgte light path of length s through
the absorbing species leads to the relationshivdmat the incident light intensity

lo(4) and the transmitted light intensitft). This is known as the Beer-Lambert law:

12, 6) = lo(2). e~ @D o c)as Eq. 2.6

The law describes intensity reduction of a specifiavelength of light by the

characteristic absorptiom of an atom or molecule. In reality instead of jastatom
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or molecule several trace gases are present iratthesphere. Therefore several
absorbersaving different cross sections simultaneously dbsght. In addition light

is scattered through molecules and aerosols, auwdtlaé reflection characteristics of
ground plays an important role in the measuremdntrace gases. Thus the

atmospheric absorption of several absorbers cajvea by:
1(A) = |O(A)_e—20i A1 s; ) g Eq. 2.7

In above equation, ) describes the additional attenuation of intendty
Rayleigh and Mie scattering in the atmosphere afidation on the ground (Khokhar,

2006). Taking the logarithm gives:
IN((A)/ 10(2)) = — X 0; (4, T) S;(A) + In(@(2)) Eq. 2.8

The measurement of | and for a set of wavelengths results in an over
determined linear equation system fortowever, Eq. (2.8) cannot be solved as the
actual shape of gJ is not known. This restriction is resolved by o the DOAS

method.

Perner and Platt in 1979 introduced the DOAS metfidee DOAS technique
principle is based on the fact that all trace gadesorb electromagnetic radiation in
some part of the spectrum (Saiz-Logeal., 2009). If the radiation of the appropriate
frequency is transmitted through the atmosphere, absorption features of each
molecule in that spectral region allow the idenéfion and quantification of the gas
concentration (Saiz-Lopeet al., 2009). The use of light paths which range from
hundreds of meters to several kilometers can avagroblems of local influences or

small scale perturbations (Platt 1994; Plane amztSgpezet al., 2006).
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2.7.Sulphur dioxide in Pakistan

The data of S@measurements is very unbalanced in terms of timoel@cation.
There are few countries in the world which hasutahts concentration data for entire
period of time, whereas most of the countries regata for less than a decade. In few
countries large numbers of reporting stations aesent, while many other nations
feature only one (Begun and Eicher, 2007). In momses, years of pollution
concentration data are missing between observationenly on the station level, but
also on the city and country level. Even in cowstriwith extensive locational
coverage, such as the United States (US), thed@nes for each monitoring station is

highly unbalanced (Begun and Eicher, 2007).

Table 2.4: SQ Standards in Pakistan and other Neighboring Counties @wg/m3)

Country SO, (1-hr) SO, (24-hr) SO, (Annual)
Pakistan - 120 80
India* - 80 50
India® - 80 20
Bangladesh - 366 78
China: Grade | 150 50 20
China: Grade Il 500 150 60
China: Grade llI 700 250 100

Source: CAl-Asia Center, 2010 (Collected from varias sources).

1= NAAQSfor Industrial, Residential, Rural and Other Areas.

2 = NAAQSfor Ecologically Sensitive Areas (notified by Central Government).

China: Grade | = applies to specially protected areas, such as natural conservation areas,
scenic spots, and historical sites.

China: Grade Il = appliesto residential areas, mixed commercial/residential areas, cultural,
industrial, and rural areas.

China: Gradelll = special industrial areas.
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SO, standards for Pakistan are presented in the takle Pakistan has no
continuous monitoring facility for the monitoring ambient air quality. Punjab EPA
and PCSIR have the facility of mobile laboratori€duch laboratories record
intermittently in few cities and very occasionalljhere are few studies conducted on
SO in Pakistan major cities (Colbeekal., 2010; Qadir, 2002) e.g. Lahore (Asheaf
al., 2013; Mirzaet al., 2013; Khwaja and Khan, 2005) Islamabad, Rawdlpin

(Khwaja and Khan, 2005), Quetta (llyatsal., 2008).

However, none of these studies provide data ontopuevel and of a whole
decade. This study provides for the first time #&abase of S© columns across

Pakistan for time period 2004-2012, using satetlliservations.
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Materials and Methods

3.1.Data Retrieval

In order to get a quantitative analysis of,S@r Pakistan, SCIAMACHY level-2
data from 2004-2012 was used. Daily data of GOMdERY@ OMI instrument has been
used to evaluate high $@olumns as consequence of volcanic activity. Téia dvas
downloaded from Tropospheric Emission Monitoringetnet Service (TEMIS)

European Research Projettttp://temis.nl). Database has been generated for the

already mentioned time period.

As already mentioned in the previous sections, SCMWHY (Bovensmannet
al., 1999) is a multi-channel grating spectrometer. ALACHY was launched on
ENVISAT by ESA on I March, 2002. It is functioning since August 200&th a
resolution of 60 x 30 kfn OMI instrument was launched on EOS on 15th 20Q4.
It has a spatial resolution of 13 x 24 %at nadir and it provides daily coverage on
global basis (Levelet al., 2006). GOME-2 instrument was launched on October
2006. It has been onboard the MetOp-A, with a e of 80 x 40 krfi (Smedtet
al., 2012). DOAS technique is used for simultane@iseval of various atmospheric
constituents (Bovensmarahal., 1999; Platt and Perner, 1979). The column dessitie
measured from such systems can be used for thealgimlapping of various
atmospheric trace gases including,$Khokharet al., 2005), NQ (e.g. Richteet al.,
2006; Beirleet al., 2004), Q and HCHO ( e.g. De Smedtal, 2012; Marbaclet al.,

2009; De Smedit al., 2008) etc.
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3.1.1. Slant Column Densities into Vertical Column Densigs

Satellite instruments (in this case SCIAMACHY), rseies earth shine spectra.
Comparison of such spectrum with the sunlight spettprovides the information
about the concentration and distribution of,&@d other trace gases. Measurements
by DOAS method yields slant column density (SCD)a(dt al., 2013; Khokhar,
2006). As SCDs are the trace gas concentratiomgrigiied along the light path, it
depends on the light path length and also on tleengéy of observation. Therefore,
SCD are needed to be converted into vertical coldemsity (VCD), which is defined
as the trace gas concentration integrated vesticadm ground to top of the
atmosphere (Khokhar, 2006). VCD depends on neghtrese factors on which SCD
depends and hence can be used for the comparistifiesent measurements (M
al., 2013). In the Figure 3.1 SCD (along the red)limmed VCD (along the blue line)

paths can be differentiated.

© 4

dopof N\ ___\._. AU AU

atmosphere

solar zenith
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surface

F

Figure 3.1: Schematic representation of the SCD and&/CD (Adopted from

http://sacs.aeronomie.be/info/scdvcd.php
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SCDs are converted into VCDs by using the air niaswor (AMF) (Maet al.,

2013). AMF is the ratio of SCD to the VCD, and &daulated as:
SCD
AMF=—— Eq. 3.1
VCD
Thus for the calculation of VCD from SCD, AMF igjtered.
SCD
VCD =—— EqQ.3.2
AMF

AMF value depends on various factors such as alled@at, length of the light
path etc. Different approaches are used to cakdee AMF. In this research study
the AMF value of ‘1’ has been used for all the stes, as on average the SCCD
actually equals the retrieved SCD (Khoklegal., 2008). However this simplification
is useful for the purpose of trend analysis, fag thdividual cases (depending on
cloud cover and surface albedo) large deviatioommfan AMF of about unity can

occur (Khokhaet al., 2008).

SCIAMACHY observations with back ground correctiaigud fraction less than
10%, Solar Zenith Angle (SZA) less than 88 degm ft error (Chi sq < 5e-5) are
used only. Monthly mean S@ata gridded to a latitude-longitude grid of O8350.25
degrees is used. For each grid cell the averagdl afieasurement crossing that grid
cell (using forward and backward scans) is computeihg all orbit files for the

given month.
3.2.Spatial Mapping

ArcGIS 10.1 has been used for the visualizationmminthly data in order to

investigate spatial distribution of $@olumn densities over Pakistan. Data was in
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‘hdf’ format. SGQ columns over Pakistan were extracted from, ®@nthly data,

using ArcGIS tools. For the analysis of temporantts, time series analysis was
carried out. OxMetrics5 software was used for thegridssion analysis. Figure 3.2
depicts the flow chart of various steps, softwane anethods involved to get the

results presented in this study.
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Figure 3.2: Schematic diagram for steps of the resech methodology.
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Results and Discussion

4.1.Database Generation and Spatial Distribution

Pakistan’s climate is mainly arid to semi-arid wiéxception of slopes of
Hindukush and Karakorum mountain ranges, whereagperain fall ranges from 700
to 2000 millimeter (mm) per year. Pakistan receiwasnsoon rainfall in summer

while in winter due to westerlies wind system.

According to recent reports from German watch Gl@ianate Risk Index 2013
(Harmeling and Eckstein, 2012), Pakistan is amdmg top ten countries most
affected by extreme weather events from 1991 td02@k Pakistan is a resource
constrain country with extra stress on its econalng to geopolitical activities in the
region (e.g. war against terror, extremism and Afghefugee etc.). Hence, it is
strongly needed to implement efficient but coseetifze strategies in order to cope
with impacts of climate change. This study is drsuch activities conducted at the
School of Civil and Environmental Engineering -tinge of Environmental Sciences
and Engineering (SCEE-IESE), National university Sfiences and Technology
(NUST) to understand the evolution of atmospheoimposition over Pakistan during

last decade by utilizing satellite observations.

Generation of database for the years 2004-2012owa®f the main objectives of

this research work. Database generation was attéyéhree ways:

* Record of ascii data
» Creation of monthly maps

» Spatial and temporal analysis
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The atmospheric S{column densities were plotted in the form of ménthaps
exhibiting the spatial distribution of $@olumn densities in Dobson units (DU: 1
DU=2.69 e+16 molecules per sg. cm) over Pakistan.eRample of monthly SO
column densities for the year 2009 is presentedhé proceeding figures. Black

diamonds are representing the main cities of Pakist
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Figure 4.1: Series of maps from January 2009 to Jun2009
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Sulphur dioxide Variation in Pakistan
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Figure 4.2: Series of maps from July 2009 to Decerab2009

SO, is mostly higher in Northern areas, in few majities of Punjab and Khyber
Pakhtunkhwa and in the western part of Baluchigtavinces. It is comparatively
low in Sindh and Southern Baluchistan. Spatialritistion of SQ is discussed in

further details in the following sections.

35



Chapter 4

4.1.1. Northern Areas of Pakistan

Throughout these years, northern areas of Pakistowed an interesting
behavior. In this study the major cities includigigardu, Gligit, Chitral, and Srinagar
are considered under the category of Northern aotaBakistan. This region of
country is comparatively the most cleanest oftal tegions. Therefore it should have
the least S@ pollution. However, spatial maps of Pakistan eibib higher SQ@

during winter months over this region during sorearg.

This region of the country has cold winters, andvertovered areas. Therefore
one of the reasons for such high,8®©lumn could be mainly due to the albedo effect
of underlying snow during winter months (Khokletal., 2006), which enhances the
instrument sensitivity. In these areas about 70-8%ousehold uses biomass fuel
for the purpose of cooking and heating (Health & iEonment, 2003) that also
increases SPamount in atmosphere. This usage increases inewiior heating
purpose which may have slightly elevated the, $Qlumn densities. Moreover, the
non-availability of compressed natural gas (CNGJYl arsage of diesel and other
petroleum fuel for motor vehicles also increases 3} emissions. Another reason

could be the trans-boundary Sgbllution from the neighboring regions.

4.1.2. Atmospheric SO, over Major Polluted Cities in Pakistan

Frequent high S©columns are observed over many cities of Pakistaoh as
Quetta, D.I Khan, Peshawar, Bahawalpur, Faisalabatipre, Sargodha, Skardu,
Chitral, Karachi and Gilgit, as presented in Tahle. Fig. 4.3 shows the $@verage
column densities over these cities during the tipeiod of 2004-2011. The
highlighted values in the Table 4.1 are the higls€3t columns observed from major
cities during the years 2004 to 2011. A consisbeiavior of steadily increasing 50
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is observed for all cities till the year 2010 (witime exception of Skardu with
maximum SQ@ column densities during year 2011) then the sulm®gdecrease in
2011 for all cities of Pakistan. Anomalous increh$€ emissions during 2010 are
also observed, reason behind which is not clear Meteover, this is the average
annual behavior of SOpollution and does not reflect the seasonal cypeler these
cities. Analysis about seasonal variation in,8@lumn densities over major regions

of Pakistan is presented in next section.

Table 4.1: SO Averaged Columns in DU over the years 2004-2011

Cities 2004| 2005 | 2006| 2007 | 2008 | 2009| 2010| 2011

Bahawalpur | 0.104 | 0.173 | 0.187 | 0.166 | 0.298 | 0.062 | 0.367 | 0.282

Chitral 0.129 | 0.146 | 0.177 | 0.186 | 0.185 | 0.238 | 0.426 | 0.151

D.l. Khan 0.149 | 0.147 | 0.16 | 0.203 | 0.298 | 0.193 | 0.371 | 0.261

Lahore 0.147 | 0.131 | 0.153 | 0.148 | 0.242 | 0.226 | 0.355 | 0.291

Faisalabad | 0.161 | 0.171 | 0.18 | 0.228 | 0.241 | 0.233 | 0.399 | 0.151

Gilgit 0.186 | 0.191 | 0.285 | 0.203 | 0.212 | 0.244 | 0.434 | 0.405

Peshawar | 0.111 | 0.149 | 0.116 | 0.195 | 0.171 | 0.215 | 0.479 | 0.145

Quetta 0.132 | 0.124 | 0.107 | 0.105 | 0.065 | 0.124 | 0.318 | 0.191

Sargodha | 0.156 | 0.163 | 0.197 | 0.163 | 0.254 | 0.172 | 0.436 | 0.419

Skardu 0.16 | 0.239 | 0.295 | 0.205 | 0.168 | 0.23 | 0.393 | 0.452

Karachi 0.039 | 0.106 | 0.155 | 0.108 | 0.129 | 0.288 | 0.541 | 0.386
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Figure 4.3: Annual Variation of atmospheric SQ in major polluted cities of

Pakistan

4.1.3. Seasonal Variation

The OH radical is very important especially in ttnepospheric chemistry of
sulphur species (Finlayson-Pitts and Pitts, 2008 oxidation process of almost all
sulphur compounds (including reduced) are initiabtgdOH (Hassaret al., 2013;
Finlayson-Pitts and Pitts, 2000 and Stockwell, 3994 general low S@amount is
observed in summer (high OH productivity) compat@dhe high amount in winter
(less OH productivity). S©conversion into sulphate particles angsBy involve its
reaction with @, H,O,, OH and HQ. Therefore, OH is the key parameter which
determines the lifetime and seasonal cycle in B¢ &nissions in addition to some
other minor and local phenomena. Seasonal cyclebaaslightly dependent on both
anthropogenic (coal and biofuel burning) and nat(meonsoon, snow) activities on
regional basis. Such as northern part of Pakisarovered with snow in winter and

people burn biomass fuel for heating and cookingp@ses which causes high SO
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column in air (Health and Environment, 2003). Aseatly mentioned the underlying
snow causes the high surface albedo and enhaneesngitrument sensitivity

(Khokhar, 2006)

SO, distribution varied for each year throughout thrediperiod of 2004 - 2012.
Despite this mostly the highest $Eblumn densities were observed in the months of
January, February, March, November and Decembeatgwmonths). Whereas from
April to September SPwas generally lower than the rest of the montingHat year.
Fig. 4.4 exhibits the monthly average atmosphe@s ariation from 2004 — 2012
over the four provinces and northern areas of RakisNorthern part of the country
was also affected from the Nabro volcano in JunkEl2@atellite data showed high
plumes of S@over these regions. In June, 2011 the #ues reached to a very high
level of 1.5 DU. In order to avoid error in averaggasonal variation, data of June

2011 for all regions has been excluded from thadyas.

Over Pakistan S{seasonal cycle is highly affected by monsoon se&generally
prevails from July to September). In these months &@nount is low compared to the
post monsoon months (September to late October3.iFhdue to the washout effect
of rain that causes lower $@mount in rainy seasoin general, Fig. 4.4 exhibits
similar seasonal cycle of $Ccolumn densities over all provinces of Pakistan.
Although they differ in various aspects such asif@wifferent traffic density,
population density and industrial activities. Howgvthe monsoon season and high
OH concentrations during summer months are domifetors in determining the

seasonality in S©column densities over Pakistan.

39



Chapter 4

0.4

0.35 "\ === Sind X
’ e==ffl== Balochistan

\ === Punjab /
0.3 ~ Khyber Pakhtunkhwa
=== NOrthern Areas
0.25 e» e» All Pakistan

0.2 +

0.15 -

Pakistan (DU)

0.1

0.05

Climatological SO, column densties over Provinces of

Feb March April  May June July Aug Sep Oct Nov  Dec Jan Feb

Months

Figure 4.4: SQ seasonal observed over different regions of Pak#st devised

from the SCIAMACHY observations over the period 0f2004-2011.

4.1.4. Temporal Analysis

SCIAMACHY data from 2004 — 2012 was used for thets and temporal data
analysis. Temporal record of $0ver Pakistan was analyzed by plotting averagge SO
variation from 2004 till 2012, presented in Figh.4This figure exhibits the monthly
variation of SQ over Pakistan. The mean $Columns were calculated by taking
mean of overall cities of Pakistan. The bars shmavspatial variation for each month
for all years.In June, 2011 unexpected high SElumns were observed. was
investigated and found that these exceptional badbmn densities were due to trans-
boundary S@ pollution reached over Pakistan. These, ®@riched air massed was
originated from Nabro volcano and reached to Pakistithin few days (further
details are given in the next sections). Other peakthe time series were also

investigated and they were caused by various valcantivities in neighboring
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regions such as in October, 2007 (Jabal al-Taim&f®, November 2008 (Dalaffilla,

Ethiopia) and January-March, 2010 (Tor Zawar, Rakijs In spite of volcanic

eruption, SQ column amount over Pakistan has increased sin@é. Zb determine

this increase in SOcolumn over Pakistan, trend analysis was perforimeditting

linear fits. The blue line represents the tren&@¥ over the years including the $0

from volcanic eruptions, whereas the red line repnés temporal trend in SO

column densities over Pakistan excluding the vatcaments. Analysis showed 1.25

(125%) increase in SQwith volcanic eruptions and 0.71 times (71%) iasein SQ

without volcanic eruptions from 2004 to 2012. AkiBtan is adeveloping country,

the cause of this increase in S€an be associated with various factors including

increase in motor vehicles, new industries, uséwf quality and sulfur containing

fuel, burning of low grade coal and biomass for detit and industrial purposes, and

burning of solid waste.
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Figure 4.5: Temporal record of SQ column densities observed by SCIAMACHY

over Pakistan during the time period of 2004-2012.
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4.2.Regression Analysis

Autocorrelation Function (ACF) was applied on,S®@lumn density data for the
time period 2004-2012 in order to test the statidtsignificance of observed seasonal
cycled temporal increase. The analysis showed Igdelation for the month of
January (2004identifying the dependence of January on previoasths. However,
the correlation dies out with progressive yearshasvn in the Fig. 4.6. This indicates

the non-existence of dependence of other monttesaohn other.

100

—— ACF-502

L L L L L L
L] 5 10 15 20 5 30

Figure 4.6: ACF plot for SO,

For the identified lag, regression analysis wasiearout. Null hypothesis for this
was, ‘SQ is not dependent on previous months’. The proliglof null hypothesis
was calculated less than 5% as shown in the Table 4

Table 4.2: Regression Analysis

Coefficient Standard Error t-value t-prob

SO 0.427027 0.09189 4.65 0.0000

Constant 0.104023 0.02058 5.50 0.000Pp
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Hence null hypothesis was rejected, showing the ;@onth of January for the
year 2004) dependence on its previous months. Eegquatlow displays the same
relation. It also confirms that the calculated t¢fem SQ column densities is

statistically significant.

SG,=0.104 + 0.427 S

4.3.Source Apportionment

The four major air pollution sources that should ilmenediately addressed by
Pakistan are: vehicular emissions, industrial eimmnss emissions from solid waste
burning and natural dust or trans-boundary poltutiPakistan Clean Air Program,
2008). According to Pakistan Economic Survey 20012(MoF, 2012), number of
motor vehicle on road has increased from 4.5 mnillio 2000 to 10.97 million in
2011. Euro Il emissions standards on vehicular gons has been implemented from
July 1, 2012 in Pakistan. Pakistan is facing pnaisien achieving the standards and

the level of sulphur in diesel is more than 500 g@Al-Asia, 2008).

These statistics indicate the huge growth in trarispector of Pakistan, which is
directly related to air quality degradation. Figr 4hows a slight correlation between
number of vehicles and $S@olumn densities. The growth in motor vehicles@ads
of Pakistan and annual $@olumn densities averaged over main cities of faki
did not reflect the similar trend. As there is gradincrease in SOemissions until
year 2010 followed by a decrease in ,SElumn densities during the year

2011 (contrary to trends in motor vehicles).

43



Chapter 4

1,600

1,400

1,000
800
600
400

200

1,200 A

=g 502

Motor Vehicles (000)

CNG-Consumption-(bitlion-cubicfeet)

[~

2004

2005 2006 2007 2008
Years

2009

2010

2011

0.4

0.35

0.3

0.25

0.2

s0, (DU)

0.15

0.1

0.05

Figure 4.7: Compressed natural gas (CNG) consumptmin billion cubic feet (y-

axis, source: Ministry of Communication (NTRC), yealy mean SO, column

densities in DU (on secondary y-axis) over Pakistaand total no of motor

vehicles (y-axis source: Ministry of Transport andCommunication (NTRC) in

Pakistan during the time period of 2004-2011).

Similar discrepancy was indicated by calculatingrelation between total no of

motor vehicles and observed S€blumns with B=50 presented in Fig. 4.8 (green

triangles). The correlation factor is not very higd R indicates that the increase in

the number of vehicles cannot fully explain theaslied trend in the SQolumns. It

was further investigated by taking into account thyge of fuel consumed by the

transport sector of Pakistan during the selectee fperiod. Table 4.3 presents the

statistics of share of fuel used by the transpedta of Pakistan, growth in

compressed natural gas (CNG) as fuel and numbevebicles converted from

conventional fuel to CNG fuel and $@olumn densities during 2004-2011.
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According to the International Association of NaluGas Vehicles (IANGV)

there are approximately 4 million Natural Gas V&s8qNGVSs) in use worldwide, of

which 1.6 million are in Argentina and 1.5 milliam Pakistan.

Table 4.3: Share of Oil and CNG Consumption by Trasport Sector of Pakistan

Year Share of Share of No of Total No Yearly
Oil/petroleum CNG vehicle of vehicle | mean SQ
products Consumption | converted | (million) * | Column
Consumption | by Transport | to CNG Densities
by Transport sector (million) 2
sector (%) (million Over
cubic feet } Pakistan
(DY)
2004 63.07 15 0.45 2.9635 0.114
2005 61.50 2.1 0.66 3.1464 0.138
2006 55.77 3.2 1.05 3.8688 0.136
2007 47.38 4.6 1.30 4.5429 0.145
2008 51.90 5.6 1.40 5.1263 0.172
2009 49.34 7.0 1.70 5.4564 0.161
2010 46.32 7.8 2.00 5.5012 0.335
2011 47.08 9.3 2.74 5.5586 0.298

1: Source: Hydrocarbon Development Ingtitute of Pakistan (CNG and oil consumption by

Transport sector)

2: Source: OGRA, Ministry of Petroleum & Natural Resources (CNG fitted vehicles)

3: Source: National Transport Research Centre (total number of vehicles)

Additionally, due to its affordability (CNG is cheer than gasoline and diesel in

Pakistan) during the last few years, a large nurobemotor vehicles has been shifted

from conventional fuel (petroleum and diesel) to&N herefore, the use of CNG as

fuel has resulted in less emissions of,&0Ad other pollutant from motor vehicles
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(Chelani and Devotta, 2007; Goyal, 2003). The ckaingfuel type is probably the
main cause behind the rather poor correlation b&tvi&3 columns and total number
of motor vehicles in Pakistan. It is further sugpdrby the correlations calculated
among S@ columns and CNG consumption by transport sectd?akistan (R=70,
dark brown circles in Fig. 4.8) and number of matehicles converted to CNG fuel
from conventional fuel (R=70, blue diamonds in Fig. 4.8). This explains féue that
SO, emissions decreased in year 2011. Although, thebeun of motor vehicles in
Pakistan were still increasing in year 2011 buttbe other side the number of
vehicles converted to CNG from conventional fuebwaaximum during year 2011.
Similar trend can be seen in Table 4.3 that shapetwoleum products consumed by

transport sector was also decreased during yedr. 201
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Figure 4.8: Correlation plot among SQ column densities, total number of motor
vehicles in Pakistan during the year 2004-2011 (gee triangles), no. of vehicles
converted to CNG from conventional fuel (blue diamads) and amount of CNG
fuel consumed by transport sector in Pakistan. Dasd lines are showing the

linear fits for respective datasets.
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Chapter 4

Temporal record of S£Ocolumn densities over Pakistan was prepaneglotting

average Sevariation from 2004 till 2012. As already mentiortbéeé analysis showed

various high S@ events during this time period. Further investmatrelated these

high SQ events with the world volcanic activities. In Pstkn, only a historical

fissure vent volcano named ‘Tor Zawar’ was activdhe context of minor seismic

activity but no emission has been reported (Gldtmtanism Program (GVP), 2013).

Table 4.4: Volcanoes in Pakistan and its NeighboropCountries

Volcanoes in Pakistan and its neighboring countries
Volcano Last Known Volcano .
Volcano Name . Location
Type Eruption Status
Tor Zawar Fissure vents 2010 Historical Pakistan
Barren Island Stratovolcano 2011 Historical India
Dacgrt(;ll;r;avar Lava domes Unknown Holocene|  Afghanistan
Vakak group V?(I;%mc Unknown Holocene Afghanistan
Sabalan Stratovolcano  Unknown Holocene Iran
5350 BC + 200 Uranium-
Damavand Stratovolcano . Iran
years Series
Qal'eh hasan ali Maars Unknown Holocene Iran
Bazman Stratovolcano  Unknown Fumarolic Iran
Taftan Stratovolcand  Unknown Holocene Iran

Source: Global Volcanism Program, 2013.
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Table 4.5: Volcanoes in the African Region

Volcanoes in the African region along their last kewn eruptions since 2003 AD
Volcano Name Region Year Loh(g)?atiigt.
Nyiragongo DR Congo, Central Africa 2012 295 215
Nyamuragira DR Congo, Central Africa 2012 29,20 411
Erta Ale Ethiopia, Northeastern Africa 2012 40.,673.6D
Nabro Eritrea, Northeast Africa 2011 41.70 13,37
Ol Doinyo Lengai Tanzania, Eastern Africa 201( 35/9-2.76
Manda Hararo Ethiopia, Northeastern Africa 2009 82Q. 12.17
Dalaffilla Ethiopia, Northeastern Africa 2008 40.58.3.79
Jabal al Tair Yemen, Red Sea 2008 41.83 15%.55
Karthala Comoros, Western Indian | 5507 | 4338 -11.75
Ocean
Dabbahu Ethiopia, Northeastern Africa 2005 40,48 .60Q2

Source: Global Volcanism Program, 2013.

It is located in Ziarat region, west-central Pakistat Latitude 30.479 and
longitude67.492. The most recent eruption took place in dgnR010. It was a minor
volcanic outburst with no previous post-tertiaryoamic activity. There are few other
volcanoes located in the countries adjacent to deakiboundaries as presented in
Table 4.4. According to GVP, currently in Iran aAdghanistan there are 11
Holocene volcanoes. In India one historical Stratcano is present. But none of
these volcanoes (other than discussed in the presedy) is associated with a

significant volcanic activity in the past decadaathhas caused S@mission.

Pakistan is situated in region which is affectedvbicanic eruption occurring in

African region due to the movement of both intemrtieental and regional air masses
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mainly due to western trade winds. African regioc@mpasses few volcanoes which
are active since 1800 AD. The table 4.5 presemtsi¢hails of volcanoes in the region

along with their last known eruptions since 2003.AD

In the following section the volcanic eruption wiibas significantly contributed in

SO, column densities over Pakistan are discussed.

4.4.1. Nabro Volcano, Eritrea, Northeast Africa

In the month of June, 2011 unexpected and abnoynhadih SQ column was
observed over Pakistan. It was most significant @lve northern and central part of

the country. In Fig. 4.9 and Fig. 4.10 high.S©Ould be clearly observed.

Sulphur dioxide Variation in Pakistan
June 2011

¢ Major Cities
Column Densities (DU)
Value
B ooo-042
[o4a-077
P lors-118
[ ]119-164
[ 165-219
Bl :zo-290
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Figure 4.9: Atmospheric SQ Columns in DU averaged during June 2011 over

Pakistan
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Figure 4.10: Atmospheric SQ Columns averaged in Northern area and Punjab

during June 2011 over Pakistan

The reason behind such high S&lumn was investigated and found to be the
Nabro volcanic eruption. Nabro is a stratovolcamicano, located in the isolated
northeast African nation of Eritrea. The erupticared explosively after a series of
earthquakes on the evening of 12 June, 2011 (GB13)2and continued till the mid
of July, 2011. The eruption produced the highest 8@umn ever retrieved from
space (Feet al., 2011) and also contributed largely to the, 86lumn densities over
Pakistan as seen in the Fig. 4.10 (the labeled)péaWwas very explosive and SO
rich volcanic eruption (Carmt al., 2012; Feeet al., 2011), caused stratospheric
aerosol load (e.g. Bourassh al., 2012) and huge amount of $@mounts were
detected over surrounding regions, for instanceisdleet al., 2012 reported total SO
mass of 1.5 Tg retrieved from daily Infrared Atmlespc Sounding Interferometer
(IAS]) observations, Carmt al., 2012 estimated 1-2 Tg $M®ased on OMI and

Atmospheric Infrared Sounder (AIRS) data.
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Nabro volcano eruption had sent ash drifting oveicimof East Africa and the
Middle East. The proceeding Fig. 4.11 shows GOMiBi2ges of S@ plumes over
east Africa and its travelling towards Middle Easd South Asia, specifically over
Pakistan. In the maps, $@lumes propagation from 13 to 17 June can be lglear
observed. On 13 June (day after volcanic eruptuaojne is just confined to the
northeast region of Africa. On $4lune, S@plumes have covered 1650 km (distance
traveled was calculated as 1° of longitude is exjtabbout 110 km) distance towards
Northeast and it is drifted towards the Middle Easgion. On 15 June, plume has
traveled around 5390 km towards East and reaclusgrcto Pakistan. On 16 and 17
June, S@ plume has split into two narrow plumes and spteadrds the North and
Central Pakistan. As mentioned earlier the eruptammtinued till the mid of July, but

significant SQamount as its consequence was observed for almostvéeks over
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SO2 vertical column [DU] 16 June 2011 $02 vertical column [DU] 17 June 2011
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Figure 4.11: Series of maps from 183 June to 19" June, 2011 exhibiting S@ plumes

propagating over Pakistan

Pakistan as can be clearly identified in the blotknaps (global and zoomed over

South Asian region) in Fig. 4.11.

4.4.2. Dalaffilla, Ethiopia, Northeastern Africa

Dalaffilla volcano is a stratovolcano, located ithigpia (Erta Ale range). It has a
twin volcano, known as Alu volcano. Both Dalaffikand Alu volcanoes are part of
the same volcanic system. In November 2008, mdjasige eruption started in the
Dalaffilla volcano. According to GVP, the eruptistarted on November®3 2008

and ended in December, 2008.

In Fig. 4.12, GOME-2 satellite observation showe dlay after eruption to the day

SO, plume has reached Pakistan. On November 4 pB(ne is near the eruption site.
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It has traveled approximately 1650 km towards Noktfith proceeding days the
plume propagated more towards east. Gh NMovember, ashes have covered
approximately a distance of 3300 km towards easteartered Pakistan. Off' &and 6’
November, S@ plumes have spread over Pakistan, mainly affectireg areas of
Baluchistan and Punjab provinces. Fig. 4.13 exhitsiie monthly mean map of $0
for the month of November, 2008. It clearly shotws e€levated amount of S@r the

region of Baluchistan and Punjab province.
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Figure 4.12: Series of maps from & November to 6 November, 2008 showing

SO, plumes after volcanic eruption
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Sulphur dioxide Variation in Pakistan
November 2008
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Figure 4.13: SQ plume over Pakistan

4.4.3. Jabal al Tair, Red Sea

Jabal al Tair is a stratovolcano, located in Red #ecording to GVP’s monthly
report, the eruption started on the afternoon gt&aber 3%, 2007 and continued till
early December, 2007. The eruption caused Be plumes, directed lava flows

into the ocean and also caused the death of seldiethe island.

Fig. 4.14 presents the OMI images for ;S@umes after the eruption. On'1
October, plume of SQis visible near the vent of the volcano. During fbllowing
days SG plume has traveled a distance of 1430 km and kBifwards east on'?
and 3 October respectively. Finally, S@lume had reached over Pakistan &h 4

October, 2007 affecting mainly the areas of Balsiem and Punjab provinces. Fig.
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4.15 shows the monthly mean S@olumn density over Pakistan. The effect of
volcanic eruption in the form of elevated S&lumns can be clearly seen in this map
and also in time series presented in Figure 4.% @&fiect is not as significant

compared to the Nabro and Dalaffilla volcano, Ibug still identifiable.

S02 vertical column [DU] 4 October 2007
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Figure 4.14: Series of maps from i October to 5" October, 2007 showing S©

plumes after volcanic eruption
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Sulphur dioxide Variation in Pakistan
October 2007
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Figure 4.15: SQ plume over Pakistan
4.5.Back Trajectory Analysis

In order to verify the trans-boundary $@lume over Pakistan resulted from
different volcanic eruptions, analysis of backwadrdjectory of air masses (back
trajectories - Robinsosdt al., 2011) was performed to locate the origin ofraasses
enriched with S@ concentration. Maps consisting of backward trajgctwere
created for each volcanic event, for the identifara of SQ source and its pathway
through which it entered Pakistan boundaries. Hiyt8ingle Particle Lagrangian
Integrated Trajectory Model-4 (HYSPLIT{praxleret al., 2013; Draxler and Rolph,
2013; Rolph, 2013) is an online available analyki¥SPLIT model used for this
purpose is developed by National Oceanic and Atimesp Administration (NOAA)

| Air Resources Laboratory (ARL). A qualitative sphanalysis was done with back
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trajectory data. The meteorological data usedHeranalysis was taken from Global
Data Assimilation System (GDAS1) of National Cestefor Environmental

Prediction (NCEP).

Meteorological variables such as potential tempeeatrain fall, mixed layer
depth, and relative humidity were computed by HYBPOhere is a chance of 15%
to 30% of error (of the travel distance) associateth the trajectories generated by
HYSPLIT model (Draxler and Hess, 2004; Stohl, 1998)e error increases with the
increasing distancgogachevat al., 2007). For the current paper, the back trajgctor
accuracy is sufficient enough to confirm the pathwéair masses with the pathway

and altitude of S@plume reaching Pakistan.

4.5.1. Nabro Volcano, Eritrea, Northeast Africa

During 16 and 17 June, 2011 the HYPSLIT indicaleg $Q plumes were hitting
Pakistan boundaries over Northern areas and Baliachi The back trajectory of air
masses and altitude of $@lume reaching Pakistan is shown in the Fig. 408
4.17. According to GVP, initially the plume fromleanic eruption rose to the height
of 9100-13700 m (30,000-45,000 ft) above sea |éael.l.) later on; the plume was
detected at the altitude of 6100-10700 m (20,000€85 ft) a.s.l. The trajectory was
calculated 120 hours backwards in time and at hel@h, 5000 and 11000 meters
above ground level (MAGL) on 16 June. On 17 Juagdtory was calculated 144
hours backwards on 400, 7000 and 9000 mAGL ariregght. The back trajectory
shows that the air mass originated over Bay of Berggossed the volcanic eruption
site and carried the Spblume to Pakistan. Air masses carrying,Sllution hit
Pakistan over two different locations. The averaditude of these air masses

calculated with HYSPLIT is around 9000 mAGL. Theasen of calculating air

57



Chapter 4

masses on low and high height levels is to ideritiy SQ plume altitude and any

possible contribution from the local sources.

302 vertical column [DU] 16 June 2011
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Figure 4.16: Backward trajectory for 16 June, 2011.
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S02 vertical column [DU] 17 June 2011
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Figure 4.17: Backward trajectory for 17 June, 2011In both Figures each gap

represents a 6 hours interval

4.5.2. Dalaffilla, Ethiopia, Northeastern Africa

Trajectory analysis for'sNovember, 2008 indicates that air masses pollwigt
SO, entered Pakistan from west side as shown in Fig8.4The trajectory was
calculated 72 hours backwards in time and at h&igbt 4000 and 9000 mAGL. The
analysis of backward trajectory of air masses slaathvat they have encountered with

SO, plume in the vicinity of volcano and followed th©Spathway accurately before
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reaching PakistarThese air masses came across and intersectedheitirtmasses
directed from the Arabian Sea, and reached to ekin §' November. The average
altitude of the plume calculated with HYSPLIT istlween 4000 and 9000 mAGL. It
confirmed the direction and altitude of S@lume reaching Pakistan and also

confirming the source to be in Ethiopia region.

502 vertical column [DU] 5 November 2008
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Figure 4.18: Backward trajectory for 5th November 208. Each gap represents a

6 hours interval.
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4.5.3. Jabal al Tair, Red Sea

HYSPLIT model was also run for the backward trajegtof air masses on"4
October, 2007. The trajectory was calculated 120rddackwards in time and at

height 500, 5000 and 15000 mAGL.

S02 vertical column [DU] 4 October 2007
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Figure 4.19: Backward trajectory for 4 October, 200. Each gap represents a 6

hours interval

61



Chapter 4

Back trajectory showed that air masses encountégredsQ near the volcanic
eruption, and following the pathway traveled tovgaRBkistan. It reached Pakistan
from the west side. Air mass average altitude daled with HYSPLIT is around
15000 mAGL. The trajectory confirmed the pathwayaofmasses with the pathway

and altitude of S@plume reaching Pakistan. This is shown in the £ig9.
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Conclusion and Recommendations

5.1.Conclusion

This study for the first time has prepared a dagaltd SQ columns present in the
atmosphere of Pakistan and emphasized on the lansdary S@pollution present
in the atmosphere of Pakistan as a consequenceolocAnic eruption, by using
SCIAMACHY data. For the discussion of volcanic casedies SCIAMACHY, OMI
and GOME-2 data has been used; 8@umns for the years 2004 to 2012 have been
used to investigate the spatio-temporal variatib8@©, over Pakistan. Main findings

of this study are:

* SO, column densities showed variation throughout thentry. The annual
average distribution of Sshowed that SEs mostly higher in Northern
part of the country during winter months, which ctributed to albedo
effect (Khokhar, 2006), biofuel burning and usaddowv quality fuel in
motor vehicles. It is also high in few major cities Punjab and Khyber
Pakhtunkhwa and in the North of Baluchistan. Itasnparatively low in
Sindh and Southern Baluchistan.

 Trend analysis showed that $@as increased since 2004. ;Steend
calculation showed 1.25 times (125%) increase wiltanic eruptions
and 0.71 times (71%) increase without volcanic gomg from 2004 to
2012.

* This increase in SOcolumns over Pakistan is mainly due to use of poor
quality petroleum products, use of bio fuel (chaaly for cooking and

space heating, open solid waste burnings and ntemgntation of strict
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emission standards for industry and motor vehi¢EBdRO Il emission
standards are not implemented yet in true spirilhough, there is no
strong correlation observed among the increasenmoer of motor vehicle
in Pakistan and S{xolumn densities but still it may be partiallyrédgtited
to extensive increase in vehicular emission andtedl activities in
Pakistan during the time period of 2004-2011. THsseoved poor
correlation is mainly due to extensive use of CNGaduel rather than a
conventional fuel during last few years.

Seasonal variation showed high S@ winter and comparatively low
values in summer months which are mainly drivendy concentration
and monsoon season, typical for the monsoon region.

SO, column densities show a strong gradient in spdiglibution across
the whole Pakistan with mainly high concentrationfew of the regions
with industrial activities.

The study also revealed in past few years somermajoanic eruption in
the world has affected Pakistan atmospheric aiditguehrough trans-
boundary transport of Spollution. Among those eruptions, the Nabro
volcano event in during June 2011 has caused thar effects.

The Nabro volcanic eruption has caused major iserea SQ column
over northern and central part of the country.

The Dalaffilla volcanic eruption in 2008 has causdelvated amount of
SO, for the region of Baluchistan and Punjab province.

Jabal al Tair in 2007 has affected few areas oti@astan and Punjab
province. The effect was not significant comparedthie Nabro and

Dalaffilla volcano.
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* The Tor Zawar volcano located in Pakistan, erupte2D10. This volcano
event was not reported and S@missions were not detected by satellite
observations.

* Back trajectory analysis performed by HYSPLIT hasfecmed the SQ
pollution pathways and was also enabled to idetiié/SQ plume altitude

and its origin.
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5.2. Recommendations

For future few of the recommendations are:

To continue the preparation of database and datlgsas of SQ from the year

2012 onwards.

* To continue further research on S€nission’s sources apportionment.

» To share the results and exchange views and skitllsother working groups
in the same field.

* There is a need of efforts for establishing anérgfthening the trace gases
monitoring system in Pakistan.

* To collaborate with NGOs and government agencidadorporate programs

in their policies in order to cope with air qualisgue in Pakistan.
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