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Satellite-based mapping of the near-ground atmospheric aerosol has found
wide attention for air pollution analysis nowadays, however, the mapping at fine scale
is still not commonly achieved. This shortcoming is essentially fulfilled in this work,
which contains three main objectives: (1) to identify relationships of MODIS-based
parameters (and AERONET-AOD) and reference PM10 data, (2) to develop and
implement daily NDAI, AOD, PM10 and AQI maps from the relevant MODIS data
and selected methods for the monitoring and quantifying aerosol pollution severity
over the entire study area (upper northern Thailand) and (3) to apply the HYSPLIT
model for the analysis of the fire-induced smoke plume trajectory and dispersion
pattern for the 2010 fire season.

For the first objective, relatively strong correlations were found between
MODIS reflectance radiance in the blue band and reference PM10 data (R* = 0.71).
Longer wavelength data, i.e. green and red bands, demonstrated lesser correlation
levels (with R = 0.616 and 0.563, respectively), while the Mid-IR band exhibited the
least correlation (with R* = 0.029). Other considered parameters also yielded

satisfactory correlation levels to the reference PM10 data; i.e. AR (Blue) (R* = 0.667),



1Y%

NDAI (R* = 0.661), MODIS-AOD (R* = 0.72), BAER-AOD (R* = 0.784) and
AERONET-AOD (R* = 0.86). Among these, BAER-AOD was considered to be the
optimal parameter, due mainly to its high correlation to the reference PM10 data and
its high potential to develop AOD and associated near-ground PM10 maps at 500-m
resolution. BAER-AOD also showed a strong link to AERONET-AOD with R* of
0.828, which is comparable to those attained in other reports.

For the second objective, NDAI, a newly-proposed air quality index, was
found to perform well as a primary indicator of the PM10 pollution severity level.
Daily PM10 maps derived from the BAER method also had impressive agreement to
the observed data with R? of 0.744 and mean absolute error (MAE) of 6.62%. As
such, they were fruitfully applied to explain the daily situation of the aerosol pollution
seen over the area. The newly-proposed method to develop AQI maps in this study

was also found to perform better than standard methods adopted in Thailand, UK and

USA in differentiating levels of aerosol pollution for PM10 data 100-300 pg/m3.

For the third objective, HYSPLIT’s simulation of smoke plume dispersion and
trajectory pattern indicated that the long-range dispersion of the smoke plumes
originating in Myanmar may have significant impact on the observed air pollution
over most provinces in the study area. This is due to the substantial amount of smoke
plume that originated from the abundant fire activities in Myanmar, which can be
carried into the area by the prevailing southwest monsoon wind during the fire season

along western or southwestern directions every year, especially in March and April.

School of Remote Sensing Student’s Signature WW—’
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CHAPTER I

INTRODUCTION

1.1 Background and significance of the study

Airborne particulate matter (PM) is typically referred to a mixture of the fine
solid particles and liquid droplets that are suspended in the atmosphere with size
ranging from approximately 0.001 to 100 micrometers (um) in aerodynamic diameter.
Elementary compounds of most PM particles are sulfate, nitrate, chloride, elemental
and organic carbons, crustal material, and biological material. In general, only a
portion of the PM with size of < 10 um (called PM10) is having most attention in
field of air pollution research due to their ability to get pass body’s natural defenses in
the nose and throat before travelling deeper into the lung that might cause adverse
health effects afterwards. At present, three broad categories of the PM particles are
traditionally measured: coarse (2.5-10 pm), fine (< 2.5 pm) or PM2.5, and ultrafine (<
0.1 um) or PMO.1 (Harrison and Yin, 2000; WHO, 2006a; U.S. EPA, 2013).

PM is regarded as being one of the fundamental pollutants that lead to the
formation of critical air pollution around the world. If inhaled beyond certain limits
for a considerable amount of time, it can introduce several severe health problems,
e.g. asthma and respiratory, lung or cardiovascular diseases (Brunekreef and Holgate,
2002; Curtis, Rea, Smith-Willis, Fenyves, and Pan, 2006; Kampa and Castanas, 2008;

Riickerl, Schneider, Breitner, Cyrys, and Peters (2011).



Recently, as reported in Lim et al. (2012), current air pollution (especially that
caused by fine particles) has contributed to an estimate of over 3 million premature
deaths each year and become a great threat for health and life of people worldwide. In
addition, aerosol is also believed to have an important role in the controlling of some
fundamental climatic mechanisms, like rainfall formation or earth radiation balancing
system (Charlson et al., 1992; IAPSAG, 2007; Andreae and Rosenfeld, 2008; Tao,
Chen, Li, Wang, and Zhang, 2012). As a consequence, great attention was paid to get
insightful understanding on the spatial and temporal characteristics of PM pollution
characteristics and their associated effects in recent decades (WHO, 2006b; Daly and
Zannetti, 2007; Fenger, 2009).

In the past, knowledge of PM concentration (in both temporal and spatial
aspects) was mostly contributed from data series obtained from air quality monitoring
networks or from occasional measuring campaigns. These practices often require high
implementation and maintenance costs and are rather limited in terms of the spatial
coverage. However, at present, these usual drawbacks can be minimized through the
continuous observation of the near-ground aerosol data by a wide range of satellite-
based sensors, e.g. MODIS, MISR or CALIOP, that can be used as complementary
information to the conventional ground-based database. Satellite-based observations
are now acknowledged as a useful resource for the analysis of the spatial structure and
concentration distribution of aerosol pollution and its impacts at global, regional, or
local scales, especially with support of advanced GIS data analyzing and management
tools (Kaufman, Tanfe and Boucher, 2002; Engel-Cox, Hoff, and Haymet, 2004; Hoff

and Christopher, 2009; Kokhanovsky and Leeuw, 2009).



In Thailand, two main sources of the persistent observed aerosol pollution are
the crowded transportation and expansive biomass burning (e.g. forest fires). The first
one can lead to aerosol pollution observed in big cities like Bangkok and Chiang Mai
while the second can introduce severe air pollution usually found during dry period in
the northern and western parts of Thailand (Pollution Control Department, 2012). For
example, during March 2007, expansive forest and agricultural fires had introduced
intensified air pollution in four provinces of the upper northern Thailand: Nan, Chiang
Mai, Chiang Rai and Mae Hong Son. As a consequence, some areas were
subsequently declared disaster zones due to the almost zero visibility and notably high
numbers of people seeking medical assistance for respiratory illness (Ministry of
Natural Resources and Environment, 2007). Serious aerosol pollution conditions over
upper northern Thailand were also reported in 2010 and 2012.

Though, merit of the satellite-based PM observations has been recognized
worldwide at present, the study of this kind is still rather infrequent in Thailand (e.g.
Kim, Upadhyay, Zhuang, Hao and Murthy, 2006; Chew, Chang, Salinas and Liew,
2007; Kishi, Takeuchi and Sawada, 2008). Moreover, measurement of PM
concentration at a relatively fine scale (e.g. < 1 km resolution) has never been
reported here before. As a result, most knowledge on severity and distributing pattern
of concerned aerosol pollution experienced in the country is still drawn principally
from network of sparse ground-base measurements under supervision of the Pollution
Control Department (PCD) or from the limited measuring campaigns conducted over
some hot spot areas. These methods are theoretically still inadequate for the
monitoring and modeling of air pollution evolution over large area, e.g. at provincial

or regional scales, which is necessary for the better understanding and more effective



management of the referred incidence by the responsible agencies.

To fulfill the still lack of satellite-based aerosol observation and mapping in
Thailand, this thesis has explored potential capability of the satellite-based data from
MODIS instrument onboard NASA’s Terra satellite, in the monitoring and mapping
of the near-ground PM10 concentration (due to biomass burning) over eight provinces
of the upper northern Thailand (at a resolution of 500 m). In addition, applications of
the HYSPLIT model to simulate trajectory and distributing pattern of the fire-induced
smoke plume were also performed with principal aim to acquire better understanding
about impact of fire locations on air pollution situation observed over the area during
2010 fire season. It is hoped that the results achieved from all works carried out in this
thesis shall yield efficient PM10 and AQI determination and mapping methods from
the MODIS imagery that could be applied fruitfully both in Thailand and elsewhere,
and to gain better understanding on influence of the fire locations on aerosol pollution

situation encountered over the entire study area.

1.2 Research objectives

This research has three specific objectives as follows:

1.2.1 To establish a spatial model of MODIS data and its significance and
PM10 concentration data.

1.2.2 To produce, implement and identify fine-scale NDAI, PM10 and AQI
maps using the developed algorithms for the analysis of the daily aerosol pollution

situation.



1.2.3 To apply the chosen air dispersion and trajectory model (HYSPLIT) to
predict the smoke plume trajectory and distributing pattern during the 2010 fire

season (both forward and backward analysis) in the upper northern Thailand.

1.3 Scope and limitations

1.3.1 The study area covers 8 provinces situated in the upper part of northern
Thailand, which are, Chiang Mai, Chiang Rai, Lampang, Lamphun, Mae Hong Son,
Nan, Phayao, and Phrae, with a total area of about 88,370 km® (F igure 1.1).

1.3.2 Only dates with relatively high levels of PM10 (as reported by PCD) and
with high quality of MODIS data (in terms of cloud cover in particular) were chosen
for the detailed analysis.

1.3.3 Only those PM particles with size of less than 10 um (PM10), not
including particles with size of less than 2.5 pm were studied during the fire season.

1.3.4 All relationships of the data obtained from studies with PM10 were
assumed to be linear equation.

1.3.5 The HYSPLIT model was chosen for performing smoke plume
dispersion analysis in forward and backward analysis of air trajectory.

1.3.6 The dispersion of PM10 in the HYSPLIT model is calculated by
assumption in puff-based dispersion with GDAS-meteorological data.

1.3.7 All obtained secondary data were assumed to be valid and proper for use

in the relevant analysis.



1.4. Benefits of the study

1.4.1 Knowledge on the relationships of MODIS radiances (in blue, green, red,
and Mid-IR bands), MODIS-AOD, BAER-AOD, AERONET AOD, and NDAI with
the reference PM 10 data was obtained.

1.4.2 Effective AOD, PM10 and AQI mapping methods from the MODIS imagery
to support air pollution monitoring and quantification over large area were developed.

1.4.3 MODIS-based NDAI, PM10 and AQI maps (at 500-m resolution) which are
appropriate for the assessment of aerosol pollution over the entire study area during
the 2010 fire season of interest were produced.

1.4.4 Understanding of the impact of the fire locations on the PM-led air pollution
situation that occurred over the study area during the 2010 fire season based on the
applications of the HY SPLIT model was gained.

1.4.5 Understanding of the trajectory of smoke plume and its probable effects on

the health of the community was obtained.

1.5 Study area

The chosen study area covers eight provinces in the upper northern part of
Thailand: Chiang Mai, Chiang Rai, Lampang, Lamphun, Mae Hong Son, Nan,
Phayao, and Phrae, with a total area of 88,370 km” (Figure 1.1). Among these, Chiang
Mai is acknowledged as being the key economic, administrative and tourism center of
the region, with size of about 20,107 km® and population of about 1.65 million in
2011 (out of the overall 5.67 million in the area). The location is bordered by two
neighboring countries, Myanmar (Burma) on the west and Laos on east. Dominant

topography is a network of high mountain ranges in, which forest has occupied about



70% and agricultural land contributes about 25% of the entire region (LDD, 2007). Its
elevation ranges from 100 to 2,600 m above mean sea level. In addition, only a small

portion of the total area (about 3%) is classified as urban and built-up land (Figure

1.2).
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Figure 1.1 Map of the study area showing provincial boundary, elevation (DEM) and

locations of the ground-based PM10 and AERONET measuring stations.
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Figure 1.2 Classified LULC map of the study area (LDD, 2007).

Among the forest lands, deciduous forest is found most abundant followed by
evergreen forest while paddy fields and field crop plantations are distributed mostly
within the lowland flood plain close to several main water resources, e.g., Ping River.
The weather is normally hot and humid where most rainfall occurs during monsoon

season (from May to mid-October) while for the rest of the year is rather dry. During



rainy period, climate is mainly controlled by the southwest monsoon (originated in the
Indian Ocean), the tropical monsoon trough, and the Pacific-born tropical cyclones
(e.g. typhoon), respectively. In dry season (from mid-October to April), the weather is
relatively cold during November to February (winter period) due to strong influences
of the dry and cold northeast monsoon (originated in Siberia) and huge cold air mass
occasionally moving down to the area from China. Summertime is most pronounced
in March and April due mainly to the high insolation during this time (Thai
Meteorological Department, 2007).

One of the persistent environmental problems found in the area is critical air
pollution due to sharp increase of the PM concentration during February-April each
year. Origin of this incidence is often contributed to the dramatic rise in total number
of the vegetation fires observed both within and outside the area (mainly by the local
people for the gathering of forest product and for agricultural purposes). In general,
the aerosol pollution is getting worst during fire season (January-April) for all studied
provinces with peak values often recorded in March and April and the lowest values
are mostly exhibited during monsoon season, especially August and September
(Pollution Control Department, 2013). Most knowledge about air pollution situation
in the area at present is derived from daily data of some key pollutants like PM, O3,
and CO recorded at ten air quality measuring stations of the Pollution Control

Department (PCD) located within the area (Table 1.1 and Figure 1.1).



Table 1.1 List of the known PM10 and AERONET measuring stations in the area.

10

Operating since

Province Station/Location Code
A.D. B.E.

. Chiang Mai Provincial Hall 1996 2539 CMI

. Yupparaj Wittayalai School 1996 2539 CM2
Chiang Mai . The Bhubing Palace 2008 2551 CM3

. TMD Provincial Office (AERONET) 2006 2548 CM-Al

. Omkoi District (AERONET) 2003 2545 CM-A2

. MNRE Provincial Office 2008 2551 CR1
Chiang Rai

. Mae Sai Health Office 2011 2554 CR2

. The City Pillar Shrine 1996 2539 LPAIL

. Sob Pad Health Station (Mae Mo District) 1996 2539 LAP2
Lampang

. Ta Si Health Station (Mae Mo District) 1997 2540 LAP3

. Mae Mo Waterworks Authority Office 1997 2540 LAP4
Lamphun . Lamphun PAO Sport Stadium 2009 2552 LPH1
Mae Hong Son . MNRE Provincial Office 2008 2551 MHSI1
Nan . Nan Municipality Office 2009 2552 NANI
Phrae . TMD Provincial Office 2010 2553 PH1
Phayao . Phayao Knowledge Park 2010 2553 PY1
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1.6 Outline of the thesis

Structure of this thesis is divided into six principal chapters along with three
complementary appendices. Brief details of each chapter are as follows.

Chapter I provides problem background and significances of the study along
with the objectives, scope and limitations and benefits of the study, and also general
description on some aspects of the study area.

Chapter II provides knowledge on several topics relating to aerosol pollution
study including: (1) basic knowledge of aerosol pollution and its principal impacts,
(2) concept of AQI development and implementation, (3) standard methods for AOD
and PM concentration determination, (4) descriptions of MODIS and BAER retrieval
methods for AOD assessment, and (5) basic knowledge on working concepts of some
atmospheric dispersion models and their main applications.

Chapter III provides information of the conceptual framework for entire study
and also the research methodologies, which is separated into three parts in accordance
with the proposed objectives stated in Section 1.2. In addition, preliminary analysis on
some topics including PM10 pollution situation, sensitivity of MODIS Bands 1-7 to
the aerosol pollution variation and details of the BAER retrieval method in use was
performed and the obtained results are reported in this chapter.

Chapter IV provides conclusive results achieved for the first two objectives of
the thesis along with the discussion or interpretation of these obtained results.

Chapter V provides the results obtained from the applications of the HYSPLIT
model to the simulation of smoke plume’s trajectory and dispersion pattern.

Chapter VI provides overall conclusions of main results achieved in this study

and some recommendations for the development of further studies.



CHAPTER 11

LITERATURE REVIEW

This chapter provides fundamental knowledge on several topics including: (1)
aerosol pollution, (2) AQI development/implementation, (3) Determination of AOD
and PM concentration, (4) MODIS and BAER retrieval methods for AOD assessment,

and (5) atmospheric dispersion models. Their specific details are as follows.

2.1 Aerosol pollution

Air pollution is typically defined as the atmospheric condition in which the air
is contaminated or polluted with sufficient harmful substances that can interfere with
human health or welfare, or produce other harmful environmental effects (US-EPA,
2006). The incidence is currently regarded as one of the prime environmental threats
to human life and the fertility of pristine nature (WHO, 2006a; 2006b; Kampa and
Castanas, 2008; Fenger, 2009; Lim et al., 2012). According to the US-Environmental
Protection Agency (US-EPA), there are six criteria pollutants that must be monitored

by law: (1) particulate matter (PM), (2) ground-level ozone (O3), (3) carbon monoxide

(CO), (4) sulfur dioxide (SO,), (5) nitrogen oxides (NOy) and (6) lead (Pb) (US-EPA,
2012). Among these, great rise of PM pollutants in the lower atmosphere, both from
the natural and anthropogenic sources, is found more often than other listed pollutants
and has become a cause of global concern at present (WHO, 2006b; Lee, Li, Kim and

Kokhanovsky, 2009; Lim et al., 2012).
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Airborne particulate matter (PM) is typically referred to a mixture of tiny solid
particles and liquid droplets that are suspended in the lower atmosphere with great
variety in its size, composition, and origin (WHO, 2006a; US-EPA, 2013). Normally,
common sizes of PM particle are ranging from 0.001 to 100 micrometers (um) in
aerodynamic diameter and dominant elementary compounds are the sulfate, nitrate,
chloride, elemental/organic carbons, crustal material, and biological material
(Harrison and Yin, 2000). Some of the well-known PM forms seen in nature are soot,
ash, smoke, smog and dust (Figure 2.1). Based on the contributing sources, PM can be
classified into two broad categories: primary and secondary type. Primary aerosols are
those released directly into the earth’s lower atmosphere in form of condensed solids
or liquids from their contributing sources (e.g. volcanic ash, fire-induced smoke or
soil dust) whereas the secondary aerosols are those originated within the atmosphere
as synthesized product of complicated chemical reactions of their gaseous precursors
(e.g. SO; or NOy) (Jacob, 1999; Vallero, 2008).

Prominent contributing sources of the primary aerosols, as well as the gaseous
precursors of the secondary aerosols, can be differentiated into two broad categories:
natural processes (called the natural aerosols), e.g., windborne dust, volcanic activities
and biomass burning; and human activities (called anthropogenic aerosols), e.g. fossil
fuel combustion, industrial processes, nonindustrial fugitive sources (e.g. construction
work), and transportation sources (e.g. automobiles). At present, the natural aerosols
are found much more dominant in lower atmosphere than the anthropogenic ones on
global scale (about 90% to 10% by mass in average). However, this superiority might
be less obvious over certain area, e.g. highly-industrialized or highly-populated urban

zones (Jacob, 1999; Chin, Kahn, and Schwartz, 2009; Voiland, 2010).
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Figure 2.1 Diagram showing size distribution in micrometers (um) of various types

of atmospheric particulate matter (PM).

Source: http://en.wikipedia.org/wiki/File: Airborne-particulate-size-chart.jpg.

Though possible sizes of the PM particles might be much larger than 10 pm,

however, only those with size of less than 10 pm (called PM10) is of great interest

due to their abundance in nature and their notable ability to get pass natural defenses

in the nose and throat before travelling into the lung that might be able to cause

harmful health effect afterwards. At present, three categories of aerosol are

traditionally classified: coarse (2.5-10 pm), fine (< 2.5 pum) or PM2.5, and ultrafine

(< 0.1 um) or PMO.1. In addition, the term “TSP” (total suspended particulate) is also
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applied to represent all presented aerosol particles regardless to their size (WHO,
2006a; US-EPA, 2013).

Major sources of the found fine particles include motor vehicles, power plants,
residential wood burning, forest fires, agricultural burning, and some industrial and
combustion processes. For coarse particles, these are crushing or grinding operations,
and dust stirred up by vehicles traveling on roads. In general, smaller/lighter particles
tend to stay longer in the air after their formation. For large particles, they can settle to
the ground more quickly by influence of gravity (maybe in a matter of hours) whereas
very small particles can stay in the atmosphere for weeks and are mostly removed by
precipitation eventually. These particles are suitable for the long-range transportation
of the aerosol pollution (McClellan, 2002).

In reality, the 10-um size does not represent a strict boundary between
respirable and non-respirable particles, but it has been agreed upon for the monitoring
of airborne particulate matter by most known regulatory agencies (along with PM2.5).

At present, standard safety values (24hr average) for PM2.5 and PM10 recommended
by the US-EPA are 40.4 ug/m3 and 154 ug/m3 respectively (Table 2.1a). In Thailand,
the critical value for PM10 concentration is currently set at 120 ug/m3 (24hr average)
by the PCD (Pollution Control Department) (Table 2.1b). However, WHO guidelines

have proposes critical value for PM10 (24hr average) at 50 ug/m3 (WHO, 2006b).

2.1.1 Aerosol impacts on human health
PM is now regarded as being one of the fundamental pollutants that lead to the
building up of the critical air pollution experienced around the world (Fenger, 2009).

If inhaled beyond certain limits, these particles can introduce severe health problems
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related to the respiratory system, e.g., aggravated asthma, respiratory symptoms, lung
diseases, chronic bronchitis, or cardiovascular issues. Effects of inhaling particulate
matter on human health have been extensively studied, e.g., Pearce and Crowards,
1996; Beeson, Abbey and Knutsen, 1998; Brunekreef and Holgate, 2002; Kan and
Chen, 2004; Langkulsen, Jinsart, Karita and Yano, 2006; O'Connor et al., 2008;
Jiménez, Linares, Rodriguez, Bleda and Diaz, 2009; Ruckerl, Schneider, Breitner,
Cyrys, and Peters (2011). As reported in Lim et al. (2012), current air pollution
(especially that arisen from fine PM particles) has contributed an estimate of more

than three million premature deaths each year.

Size of the PM particle is a main determinant of where in the respiratory tract
it will come to rest when being inhaled. Large particles are usually filtered out within
nose and throat and do not cause much problem, but PM smaller than 10 um (PM10)
can settle in the bronchi and lungs while particles smaller than 2.5 pm (PM2.5) tend
to penetrate into the gas-exchange region of the lungs and cause more severe problem
(Figure 2.2). Moreover, very small particles (e.g. < 0.1 um or PMO0.1) may traverse
pass through the lungs to affect other inner organs also (Englert, 2004). Fine particles
are considered significantly dangerous for young children with developing lungs, the
elderly, and all people who have asthma, bronchitis, other respiratory problems, and
cardiovascular disease. In a recent study, due to the prolonged high concentrations of
PM2.5 pollution over the city area, estimation of about 8,572 premature deaths were

reported in four major Chinese cities in 2012 (Greenpeace, 2012).
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Figure 2.2 Penetration of airborne particulates into the respiratory system.

Source: http://shutthedoorhaveaseatblog.blogspot.com/2011/11/particulate-matter.

2.1.2 Aerosol impacts on climate

In addition, aerosol is also believed to have an important role in the controlling
of some fundamental climatic mechanisms, like rainfall formation or global radiation
balancing (Charlson et al., 1992; Levin and Cotton, 2009; Andreae and Rosenfeld,
2008; Tao et al., 2012). According to Charlson et al. (1992), radiative influences of
the aerosols on climate can be classified as direct and indirect. The direct influence is
associated to scattering and absorption of radiation by aerosol particles themselves
whereas indirect influence is associated to influence of aerosol on cloud radiative
properties. The direct influence of aerosol on climate has been known for decades to
affect earth’s radiation balance directly. The dominant processes are scattering and

absorption of shortwave solar radiation that might reduce its intensity in the
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atmosphere considerably during daytime. Aerosol particles can also absorb the earth’s
longwave (or infrared) radiation but this impact is relatively small in nature.

The indirect influence of aerosols on climate is resulted from their crucial role
in the formation of cloud in the lower atmosphere. This is because the cloud particles
(called cloud droplet) are normally generated by the condensation of water on existing
aerosol particles, called cloud condensation nuclei (CCN). This implies that increased
concentration of the CNN may result in having more clouds in the lower atmosphere.
As ability of the cloud to reflect sunlight (defined by its albedo) depends critically on
its thickness (or total amount of cloud particles); aerosols, therefore, inexplicitly help
to reduce intensity of the incoming sunlight (shortwave portion in particular) before
reaching the earth surface (through their role as an effective cloud producer). Reports
of the Intergovernmental Panel on Climate Change-IPCC (2007) emphasize the
significance of aerosol as a dominant source for the negative contribution to overall
radiative forcing. This is in contrast to the greenhouse gases that generate net sum of
the positive contribution that might lead to escalation of the global warming effect

(Figure 2.3).
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Figure 2.3 Main radiative forcing components of the earth’s radiative balance system
as described in the IPCC reports in 2007.

Source: http://en.wikipedia.org/wiki/File:Radiative-forcings.svg

However, precise roles of aerosols in the earth’s radiative forcing contribution
are still a subject of curious debate and through investigations are still in progress.
This is because aerosol concentrations in the atmosphere are highly variable in space
and time. This variability is largely due to the much shorter lifetime of aerosols in the
air compared to the important greenhouse gases. Spatially and temporally resolved
information on the atmospheric burden and radiative properties of aerosols is needed
to estimate radiative forcing. In addition to the great variability in aerosol

concentrations, several crucial aspects of the aerosol influences on cloud processes

must be accurately modeled also (IPCC, 2007; US-CCSP, 2009; Tao et al., 2012).



20

2.2 AQI development and implementation

Air quality index (AQI) is a standard measure used to report daily ambient air
quality over a particular area (US-EPA, 2009a). The AQI data are normally released
by the government’s environmental agencies on a daily basis to inform public on level
of air pollution severity based on observed amount of some hazardous pollutants in
the atmosphere (e.g., CO, SO,, NO,, Ozone, PM2.5 or PM10) and their associated
health impacts. Higher value of the AQI commonly indicates greater level of the
concerned air pollution and, as a consequence, higher risk of having adverse health
effects to the population. In general, different names and developing methods of the
AQI have been applied in different countries, e.g., the Air Quality Health Index
(AQHI) in Canada, Air Pollution Index (API) in China or Malaysia, or Pollutant
Standards Index (PSI) in Singapore. Comprehensive reviews on the AQI development
and implementation are given in Shooter and Brimblecombe (2009) and Wai (2012).

As different countries often apply different standards, or criteria, to formulate
their AQI system and to establish its specific meaning related to health issue; these
differences might cause somewhat confusion if air pollution reports based on different
indices are compared and interpreted for daily-life implementation. These differences
primarily originate from two sources: the local differences in nature of the prevalent
air quality problems and fundamental differences in concepts of the approach (Elshout

and Léger, 2006). For examples, the UK (and European) index is focused primarily on

monitoring air quality with PM10 concentration < 100 ug/m3 as acute air pollution
situations are rarely evidenced in the country. On the contrary, the US-EPA index was

developed to accommodate wider range of aerosol intensity as detailed in Table 2.1a

(for PM10 density of about 0-600 ug/m3).
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2.2.1 Derivation of AQI

AQI data are normally reported in terms of discrete numbers of certain range,
e.g. from 0 to 500. These numbers are traditionally classified into several categories
(or bands) indicating degradation level of air quality as defined by the known amount
of the concerned air pollutants in the atmosphere. Standard formula to calculate AQI

values in this format is as follows (US-EPA, 2009b):

I, -1
I: high low (C—C

)+1
Chg —C

(2.1)

low low

low

where [ = Air Quality Index (AQI), C = the pollutant concentration,
Ciow 01 Chigh = the concentration breakpoint that is < Cor > C,

Liow or Inigh = the index breakpoint corresponding to Ciow 0T Chigh.

The breakpoint data are specifically defined for each considered pollutant by
the responsible agencies. Examples for those used by the Thailand- PCD and the US-
EPA along with the associated health concerns are displayed in Tables 2.1a-c. Air
quality index in some countries, like UK or Canada, is reported in terms of the
defined level of air pollution severity directly (from low to high) in which amount of
the concerned air pollutant is divided into several divisions ranked in order from 1
onward (e.g. from 1 to 10). These classified AQI levels are then grouped to represent
predefined health risk categories as seen in Tables 2.2a-b for examples (for UK

index).



Table 2.1a Breakpoint data for AQI calculation by the US-EPA (US-EPA, 2009b).
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Ozone CO SO, NO, PM10 PM2.5
AQI value (8 hr) (8 hr) (1 hr) (1 hr) (24 hr) (24 hr)
ppb ppm ppb ppb ng/m3 ng/m3
0-50 0-59 0-4.4 0-35 0-53 0-54 0-15.4
51-100 60-75 45-94 36-75 54-100 55-154 15.5-40.4
101-150 76-95 9.5-12.4 76-185 101-360 155-254 40.5-65.4
151-200 96-115 12.5-15.4 186-304 361-649 255-354  65.5-150.4
201-300 116-374 15.5-30.4 305-604 650-1249 355-424  150.5-250.4
301-500 - 30.5-50.4  604-1004  1250-2049  425-604  250.5-500.4

Table 2.1b Breakpoint data for AQI calculation by the Thailand-PCD (PCD, 2013).

Ozone CcO SO, NO, PM10

AQI value (1 hr) (8 hr) (24 hr) (1 hr) (24 hr)
ppb ppm ppb ppb ng/m3

0-50 0-51 0-4.48 0-25 0-85 0-40
51-100 52-100 4.49-9.00 26-120 86-170 41-120
101-200 101-203 9.01-14.84 121-305 171-600 121-350
201-300 204-405 14.85-29.69 306-610 601-1202 351-420
301-400 406-509 29.70-40.17 611-802 1203-1594 421-500
401-500 510-611 40.18-50.21 803-100 1595-1993 501-600

Table 2.1¢c AQI categories and meaning adopted by the US-EPA and Thailand PCD.

Air Quality Index

Levels of Health Concemn

_ D_ﬂu

Moderate

51-100

101-150

Unhealthy 151-200

Very Unhealthy

Hazardous :

201-300

Numerical
Value

Air quality is considered satisfactory. and air pollution poses
little or no risk.

Air quality is acceptable; however, for some pollutants there
may be a moderate health concern for a very small number
of people who are unusually sensitive to air pollution

Members of sensitive groups may experience health effects.
The general public is not likely to be affected.

Everyone may begin to expenence health effects; members
of sensitive groups may experience more serious health
effects.

Health alert: everyone may experience more senous health
effects.

Health warnings of emergency conditions. The entire
population is more likely to be affected.
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Table 2.2a Breakpoint data for AQI calculation in the UK (DEFRA, 2012).

Ozone SO, NO, PM10 PM2.5
AQI AQI (8 hr) (15 min) (1 hr) (24 hr) (24 hr)
band seale pg/m3 pg/m3 pg/m3 pg/m3 pg/m3
1 0-33 0-88 0-66 0-16 0-11
Low 2 34-65 89-176 67-133 17-33 12-23
3 66-99 177-265 134-199 34-49 24-34
4 100-120 266-354 200-267 50-58 35-41
Moderate 5 121-140 355-442 268-334 59-66 42-46
6 141-159 443-531 335-399 67-74 47-52
7 160-187 532-708 400-467 75-83 53-58
High 8 188-213 709-886 468-534 84-91 59-64
9 214-239 887-1063 535-599 92-99 65-69
Very high 10 > 240 > 1064 > 600 > 100 >70

Table 2.2b AQI categories and meaning adopted by the UK-DEFRA (2012).

AQI AQI Accompanying health messages
scale band At-risk individuals General population
1-3 Low Enjoy usual outdoor activities. Enjoy usual outdoor activities.
Adults/children with lung or hearth Enjoy usual outdoor activities.
roblems, who experience s toms,
4-6 Moderate P ' P ) L )
should consider reducing strenuous physical
activity, particularly outdoors.
Adults/children with lung or hearth Anyone experiencing
problems, should reduce strenuous physical — discomfort such as sore eyes,
exertion, particularly outdoors, and cough or sore throat should
7-9 High particularly if they experience symptoms. consider reducing activity,
People with asthma may find they need to particularly outdoors.
use their reliever inhaler more often. Older
people should also reduce physical exertion.
Adults/children with lung or hearth Reduce physical exertion,
problems, and older people, should avoid particularly outdoors, especially
10 Very high  strenuous physical activity. People with if you experience symptoms

asthma may find they need to use their

reliever inhaler more often.

such as cough or sore throat.
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In addition, an index called CAQI (Common Air Quality Index) was devised
for general use in the EU countries. To enable comparison between cities, three types
of the index are developed: hourly index, daily index, annual index. The CAQI is used
on www.airqualitynow.eu where air quality condition of nearly 100 cities is reported.
For hourly and daily indices, pollution level is reported using an index scale ranging
from 0 (very low) to > 100 (very high) as detailed in Table 2.3. These values present
relative measure of the severity of air pollution. The calculation is primarily based on
the three pollutants of major concern: PM10, NO;, and Os. The pollutants PM2.5, CO
and SO, can be taken into account if their data are available for the analysis. In order
to make the index more applicable, two situations are defined:

(1) City Background, telling general air quality within the city (based on urban
background monitoring sites),

(2) Roadside, telling air quality in streets (based on roadside stations).

Main aim of CAQI is to raise awareness and make air quality condition comparable

from one city to another, not to become a health-based index as usual (EU, 2012).
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Table 2.3 Breakpoint data for AQI calculation in the EU countries (EU, 2012).

Traffic City Background
Index Grid core pollutants pollutants core pollutants pollutants
class NO,  PMy PM;;s CO  NO, PMio 03 PM, 5 CO SO,
1-h. 24-h. 1-h. 24-h. 1-h. 24-h. 1-h. 24-h.
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Very
low 25 50 25 15 15 10 5000 50 25 15 60 15 10 5000 50

25 50 25 15 15 10 5000 50 25 15 60 15 10 5000 50

Low
50 100 50 30 30 20 7500 100 50 30 120 30 20 7500 100
50 100 50 30 30 20 7500 100 50 30 120 30 20 7500 100
Medium
75 200 90 50 55 30 10000 200 90 50 180 55 30 10000 350
75 200 90 50 55 30 10000 200 90 50 180 55 30 10000 350
High
100 400 180 100 110 60 20000 400 180 100 240 110 60 20000 500
I}/i;y* >100 >400 >180 >100 >110 >60 >20000 >400 >180 >100 >240 >110 >60 >20000 >500
NO,, 03, SO, : hourly value / maximum hourly value in pg/m’
Cco 8 hours moving average / maximum 8 hours moving average in yug/m’
PM, hourly value / daily value in pg/m’

*An index value above 100 is not calculated but reported as * >100*

2.2.2 WHO guidelines on aerosol regulation

To reduce impact of air pollution to public health in general, the World Health
Organization (WHO) has generated its air quality guidelines for the regulation of four
common air pollutants: PM, Oz, NO, and SO,. Details of the guideline for PM targets
are shown in Table 2.4 both for the 24-hour average and annual mean concentration
(WHO, 2006b). Although data of the PM10 as a whole is more widely reported, the
impact of PM2.5 in particular on public health is of the more concern to the WHO and
the guidelines were designed to address this issue elaborately. The PM2.5 guideline
values are converted to the corresponding PM10 guideline values by application of a
PM2.5/PM10 ratio of 0.5 which is typical for urban areas in developing country and is
at the bottom range found in developed country urban areas (0.5-0.8). When setting
local standards, and assuming the relevant data are available, a different value for this

ratio that better reflects local conditions may be employed instead.
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Table 2.4a WHO air quality guideline and the interim targets for particulate matter

(PM) based on the observed 24-hour concentrations (WHO, 2006b).

PM10 PM2.5 .
Target level 3 3 Basis for the selected level
(ng/m”)  (ng/m>)
. Based on published risk coefficients from multi-centre
Interim target-1
(IT-1) 150 75 studies and meta-analyses (about 5% increase of
short-term mortality over the AQG value).
. Based on published risk coefficients from multi-centre
Interim target-2
(IT-2) 100 S0 studies and meta-analyses (about 2.5% increase of
short-term mortality over the AQG value).
. Based on published risk coefficients from multi-centre
Interim target-3
(IT-3) 75 37.5 studies and meta-analyses (about 1.2% increase in
short-term mortality over the AQG value).
Air quality 50 25 Based on relationship between 24-hour and annual PM
guideline (AQG) levels.

Table 2.4b WHO air quality guideline and the interim targets for particulate matter

(PM) based on the annual mean concentrations (WHO, 2006b).

Target level PMIO PM2.5 Basis for the selected level
arget leve asis for the selected leve
(ug/m®)  (pg/m?)
Interim target-1 70 3 These levels are associated with about a 15% higher
(IT-1) long-term mortality risk relative to the AQG level.
In addition to other health benefits, these levels lower
Interim target-2 ) ] .
50 25 the risk of premature mortality by approximately 6%
IT-2
( ) [2-11%] relative to the IT-1 level.
In addition to other health benefits, these levels reduce
Interim target-3 o .
(1T-3) 30 15 the mortality risk by approximately 6% [2-11%)]
) relative to the IT-2 level.
These are the lowest levels at which total, cardiopul-
Air quality 0 monary and lung cancer mortality have been shown to
guideline (AQG) increase with more than 95% confidence in response to

long-term exposure to PM2.5.
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2.3 Determination of AOD and PM concentration

In the past, knowledge of the PM concentration in both temporal and spatial
aspects was mostly contributed from its data records obtained from network of the air
quality monitoring stations situated within a particular area or measuring campaigns
that entail high implementation and maintenance costs and are rather limited in terms
of spatial coverage. However, at present, such limitations can be minimized through
the continuous observation of the atmospheric aerosol intensity by a wide range of the
satellite-based sensors that can be used as complementary sources to the conventional
ground-based data (Lee et al., 2009). Satellite-based observations have been proved to
become very useful in the analysis of spatial structure and concentration distribution
of the aerosol pollution and its impacts at global to local scales (Kaufman et al., 2002;
Gupta, Christopher, Wang, Gehrig, Lee and Kumar, 2006; Gupta and Christopher,
2008; Kokhanovsky and Leeuw, 2009; Tsai, Jeng, Chu, Chen, Chang, 2011; van

Donkelaar et al., 2011)

2.3.1 Definition and derivation of aerosol optical depth (AOD)

The key quantity frequently reported in the satellite-based PM observations is
aerosol optical depth (AOD), or alternatively called aerosol optical thickness (AOT).
AOD is a dimensionless parameter developed to quantify degree to which the aerosols
prevent the transmission of sunlight (at a specific wavelength) through the atmosphere

by absorption or scattering mechanisms. This can be expressed by the relation,

AOD (1) = j " o(A,2)dz (2.22)

or AOD (1) = j " o(W)fz)dz (2.2b)
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where o (/) is the aerosol extinction coefficient for wavelength A, z is altitude, f(z) is
vertical distributing function of the considered aerosol, and Zpin, Zmax are the lower and
upper altitude of air thickness to be included in the integration (where a given aerosol
type can be found), respectively (Ku§mierczyk-Michulec, 2011).

By definition, the extinction coefficient is the fractional depletion of the solar
radiance per unit path length (e.g. per kilometer) while propagating in the atmosphere
due to two common mechanisms, absorption and scattering, induced by air molecules.
The AOD determined along vertical direction is also called normal optical thickness
(compared to optical thickness along slant path length). This parameter is retrieved
routinely from numerous satellite-based sensors as detailed in Table 2.5 for examples.
Normally, optical depth of < 0.05 shall indicate clear sky with relatively low aerosol
concentration, whereas a value of 1 indicates hazy conditions. Optical depths greater
than 2 or 3 often represent very high concentrations of aerosol in lower atmosphere.
Aerosol monitoring sensors also measure single scattering albedo (SSA) parameter
which is fraction of light being scattered compared to the total. Typical values range
from about 0.7 for very absorbing particles to 1 for aerosols that only scatter light.

In theory, depending on particle size distribution, the spectral dependence of
the AOD can be approximately given by the following relation (Angstrom, 1964):

AQOD (1) =pA* (2.3)
where AOD (1) is the AOD at wavelength A. The parameter /3 is called the Angstrém
turbidity coefficient which equals to the AOD at 1 um and corresponds to the particle
load. The constant ¢ is a well-known parameter called the Angstrom exponent (also
known as Angstrom coefficient or Angstrém parameter). For molecules, it is about 4

and varies between about 0 and 2 for particles (Wagner and Silva, 2008).
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From Eq. 2.3, the relationship of the AOD data at two different wavelengths, A

and A, for a particular aerosol can be expressed as:

AOD() (A" (2.4a)
AOD(%,) | 4 '
or, AOD (1) = AOD (zo)-(%oja (2.4b)

According to Eq. 2.4, if the AOD at one wavelength and the corresponding Angstrém
exponent are known, the AOD data at different wavelengths can then be determined
automatically. In practice, the Angstrém exponent is usually determined first based on

prior knowledge of the AOD at two different wavelengths using the relation:

’Exl

log L L
ogt, —logt
o=— le — g M g M (2'5)
logﬁ log 2, —log 4,

2

where 7;; and 7, represent AOD (A4;) and AOD (A,), respectively. The found value
of a is then used to derive AOD data at all other wavelengths (using Eq. 2.4b) within
the range of validity of this formula.

The Angstrdm exponent is inversely related to the average size of the aerosol
particles: the smaller the particles, the larger the exponent. Thus, it is a useful quantity
to assess particle size of atmospheric aerosols or clouds, and wavelength dependence
of the aerosol/cloud optical properties. This parameter is routinely estimated by the
AERONET sensors at present. More details of the aerosol size distribution and related

optical parameters are described in Appendix A.
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Table 2.5 Notable satellite-based sensors for global aerosol observations.

Temporal coverage

y Product
Sensor Satellite (month/year) resolution Wavelength data
Begin End (Approximated)
AVHRR NOAA 06/1987 - 110 km 630 and 830 nm
ADEOS-1 11/1996  06/1997
POLDER  ADEOS-2 04/2003  10/2003 18.5 km 670 and 865 nm

PARASOL 12/2004 -

TOMS Earth Probe  07/1996 12/2005 1 x 1.25 degree 331, 340, 360, and 380 nm

MODIS Terra/Aqua  03/2000 - 10 km 470, 550 and 660 nm

MISR Terra 02/2001 - 17.6 km 446, 558, 667 and 862 nm

1 km (local)/ 412,442, 510, 665, 779,

MERIS ENVISAT 07/2002 - 9 km (global) 865 nm

OMI Aura 10/2004 - 13kmx24km 360/380 nm and 331-500 nm

CALIOP CALIPSO 06/2006 - 5 km 532 and 1064 nm

2.3.2 Satellite-based measurement of AOD data
Aerosol properties over land and ocean are normally retrieved using passive
optical satellite techniques. However, it is well known that this is a very complex task

as an observed radiance by satellite can be written as a summation of 3 sources;

I(observed) = I(surface) + I(atmosphere) + I(cloud) (2.6a)

where, I(atmosphere) = I(aerosol) + I(other gases). (2.6b)

Here, I(observed) is amount of radiance observed at satellite’s sensor, I(surface) is the
contribution from land/sea surface reflection (or background effect), I(atmosphere) is
contribution from scattering or absorption processes in the atmosphere, like Rayleigh
scattering process, initiated by air particles (two groups: aerosol and other gases), and
I(cloud) is contribution from the cloud portion in the atmosphere (Lee, Kim, Kim,

Kim and von Hoyningen-Huene , 2005)
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Therefore, to identify aerosol contribution to the satellite’s observed radiance,
other three associated terms appeared in Eq. 2.6 also; which are I(surface), I(cloud)
and I(other gases), must be known. The difficulty then lies in the process of separation
these four terms from each other. In practice, influence of the surface term is typically
reduced by using the so-called “dark target” background like ocean whose reflectance
is minimal or vanished at the NIR or MIR bands, and the cloud impacts can be readily
avoided by choosing the cloud free image. However, retrieving of the AOD overland
was proved much more complicated due to often strong influence of the surface term
on the radiance observed by the satellite-based sensors (especially at visible/NIR/MIR
bands). Several retrieval methods were applied to find proper value of AOD along the
identified air column [see a review in Kokhanovsky and Leeuw (2009)].

In essence, most algorithms primarily assume that influence of the aerosols on
the observed radiance in the MIR portion is negligible. Therefore, the explicit ground
surface reflectance can be directly gained at the MIR wavelengths, (e.g., at 2.1 pm for
MODIS) by only correcting for the Rayleigh scattering and gaseous absorption in the
atmosphere. The known correlation between the MIR ground reflectance and those in
visible bands (where aerosol scattering is significant) is then employed to estimate the
corresponding reflectance for the selected visible bands under aerosol-free condition.
The associated AOD information can then be identified using reference look-up table
(LUT) prepared in advance based on knowledge of estimated and observed radiance
information of the used visible bands along with observing geometry of the satellite-
based instrument under the given solar illumination environment.

The AOD data have been measured routinely from numerous past and present

satellite-based sensors (as detailed in Table 2.5 for examples). The first instrument of
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this kind is AVHRR onboard NOAA satellite which starts to retrieve the AOD data
over ocean using radiance measurement in the visible and NIR bands since late 1970s.
Over the subsequent decades, several advanced instruments have been developed to
quantify the AOD and the near-ground air pollution over both land and sea territories
such as the Multi-angle Imaging Spectroadiometer (MISR) onboard NASA’s Terra
satellite (Martonchik, Kahn and Diner, 2009) and the Moderate Resolution Imaging
Spectroradiomer (MODIS) onboard the Terra and Aqua satellites (Remer et al., 2005).
These devices can view aerosols at several angles and spectral wavelengths, providing
more accurate results (Figure 2.4). Newer instruments can also provide insight into
aerosol properties, i.e., the CALIOP sensor, uses a laser-based technology to construct

vertical profiles of aerosol plumes and clouds (Kacenelenbogen et al., 2011).

Aerosol Optical Thickness

0.1 0.2 0.3 0.4
Figure 2.4 Global maps of the satellite-based AOD for the aerosols both in fine and

coarse modes derived from the MODIS data.

Source: http://earthobservatory.nasa.gov/Features/Aerosols/page2.php
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2.3.3 AERONET Network

Satellites provide a critical global perspective for understanding how aerosols
originate, distribute and affect earth’s climate, however, they still need ground-based
data accumulated by the network of air quality measuring stations to validate merit of
their data and to attain the most accurate measurements of AOD available. One of the
well-known networks of this kind is the AERONET (the Aerosols Robotic Network).
Comprehensive information of the AERONET project is provided in the AERONET
website (at http://aeronet.gsfc.nasa.gov) and some contents are summarized here.

AERONET is a global network of solar radiance measurement established by
NASA and France’s PHOTONS group (Univ. of Lille 1, CNES, and CNRS-INSU). It
has been in operation since 1993 until present for the observation of AOD around the
world from expansive network of ground-based sun photometers. These obtained
AOD data can provide crucial information of aerosol property necessary for the
quantification of its impact on current climate variation and on public health
deterioration. At present, the network consists of nearly 600 ground stations located in
all continents as listed in its website. The three primary objectives of the AERONET
project are:

(1) Characterization of aerosol optical properties,

(2) Validation of the satellite and model aerosol retrievals,

(3) Synergism with satellite-based or other kinds of AOD observation.

During their operation, the sun photometers carry out two different measuring
modes for two important parameters; the direct solar irradiance and the sky radiance.
The direct measurements of solar irradiance typically take place every 15 minutes at

eight wavelengths in UV, Visible, and NIR regions (340, 380, 440, 500, 675, 870, 940
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and 1020 nm). The atmospheric optical depth (AOD) at each wavelength is calculated
from spectral extinction of direct beam radiation whereas attenuation due to Rayleigh
scatter, and absorption by ozone, and gaseous pollutants is also estimated and then
removed during the retrieval process. The acquired AOD data can be used to compute
columnar water vapor (or precipitable water) and estimate the aerosol size using the
Angstrom parameter relationship.

As stated earlier, in addition to the direct measurements of the solar irradiance,
AERONET instruments also measure the sky radiance in four spectral bands (440,
670, 870 and 1020 nm) along the solar principal plane (i.e., at constant azimuth angle,
with varied scattering angles) up to nine times per day and along the solar almucantar
(i.e., at constant elevation angle, with varied azimuth angles) up to six times per day.
The approach is to acquire sky radiance data through a large range of scattering angles
from the sun through a constant aerosol profile to retrieve relevant information of size
distribution, phase function and aerosol optical depth. Sky radiance measurements are
inverted with the Dubovik and Nakajima inversions to provide aerosol properties of
size distribution and phase function over the particle size range of 0.1 to 5 um.

Two data versions (Versions 1 and 2) at three quality levels are prepared and
distributed for each product, which are,

(1) Level 1.0 (unscreened for clouds),

(2) Level 1.5 (cloud-screened), and

(3) Level 2.0 (cloud-screened and quality-assured).

The Levels 1.0 and 1.5 data are provided in near real-time but there is some delay of

12-month or longer (due to final calibration and manual inspection) for the Version 2
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of Level 2 product to ensure highest quality. Version-2 AOD data now include fine
and coarse mode AOD as well as fine mode fraction.

The estimated uncertainty in derived AERONET-AOD Level 2, due primarily
to calibration uncertainty, is approximately 0.010-0.021 for field instruments (which
is spectrally dependent with the higher errors in the UV). For wavelengths > 400 nm,
the AERONET-AOD uncertainty is about 0.01-0.015 for the Level 2 data (includes
both pre-and post- deployment calibrations). Due to their relatively high accuracy and
assured quality, AERONET-AOD data are widely used as a standard reference for

validating most satellite-based AOD retrieval (as listed for examples in Table 2.6).

Table 2.6 Reports of correlation between satellite-based AOD and AERONET-AOD.

. Correlation
Variable level
Relationship form 'L Sensor Source
X y R R’

500-A  500-S y=0.95x+0.20 - 0.73 ~ MODIS Van Donkelaar et al. (2011)
550-A  550-S  y=1.102x+0.110 0.948 - MODIS  Qi, Ge, and Huang (2013)
i i _ 5 Sanjay, Kumar, Gupta,
550-A  550-S  y=0.63x+0.09 0.790 MODIS Devara, and Aher (2013)

) _ _ ) Jiang, Liu, Yu, and Jiang
558-A 558-S  y=0.71x+0.05 0.93 MISR (2007)
440-S  443-A  y=1.05+0.04 0830 - MisR Yot Santer, and Aznay
(2008)
675-A 640-S  y=0.764+0.041 0.861 - AVHRR  Meil etal. (2013)

Note: A = AERONET-AOD and S = satellite-based AOD. Numbers for (x,y) are the

corresponding wavelengths in nm.
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In Thailand, there are 9 AERONET instruments currently in use (Figure 2.5);
one located in central Bangkok (at Chulalongkorn University as seen in Figure 2.6),
one situated in Nakhon Patom Province (at Silpakorn University), and the rest are
installed in other provinces. Among these, three are located in Chiang Mai Province
(one in Omkoi District and the other two in downtown area of Mueang District) and
one each situated in Mugdahan, Hua-Hin/Prajuab Kirikhan, Ubon Ratchathani and in

Pimai District of Nakhon Ratchasima Province (Garivait, 2009).

Figure 2.5 Locations of the AERONET instruments in Thailand (Garivait, 2009).
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Figure 2.6 AERONET instruments at Chulalongkorn University in Bangkok.

Source: http://aeronet.gsfc.nasa.gov/ THAILAND AERONET.pdf

2.3.4 Relationship between AOD and observed PM data

In general, the PM concentration decreases following an exponential fashion
in the vertical direction, but it was frequently found that there is a linear correlation
between the observed AOD and measured near-surface aerosol density (as described

for examples in Table 2.7 and Figure 2.7). This relationship can be written as follows:
PM =a (AOD) +a, (2.7)

where a, and a, are proper constants which are in close relation to type of the aerosol

particle (relevant theoretical basis of Eq. 2.7 is detailed in Appendix A).

Thus, taking advantages of the strong linear correlation between the derived
AOD and PM density, the implementation of the satellite-based retrieved AOD data
(e.g. MODIS-AOD) for aerosol pollution motoring at local to global scale has become

a promising approach for the current aerosol pollution research field. However, the
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common coarse resolution of most satellite-based AOD mapping is still a great limit
to the formulation of PM concentration map at fine scale (e.g. < 1 km).

Various studies have reported empirical relations between AOD and observed
PM10 or PM2.5 data over several locations around the world (as listed in Table 2.7)
with promising results in general (regarding to the moderate to high correlation level).
However, relatively low correlation has also been evidenced in some reports.

General conclusion arisen from these studies is that variations in local
meteorological conditions, occurrence of multiple aerosol layers, and variations in
aerosol chemical composition are likely to play an important role in determining the
strengths of such correlations. In short, the relationship between AOD and PM should

be determined regionally to account for its specific conditions.
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Figure 2.7 The linear relationship between MODIS-AOT and observed PM 2.5 data

at several cities around the world (Gupta et al., 2006).
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Table 2.7 Reports of linear relationship between AOD and near-ground PM.

Variable Correlation
Relationship Sensor Source
X y R R’
AOD  PMI0 y=3023x-544 082 - mopis L Lau, Mao, and Chu
(2005)
Grosso, Ferreira,
AOD PM10 y=219.6x-10.9 - 0.77 MODIS Mesquita, Carlos and
Eberhard (2007)
— MODIS
AOD PMI0 y=109.4x +38.46 - 0.72 (Chiang Mai) Chew et al. (2007)
_ Dinoi, Perrone and
AOD PMI0 y=69x+20.0 0.57 - MODIS Burlizzi (2010)
AOD  PMIO  y=195.7x +14.5 . 083  Meris  Retalisand Sifakis
(2010)
AOD PMI0  y=119.09x +22.684 - 0.75 MODIS
(summer) Zha, Gao, Jiang, Lu and
Huang (2010)
AOD  PMI0  y=90413x+52368 - 022  MODIS
(winter)
Chudnovsky, Lee,
AOD PM2.5 y=29.69x+7.55 0.24 - GOES Kostinski, Kotlov,
Koutrakis (2012)
AOD PM2.5 - 0.65 - MODIS Tsai et al. (2011)
PM2.5 AOD  y=0.0057x+0.11 - 0.59 MODIS Glantz, Kokhanovsky,
von Hoyningen-Huene,
PM2.5 AOD  y=0.0052x+0.064 - 058  MERIs  Johansson (2009)
— MODIS
PM2.5 AOD y=0.013x+0.2242 0.98 (Location 1)
Hutchison et al. (2008)
— MODIS
PM2.5 AOD  y=0.0092x+0.367 0.47 (Location 2)
PM2.5 AOD  y=0.006x+0.149 096 - MODIS  Gupta et al. (2006)
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2.4 MODIS and BAER retrieval methods for AOD assessment

MODIS is a prime instrument aboard NASA’s EOS-Terra and Aqua satellites,
being launched into orbit in 1999 and 2002 respectively. The instrument is working in
the near-earth sun-synchronous polar-orbit from a nominal altitude of 705 km and was
designed to cross the equator at approximately 10:30 a.m. (for Terra-descending orbit)
and 1:30 p.m. (for Aqua-ascending orbit) local time, respectively (Remer et al., 2005).

These properties are summarized in Table 2.8.

2.4.1 MODIS sensors and their standard products

MODIS sensors detect incoming radiance data in 36 spectral bands ranging in
wavelength from 0.4 to 14.4 um. (Table 2.9) and be able to view the entire Earth’s
surface every 1-2 days due to large cross-tract swath. The measurements are operated
at three different spatial resolutions: 250 m (bands 1-2), 500 m (bands 3-7), and 1 km
(bands 8-36). There are 44 standard MODIS-based products available at present to
support interests of users (called MOD 01-44). These products can be grouped into
two broad categories: daily MODIS images (Level 1) and derived products (Level 2).

The daily MODIS images can be obtained since February 2000 at the spatial
resolution of 1 km. The image data are digital numbers which can be converted to be
radiance values, surface reflectance values, and/or brightness/temperature values as
appropriate before performing the analysis. Terra image file names shall begin with
MODO021KM and Aqua file names begin with MYD021KM. MODIS images are
recorded both in the morning (Terra-MODIS) and in the afternoon (Aqua-MODIS) up
to four times per day altogether. In addition, the night time data are also available in

the thermal range of the spectrum.
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Property

Details

Orbit

705 km, 10:30 a.m. descending node (Terra) or 1:30 p.m. ascending
node (Aqua), sun-synchronous, near-polar, circular

Scan rate

20.3 rpm, cross track

Swath dimensions

2330 km (cross track) by 10 km (along track at nadir)

Quantization

12 bits

Spatial resolution (SR)

250 m (bands 1-2), 500 m (bands 3-7), 1000 m (bands 8-36)

Source: http://modis.gsfc.nasa.gov/about/specifications.php.

Table 2.9 List of MODIS spectral bands and their proposed primary uses.

Bandwidth SR . Bandwidth SR .
Band Primary use Band Primary use
(nm) (m) ¥ (um) (m) Y
1 620 - 670 Land/Cloud/ 20 3.660 - 3.840
250 Aerosols
2 841 - 876 boundaries 21 3.929 - 3.989 Surface/Cloud
3 459 - 479 22 3.929 - 3.989 temperature
4 545 - 565 23 4.020 - 4.080
Land/Cloud/
5 1230-1250 500 Aerosols 24 4.433 - 4.498 Atmospheric
o
6 1628 - 1652 e /P 25  4.482-4.549 temperature
7 2105-2155 26 1.360 - 1.390
8 405 - 420 27 6.535 - 6.895 Cirrus clouds
water vapor
9 438 - 448 28 71757475 1000
10 483 - 493 29 8.400 - 8.700 Cloud
properties
11 526 - 536 30 9.580 - 9.880 Ozone
Ocean Color/ Surface/Clond
12 546 - 556 Phytoplankton/ 31 10.780 - 11.280 urace/tfou
Biogeochemistry temperature
13 662-672 1000 32 11.770 - 12.270
14 673 - 683 33 13.185-13.485
15 743 - 753 34 13.485-13.785 Cloud top
16 862 - 877 35 13.785 - 14.085 altitude
17 890 - 920 36 14.085 - 14.385
18 931 - 941 Atmospheric
water vapor
19 915 - 965

Source: http://modis.gsfc.nasa.gov/about/specifications.php.
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The MODIS derived products (Level 2) can be separated into five categories
based on their purposes of application: Calibration, Atmosphere, Land, Cryosphere,
and Ocean. Examples of these products relevant to this study are MOD 04 (Aerosol
Product), and MOD 14 (Thermal Anomalies-Fires and Biomass Burning). Typically,
the MODIS Aerosol Product monitors the ambient aerosol optical thickness (AOT)
globally over both the oceans and the continents. In addition, the aerosol size
distribution and the aerosol type are also determined over specified regions. Daily
MOD 04-Level 2 data are produced at spatial resolution of a 10x10 1-km (at nadir)-
pixel array.

The MODIS Thermal Anomalies product includes fire occurrence (day/night),
fire location, the logical criteria used for the fire selection, and an energy calculation
for each identified fire. This product also includes the composite 8-day-and-night fire
occurrence (full resolution), composite monthly day-and-night fire occurrence (full
resolution), gridded 10-km summary per fire class (at daily/8-day/monthly scale), and
a gridded 0.5° summary of fire counts per class (daily/8-day/ monthly). The Level 2
product includes various fire-related parameters including the occurrence of day and
nighttime thermal anomalies which are flagged and grouped into different temperature
classes with emitted energy from the fire. These stated parameters are retrieved daily
at 1-km resolution. More detailed information of the MODIS mission and applications
in atmospheric research are available at MODIS website (http://modis.gsfc.nasa.gov)

and MODIS-Atmosphere website (http://modis-atmos.gsfc.nasa.gov).

2.4.2 MODIS-AOD retrieval algorithm
One of the notable applications of MODIS product is the derivation of AOD

data at regional/global scales using its blue (0.47 pm), red (0.65 pm) and mid-infrared
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(2.13 um) bands. The retrieved results are then reported at 10-km resolution at nadir.
Basically, the core retrieval algorithm exploits information of atmospheric reflectance
ratios (corrected for the Rayleigh scattering) between the 0.47 and 2.13 pm channels
along with the 0.65 and 2.13 pm channels to develop the AOD product. AOD values
measured from the ground may range from near zero in pristine environments up to
two or more in the heavily polluted urban areas or dust storms (see Gupta et al., 2006;
Jiang et al.,, 2007; Hutchison, Faruqui, and Smith. 2008; Péré, Pont, Mallet, and
Bessagnet, 2009 for examples). However, upper bound of 3.0 is set in the MODIS
AOD retrieval process to minimize cloud contamination. Both Terra/Aqua MODIS-
AOD retrievals overland are highly correlated with ground truth and present little bias
(Remer et al., 2008).

A brief description of the conventional MODIS aerosol algorithm is as follows
(also see work flowchart in Figure 2.8) (Chu et al., 2002; Remer et al., 2005). The
used MODIS-AOD retrieval algorithm was developed based on the “dark-object”
method in which the essential assumption is that if the surface is densely vegetated,
the MIR surface reflectances of MODIS band 7 are linearly related to reflectances of
MODIS band 3 (blue band) and band 1 (red band). Since most aerosol sizes are
smaller than the MIR wavelength, aerosol effects in band 7 are typically negligible
and its surface reflectance can then be readily approximated. Based on several surface

measurements, Kaufman et al. (1997a) established the following empirical formulae:

R1(Red) —0.50; R3(Blue)_0 75

~0.50: =0. (2.8)
R7(MIR) R7(MIR)

From Eq. 2.8, the surface reflectances at MODIS’s red and blue bands (R1 and R3),

can be conveniently estimated from the known reflectance at the MIR band (R7) and
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the associated AOD at bands 1 and 3 can then be determined using the look-up tables.
MODIS-AQOD is retrieved at four wavelengths: 0.47 um (blue), 0.55 um (green), 0.66

um (red), and 2.12 pm (MIR).

MODIS Over Land Algorithm
Al procedures applied to individual boxes 0f20 220 pixels at 500 m resoluion (10 Jan at nadir)

Identify and mask all water, cloudy and snow/ice pixels.
Separate all pixels that are outside of 0.01< p, ,, 025

Discaud brightest 50% and darkest 20% of pixek defined with p, ..

Proceed with all non- /

water, non-cloud, non-
snowfice pixels with
Pz1s= 0.25and the

visible 20-50% filter
- these are the dark

target pixels.

Are there
at least 12 dark target pixels?

Path A - SetQC=3 Path B - Set QC=0
Forall identified ‘dark’ pixels, Now collect pixels with p, ,.>025
Calculate mean p, 4» , Pyes previowsly set aside. Count number of
g sEa p s ip® s = ano e pixels (V) with
001<py 13025 (e

Continental model LUT |, Tos730d Toes AND p, ; <040
yes
Caloulte path radiance (p,) at0.47 and 066 m
Spectral dependence of path radiance e ¥_ s
distinguishes dust from non-dust. P 047 =025 P 2150 P~ 065 00 P 215

| Continental model LUT |—>‘o.47

Output 1, Flux and other parameters
- EXIT

» [Jon-dust T Pure dust

¥  Miged Use geogiaphy to Use dust LUT to make retrieval
choose nonrdust Only IF0.15 < p, 43 <025
Make dust and nonrdust L:T ?:
Retnevals and combine V. \ —
By weighting with -l
Out put T, Flux and other parameters
Po ass / Po 04z

Figure 2.8 Flowchart of MODIS’s aerosol retrieval algorithm (Remer et al., 2005).
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The look-up tables are prepared for each aerosol models that are pre-defined
for a given location and time. There are two key requirements for this method:

(1) existence of large homogeneous dense vegetation in the scene;

(2) stable empirical relationships of the surface reflectance R7 and R1, R3.
The first requirement implies inaccurate reflectance retrieval of surface with nondense
vegetation canopies. To meet the second requirement, dense vegetation canopies have
to be distinguished from other dark objects, such as wet soil and water. For non-dense
vegetation surfaces (e.g., snow/ice, desert, agricultural lands before/after the growing
peak), MODIS-AOD products are not accurate because of no aerosol correction with
the actual retrieval; which results in large errors in the downstream products, such as
snow/desert albedo and canopy leaf area index. After examining the MODIS aerosol
optical depth product around the world, it was found that in many cases (mainly off
growing season) that the MODIS algorithm fails to retrieve aerosol optical depth over
land because the surfaces are not covered by dense vegetation canopies.

In the normal retrieving process, 10 km x 10 km grid boxes (cloud-free pixels)
are first selected using the multi-spectral MODIS cloud mask (Ackerman et al., 2006).
And to minimize errors, the MODIS aerosol retrievals over land are limited to those
pixels with R7 < 0.25. Snow/ice and water covered surfaces are also excluded because
the empirical relationships (described in Eq. 2.8) are invalid over those regions. The
selected cloud-free dark pixels in the grid box may still be partially contaminated by
the sub-pixel clouds, snow/ice, or soil types that do not fit the empirical relationship.
Thus only part of the MODIS measured radiances is used, e.g. at 20-50% brightness
range. The overall retrieval error is usually large for dust particle as oppose to that of

the urban/industrial and biomass burning aerosols. To distinguish between dust and
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non-dust aerosols, the ratio of aerosol path radiance at 0.66 and 0.47 pm is used. The
sulfate and smoke aerosols that cannot be identified by the path radiance ratio are then
separated a priori according to the geographic locations and seasons of their emission
sources. More details of the MODIS’s aerosol retrieval method (including the mixture
of different aerosols) can be found, for examples, in Kaufman et al. (1997b); Chu,

Kaufman, Ichoku, Remer, Tanr¢, and Holben, (2002), and Remer et al. (2005).

2.4.3 BAER-AOD retrieval algorithm

Apart from the well-known MODIS’s “dark-object” method described earlier,
another promising AOD retrieval method that attains wide interest in recent years is
the Bremen Aerosol Retrieval (BAER) method. The method was originally developed
by the University of Bremen as a new aerosol retrieval tool for the SCTAMACHY and
MERIS instruments onboard the EU’s ENVISAT satellite (von Hoyningen-Huene,
Freitag and Burrows, 2003). However, this method has been later successfully applied
for the AOD data retrieval of several instruments, e.g., SeaWiFS, MODIS, AVHRR
(Lee et al., 2005; von Hoyningen-Huene, Kokhanovsky, Burrows, Bruniquel-Pinel,
Regner, and Baret , 2006; 2010; Kokhanovsky, Breon, Cacciari, Carboni, and Diner,
2007; Lee, Kim, von Hoyningen-Huene, and Burrow, 2007; Song et al., 2008; Rohen,
von Hoyningen-Huene, Kokhanovsky, Dinter, Vountas, and Burrows, 2011; Mei,
Xue, Kokhanovsky, von Hoyningen-Huene, Leeuw, and Burrows, 2013).

In principle, working concept of the BAER method follows classic procedure
of the satellite-based AOD retrieval discussed in Section 2.3.2 (see Figure 2.9 for its
standard work flowchart). Here, AOD data are retrieved from the top-of-atmosphere

(TOA) radiance measured by the nadir viewing instruments like MERIS or MODIS.
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These instruments measure the upwelling, or TOA, radiance, Itoa(4), along with the
apparent solar extraterrestrial irradiance Ey(4) in visible wavelengths. Normalization
of the Itoa(A4) to the solar illumination conditions for each wavelength A is defined as

being TOA reflectance (proa):

T o5 (A)

E,(A)cos() (29

Proa(d) =
where 6 is the solar zenith angle (Glantz et al., 2009).

Intensity of the TOA reflectance given in Eq. 2.9 depends on several factors,
i.e., background surface reflectance, atmospheric scattering or absorption effects, and
geometry of the instrument’s observing pattern and solar illumination. This fact can

be described by the simple relation:
Proa(D) = Paru(A) + Psp (D) = [0p (D) + Prs(D]+ Psp(A) (2.10)

where parm is the total reflectance contributed by the earth’s atmosphere as a whole
and psr is reflectance contributed by the earth’s surface. Influence of the atmosphere
in this case typically originates from two main sources: the Rayleigh reflectance (orr)
by air molecules and the aerosol reflectance (pas) by aerosol particles.

Therefore, the aerosol reflectance can be readily determined by subtracting the
known Rayleigh reflectance (orr) and surface reflectance (psg) data from the relevant

TOA reflectance (proa) data (von Hoyningen-Huene et al., 2003):

Pas(D) = proa(A) = Pro (D) — psp(4) (2.11)
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For the conversion of the aerosol reflectance data into associated AOD data,
the pre-determined look-up-tables (LUT) either between TOA reflectance and AOD
or aerosol reflectance and AOD are required. For the preparation of necessary LUT,
radiative transfer modeling is performed based on knowledge of aerosol and surface
characteristics, Rayleigh scattering pattern and the geometry of solar illumination and
instrument’s observation pattern. Aerosol characteristics are usually explained by an
aerosol phase function, the spectral single scattering albedo and a range of AOD, for
instance 0.03-2.5.

The Rayleigh scattering term can be derived from the DEM and the standard
model atmosphere. According to Bucholtz (1995), the Rayleigh path reflectance can
be determined based on the atmospheric pressure at altitude z, or p(z), in each pixel:

pru (A= Az Trerom P2 (2.12)

Po
where A, B, C and D are the constants for the total Rayleigh scattering cross-section
at standard atmosphere: 4 = 3.01577x107*, B = 3.55212, C = 1.35579, D = 0.11563
(for 1=0.2-0.5 pm); 4 = 4.01061x107%, B =3.99668, C = 1.10298, D = 2.71393x10”
(for 4 > 0.5 um). The atmospheric pressure at altitude z (in km), or p(z), can be

estimated by the barometric equation (von Hoyningen-Huene et al., 2003):

—(29.87g)-(0.75z) (2.13)
8.315(Tyx —0.75g - 2) |

p(z) = p, -eXp{

where g is the gravity acceleration (9.807 m/s”), py is the reference pressure data at the
mean level (pp= 101325 pascal) and Tsr is the surface temperature (in K).

The surface reflectance (psr) is typically defined as follows:
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TTot(QO) ’ TTot(GS)
1_ASF ’ rHem

Psp(A) = - Age (A) (2.14)

where @ and 6s are solar and satellite zenith angles, respectively. The parameter 7o
is total transmission along illumination and viewing geometry (& and &), and Jem 18
the hemispheric reflectance. These parameters can be approximated from the radiative
transfer calculations (Kokhanovsky et al., 2007; von Hoyningen-Huene et al., 2006).
The parameter Asr is the surface reflectance at the considered wavelength. In general,
influence of the hemispheric reflectance term over low reflecting surfaces (e.g. ocean
or vegetation in the blue spectral region) is typically low and able to be negligible in
the calculation in Eq. 2.14. However, its influence over bright surfaces, like desert, is
fairly high and could not be ignored.

For the calculation of surface reflectance, the BAER method uses a vegetation
index for the estimation of the preferred surface reflectance (4sg) by the linear mixing

model (LLM) as follows (von Hoyningen-Huene et al., 2003):

Ag(A) = F -|Cuyy + Preg (D) + (1= Cy) - P ()] (2.15)
where pveg, Psoil are the spectral reflectances of “green vegetation” and “bare soil”,

respectively, and Cve, is the chosen vegetation index while F is the scaling factor used

to adapt the spectral surface model to the conditions within the scene:

F= Proa(0.67) — P, (0.67) — p,5(0.67)
CVeg ’ pVeg (067) + (1 - CVeg) ’ pSoil (067)

(2.16)

Thus, for visible channels, the surface reflectance over land can be estimated
per pixel basis assumed that values of all required parameters are known. First version

of BAER method uses NDVI (Normalized Difference Vegetation Index) to represent
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vegetation data in each target pixel. However, NDVI was found to be substantially
sensitive to the presence of the aerosol in the atmosphere which makes it unsuitable
for predicting vegetation impact under polluted air environment. To reduce sensitivity
issue of NDVI, an alternative index called AFRI (Aerosol Free Vegetation Index) was
introduced in some works as a replacement for the NDVI, for examples, in Lee et al.,

(2005) , Lee, Kim, von Hoyningen-Huene, Burrow (2007) and Song et al. (2008).

Definition of AFRI is as follows (Lee et al., 2005):

AFRI = M , (2.17)
Par 1050,

Using this relationship, AFRI is able to estimate vegetation fraction with low aerosol

effect because aerosol scattering is very weak in the MIR region.
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Figure 2.9 Original AOD retrieval procedure of the BARE method (von Hoyningen-

Huene et al., 2003).

Figure 2.9 presents work flowchart of original AOD retrieval procedure of the

BARE method described in von Hoyningen-Huene et al. (2003). The main steps are to

select the required data for solar and viewing geometry, geographic coordinates, TOA

radiance, extraterrestrial solar irradiance and prepare the TOA reflectance for the

retrieval. Knowledge of the surface reflectance term (from Eq. 2.12) is used for

initialization of the iterative determination of the spectral AOD: (a) determination of

aerosol reflectance, (b) derivation of the AOD by the selected LUT, (c) analysis of the
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smoothness spectral AOD by RMSD between retrieved and the Angstrom power law
approximation and (d) correction of spectral surface reflectance until RMSE < 0.005
or return to step (a). Figure 2.10 demonstrates example of the LUT’s relationship
between the derived aerosol reflectance (pas) and observed AOD (at 0.412 um) given

in von Hoyningen-Huene et al. (2003).

0,70 —
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Aerosol Reflectance

Figure 2.10 Example of the LUT for the relationship between the aerosol reflectance

and AOT (for 0.412 um) at different values of surface reflectance (0.02+0.02).

2.5 Atmospheric dispersion models

Atmospheric (or air) dispersion modeling is the mathematical simulation of
how airborne pollutants disperse (after the emission) in specific ambient atmosphere.
The dispersion models are normally implemented to describe pattern of the downwind
concentration of air pollutants emitted from the contributing sources under influences

of the assumed atmospheric conditions (local wind speed in particular). These sources
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can be divided into four broad categories: point source (e.g. factory stack), line source
(e.g. roadway), area source (e.g. forest fire), and volume source (e.g. open sand pile).
The process of air pollution assessment by most models usually contains four
fundamental stages: data input (e.g. emission property/atmospheric condition/terrain
condition), dispersion calculations (based on the assumed dispersion pattern), deriving
concentration data (over specific area or at a particular location), and analysis/report
of the obtained results. Air dispersion models are very important to the governmental
agencies responsible for the protection and improving of ambient air quality as they
are able to realistically simulate air pollution situation over the concerned area and
offer crucial information for effective air pollution control strategies. Comprehensive
reviews of dispersion modeling are given in Daly and Zannetti (2007) and Popovi¢

(2011).

2.5.1 Types of air dispersion models

A variety of air dispersion models have been developed so far mostly for the
use in the analysis of air pollution distribution over a particular region from regional
to global scale. These models are traditionally developed based on the pre-determined
concept of the air dispersion nature under the given atmospheric condition from which
four broad categories of them can be listed as follows.

(1) Box model. This is the simplest form of dispersion model which assumes
that the airshed (i.e. a given volume of atmospheric air in a geographical region) is in
the shape of a rectangular box and the air pollutants inside the box are well-mixed and
homogeneously distributed. The aerosol concentration level in this case is assumed to

be in the steady state (i.e. constant over a specific time period). For the analysis of
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urban air pollution, the dimensions of this conceptual box are determined by the
length of urban area upwind of a receptor (L) and the height of the mixing boundary
layer (H) (Figure 2.11). Main source of the existing aerosol is the emission from
ground-based contributors at assumed constant rate of O (called the area source
strength and defined by amount of pollutant mass released/ unit surface area/unit time,

e.g. in pg/m™s).

Figure 2.11 Conceptual presentation of the box dispersion model (Noor, 2003).

The released pollutants are instantaneously mixed throughout the defined box
under influence of the predominant wind with mean speed u. Under the assumption of
steady state condition, the mean pollutant concentration in the box can be determined

using the following relation (Noor, 2013):

c=“+b (2.18)



55

where b is the background concentration. Although useful, this model is still very
limited in its ability to accurately predict dispersion of air pollutants in reality due to
its often unrealistic assumption of the homogeneous pollutant distribution within the
defined box for each study case (especially within severely-polluted city).

(2) Gaussian plume model. This is the most prominent type of air dispersion
model which assumes that the dispersion of air pollutants within the smoke plume has
Gaussian form, meaning that it has a normal probabilistic distribution along specified
directions as the plume propagates in the atmosphere.

In essence, Gaussian models primarily try to simulate the dispersion pattern of
smoke plume (originating from the identified source) under the assumed steady-state
atmosphere over a time period of the analysis (often an hour). Distributing pattern of
the pollutant concentration of the traveling plume is assumed to have Gaussian form
along two referred axes (crosswind and vertical direction) as illustrated in Figure 2.12.
Note that, the downwind movement of the plume (along x-axis) is critically depended
on wind speed and hence the dispersion along this direction is not in Gaussian form.
From the figure, the origin of the coordinate system is placed at the base of the smoke
stack with the x-axis aligned in the downwind direction. The polluted smoke plume
rises from the smoke stack and then propagates along x direction under influence of
the assumed uniform wind along that direction and gradually spreads in the y (cross-
wind) and z (vertical) direction as it travels. The smoke plume naturally rises higher
over the smoke stack due to its higher temperature than the surrounding atmosphere

and its inertial vertical velocity after releasing.
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Figure 2.12 Dispersing pattern of air pollutant plume in the Gaussian models.

Source: http://www.mfe.govt.nz/index.html.

For the calculations, the plume is assumed to be emitted at coordinate (0, 0, H)
where H is effective stack height which is the summation of the physical stack height
and plume rise (Ah). The emitted smoke at the point source is assumed to travel along
x direction under support of the constant horizontal wind velocity u. According to this
concept, value of aerosol concentration at a particular point (x,),z) can be estimated
through the relation (Srivastava and Rao, 2011):

V3 [ —(z—H)? —(z+H)?
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2
L2 |e 208 te 20

2M.U.0y .0z

Clx,y,2) = ] (2.19)

where C(x,y,z) is aerosol concentration at the preferred location on the downwind side

(g/m’), Qs source emission rate (g/s), uis horizontal wind speed (m/s), H is effective
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stack height (m), oy and o are standard deviations of air pollutant distribution along
the cross-wind horizontal (y-axis) and vertical (z-axis) directions, respectively (m).
Values of oy and o, depend mainly on the downwind distance from source (along x-
axis) and the air stability level.

The Gaussian models are often used for predicting dispersion of continuous,
buoyant air pollution plumes originating from the ground-level or elevated sources
under the steady-state atmosphere (as shown in Figure 2.10). However, these models
may also be applied for the prediction of the dispersion pattern of non-continuous air
pollution plumes (called puff models). Due to initial assumptions stated earlier, the
Gaussian models are not suitable for prediction long range dispersion (e.g. greater
than 50 km), that frequently under control of the non-steady state atmosphere, and
also the analysis of smoke plume distribution under relatively calm atmosphere (with
u = 0) (Pasquill, 1974; Holmes and Morawska, 2006 and Srivastava and Rao, 2011).

(3) Lagrangian model. Apart from the popular Gaussian models stated earlier,
another approach to air dispersion simulation that gains more attention in recent years
is the so-called Lagrangian model. These models try to describe the transportation and
diffusion pattern of the smoke plume (or puff) under the ambient turbulence based on
statistical analysis of the random movement of a large number of the pollution plume
(or puff) particles with respect to a moving frame of reference that follows along with
the plume movement. This approach is much more applicable nowadays due to the
support of advanced computing technology that makes the tracing of the trajectory of
individual aerosol particles (within a plume) can be performed more realistically as

well as the distribution pattern after a certain time elapse (Srivastava and Rao, 2011).
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The Lagrangian approach was proved very promising in the evaluation of air pollution
dispersion pattern in the non-steady state atmosphere which is still not much fulfilled
by the classic Gaussian plume models. This approach also benefits for the long-range
prediction of air pollution under gradual changes in atmospheric condition like the
turbulence or wind velocity as mentioned in Bellasio, Scarpato, Bianconi, and Zeppa
(2012).

(4) Eulerian model. This model has similar concept to that of the Lagrangian
model in that it tracks moving path of a large number of pollution plume parcels as
they gradually move away from their initial location. The most important difference
between these two groups of the models is that the Eulerian model uses a fixed three-
dimensional Cartesian grid as a frame of reference for describing movement of plume
particles rather than a moving frame of reference that follows along the travelling path
of these particles preferred in the Lagrangian model. More details of these two types

of dispersion models are given in Srivastava and Rao (2011).

2.5.2 Prominent air dispersion models

Plenty of the air dispersion models exist at present to serve the growing needs
in field of air pollution assessment. Among theses, some are recommended for the use
by the US-EPA as detailed below (SCRAM-EPA, 2012).

(1) AERMOD (AMS/EPA Regulatory Model). This is a widely-used steady-
state dispersion model designed for short-range (up to 50 kilometers) dispersion of air
pollutant emissions from stationary industrial sources. It was developed as joint work
of the American Meteorological Society (AMS) and the US-EPA during 1990s period

and was officially adopted by the EPA for operating short-range dispersion analysis as
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a replacement for its predecessor ISC3 (Industrial Source Complex) model in 2000.
AERMOD simulates the dispersion of air pollutants under different conditions of the
atmospheric boundary layer turbulence and terrain characteristics based on Gaussian
dispersion framework for the stable atmospheric conditions (i.e., with low turbulence)
and on non-Gaussian dispersion for unstable conditions (high turbulence). Algorithms
for plume depletion by wet and dry deposition are also included in the model.

The AERMOD modeling system consists of two pre-processor components
called the AERMET and AERMAP, and the core dispersion model called AERMOD.
During the operation, the AERMET shall provide AERMOD with the meteorological
information needed to characterize atmospheric condition while the AERMAP shall
characterize terrain and generate receptor grids for the dispersion model (AERMOD).
More details of the AERMOD model are given in US-EPA (2004).

(2) CALPUFF (California Puff). This is an advanced, integrated Gaussian and
Lagrangian model for the simulation of atmospheric pollution dispersion of the smoke
puff under the non-steady state atmosphere. It has been developed and distributed by
the Atmospheric Studies Group at TRC Solutions and was recommended for the use
in far-field (> 50 km) air quality assessment by the EPA in 2003 and for near-source
(< 50 km) analysis in 2005.

The CALPUFF model was designed to simulate dispersion of buoyant, puff or
the continuous point, area, or line sources. Its modeling system consists of three main
components called the CALMET (a diagnostic 3-dimensional meteorological model
for preparing input meteorological data), CALPUFF (an air quality dispersion model),
and CALPOST (a post-processing package). Each of these programs has independent

graphical user interface (GUI). In addition to these components, there are numerous
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other processors that may be used to prepare geophysical (land use and terrain) data in
many standard formats as well as the relevant meteorological data (surface, upper air,
precipitation). More information is given in Scire, Strmaitis and Yamartino (2000).
(3) CALINE (California Line Source Model). This model was developed by
the California Department of Transportation and the US Federal Highways Agency
for assessing roadway traffic emissions. The first version (CALINE1) was released in
1972 and its latest available version is CALINE4. The model adopts classic Gaussian
diffusion theory (as in the Gaussian plume model) to explain the gradual expansion of
the traffic-induced air pollution plume and predict concentration of the air pollutants
over a particular area located within 500 meters of the roadway (CO, NO, and PM).
CALINE4 works by partitioning the examined traffic line into several small
sections which are treated as a separated emission point source of a pollutant plume
that shall subsequently disperse downwind under influence of the uniform horizontal
wind. Pollutant concentrations at any specific location can be determined using total
contribution from the overlapping pollution plumes originating from the sequence of
roadway links. Each CALINE run allows the prediction of up to eight one-hour mean
concentrations. Therefore it is useful for investigating one-hour concentrations of NO,
and CO and eight-hour concentrations of CO. However, CALINE4 was not designed
to emulate changing emission rate from decelerating, idling and accelerating vehicles
(i.e. emission rate for each given roadway element in the model is an hourly average).
In this case, some CALINE-based model designed specifically to evaluate intersection
dispersion such as the CAL3QHC (CALINE3 with queuing and hot spot calculations)

may be more appropriate. More CALINE information is available in Caltrans (1989).
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2.5.3 The HYSPLIT dispersion model

In this thesis, application of the interested dispersion model called HYSPLIT
(HYbrid Single-Particle Lagrangian Integrated Trajectory) was carried out to evaluate
the forward and backward trajectories and distributing patterns of the fire-induced
smoke plumes observed over the study area. The model was developed by joint effort
of NOAA’s Air Resources Laboratory (ARL) and Australia’s Bureau of Meteorology.
The first version (1.0) was introduced in 1982 and latest version (4.9) was released in
2009, where the global Eulerian model (grid-in-plume) was integrated, and is able to
be acquired free of charge at website: http://www.arl.noaa.gov/HYSPLIT info.php.

The HYSPLIT model is now attracting more interest as a powerful tool for the
simulation of air parcel trajectory for the regional or long-range transport, dispersion,
and deposition of air pollutants. Its applications typically focus in three main topics:
(1) air trajectory mapping, (2) plume dispersion simulation and (3) air concentrations
and deposition quantification. The following description of the model presented here
is mostly based on Draxler (2004; 2011). The model’s processing method is a hybrid
between the Lagrangian approach that uses a moving frame of reference to locate
movements of individual air parcels and the Eulerian approach, which uses a fixed 3D
grid as frame of reference (Figure 2.13). In the model, advection/diffusion processes
are performed in Lagrangian framework following the transport of air parcels while
the calculation of pollutant concentrations are evaluated on fixed grid. The dispersion
of air pollutants in HYSPLIT model is simulated by assuming either puff or particle

dispersion concept, or as an integration of both (hybrid method).
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Figure 2.13 The Eulerian and Lagrangian approach used in the HY SPLIT model

(ARL, 2013).

In the particle model, a fixed number of particles are released from original
source with mean and random motion. They are advected about the model domain by
mean wind field and spread by a turbulent component. Under this condition, a cluster
of particles released at the same point (from contributing source) shall be expanded in
space and time simulating the dispersive nature of the atmosphere. The smoke plume
trajectory is then identified by time integration of the position of an air parcel as it is
transported by the 3D winds that results in temporal 3D particle distribution map that
can be further used as required.

In a puff model, the source is simulated by releasing pollutant puffs at regular
intervals over the duration of the release with either a Gaussian or top-hat horizontal
density distribution. The puff will be advected according to the trajectory of its center
position while the size of the puff (both horizontally and vertically) expands in time to
account for the dispersive nature of a turbulent atmosphere. These puffs will expand

(in 3D configuration) until they exceed definite size of meteorological grid cell (either
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horizontally or vertically), then split into several new puffs, each with its share of the
pollutant mass. Regardless of which approach, the turbulent component of the motion
is needed to be computed from the meteorological data.

The hybrid method integrates both puff and particle methods assuming a puff
distribution in horizontal and particle dispersion in the vertical direction. The resulting
calculation may be started with a single particle. As its horizontal distribution expands
beyond the meteorological grid size, it will split into multiple particle-puffs, each with
their respective fraction of the pollutant mass. In this way, the greater accuracy of the
vertical dispersion parameterization of the particle model is combined with advantage
of having an expanding number of particles represent the pollutant distribution as the
spatial coverage of the pollutant increases and therefore a single particle can represent
relatively lower concentrations. Both forward and backward trajectories can be found
by the HYSPLIT model. By moving backward in time, the back trajectory indicates

air volume arriving at a given point at a specific time, thus can inform source region.

Determination of air concentration

Air concentrations are computed by summing each particle’s mass as it passes
over the concentration grid, which is often defined by latitude-longitude intersections.
Simultaneous multiple grids with different horizontal resolutions/temporal averaging
periods can be defined for each simulation. Each considered pollutant species is
summed independently on each grid. In the particle-based mode, the concentration
grid is treated as a matrix of cells, each with a volume defined by the grid dimensions.
Therefore, the air concentration is just the particle mass divided by the cell volume. In
the puff calculation, however, the defined concentration grid is considered as a matrix

of sampling points, such that the puff only contributes to the concentration as it passes
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over the sampling point. In the puff calculation mode, it is possible for a puff to pass
between points and not be shown on the display. Examples of concentration maps the
particle and puff distributions are shown in Figure 2.14. Note that the puff distribution
is smoother but much broader as, for this particular case; the horizontal puff growth

equations give larger values than the particle expansion.
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Figure 2.14 Examples of (a) particle-based and (b) puff-based concentration maps

produced by the HY SPLIT model (ARL, 2013).

Input/output data

Apart from the pollutant emission information, knowledge on gridded fields of
the meteorological variables is required at regular temporal interval. The time interval
between fields should be constant for each predefined grid. The meteorological data
file should consist of direct-access, fixed-length records, one record per variable per

level. These data field may be provided using one of four different vertical coordinate
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systems, which are, the pressure-sigma, pressure-absolute, terrain-sigma, or a hybrid
absolute-pressure-sigma. At a minimum, the model requires at least horizontal wind
components, temperature, height or pressure, and the pressure at the surface. If wet
deposition is to be included, the model also requires the rainfall field. Two basic types
of the model output are available: trajectories (as ASCII files) and air concentrations
or depositions (as binary files). Contoured plots could be generated using similar post-
processing programs. More HY SPLIT information is given in ARL (2013).

The HYSPLIT model has been successfully utilized in several reported works,
for examples, Ma and Choi (2007) used the model to identify area source of the dust
storm experienced at Fukuoka, Japan, during springtime of 2005 and found that it was
driven mainly from the Chinese continent. Pongkiatkul and Oanh (2007) applied both
trajectory analysis and monitoring data to assess potential contribution of long range
transportation to PM pollution found in Bangkok Metropolitan Region (BMR). The
10-day backward trajectories of air masses arriving at BMR from January 2002 to
December 2004 were identified and categorized by k-means clustering into 6 clusters
with different associated PM levels. Highest average PM10 and PM2.5 levels were
found in long-distance air mass that moved over populated South East Asia (SEA).

Lee, Park, Kim and Kim (2008) investigated impact of air mass trajectories on
the PM2.5 mass. It was found that during the Asian dust (AD) periods when air mass
passed over Korean peninsula, Asian dust and secondary organic carbon accounted
for 25.2 and 23.0% of the PM2.5 mass, respectively, whereas Asian dust contributed
only 10.8% to the PM2.5 mass during the AD event when the air mass passed over the
Yellow Sea. Contribution of biomass burning to the PM2.5 mass during the biomass

burning (BB) event was about 63.8%.
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Liu, Kahn, Chaloulakou and Koutrakis (2009) studied the impact of Greek
forest fires in August 2007 on air quality in Athens, Greece, from which two pollution
episodes were identified by ground-based PM10 measurements between August 23
and September 4. It was concluded that, for the first episode, Evia and Peloponnese
fires contributed substantially to air pollution levels in Athens. In the second episode,
transport of industrial pollution from Italy and Western Europe as well as forest fires
in Albania contributed greatly to the air pollution levels recorded in Athens.

Shan, Yin, Lu, and Liang (2009) analyzed the ozone episodes experienced in
2004 at the Jinan city of East China. The meteorological conditions of episode days
and non-episode days were compared and examined and categorization of 6 groups in
total of the backward trajectories was performed. It was concluded that most episodes
were caused by the local photochemical production and the pollutant accumulation. In
addition, the transport of pollutants from highly polluted regions could significantly
influence air quality at the ground-based measuring site.

Kaskaoutis, Kosmopoulos, Kambezidis, and Nastos (2010) applied the model
at Athens, Greece, to identify back trajectories at three altitudes to investigate relation
between AOD550-FM (fine mode) and wind sector. Obtained results indicate that, the
accumulation of the local pollution is favored in spring linked to air masses at lower
altitudes originating from Eastern Europe and the Balkan. Clean maritime conditions
are rare over the Athens, limited in winter season and associated with air masses from
western or northwestern sector. In summer, northern sector dominates, while in the
other season of the year (especially spring), the air masses belong to southern sector

enriched with Saharan dust aerosols.
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Cheng et al. (2013) examined impact of trans-boundary air pollutant transport
on regional air quality based on a combination of the HYSPLIT trajectory model, the
CAMXx air quality model, and the MMS5 meteorological model, in Guangzhou city of
southern China. Their results illustrated that trans-boundary PM10 transport played a
critical role in the formation of PM10 pollution events in the Guangzhou, with a mean
contribution ratio of nearly 49%. In particular, two air mass clusters originated from

Guangzhou’s surrounding regions were found to be the main pollutant transport.



CHAPTER III

METHODOLOGY AND PRELIMINARY ANALYSIS

3.1 Conceptual framework

This work comprises of three main parts in accordance with three objectives
stated in Section 1.2 as detailed in work flowchart displayed in Figure 3.1. The first
part is devoted to the examination of relationships among MODIS radiances (in blue,
green, red, and MIR bands), MODIS-AOD, BAER-AOD, AERONET AOD, NDAI,
and the reference PM10 data accumulate from the ground-based measuring stations
situated in the study area (as listed in Table 1.1). The found relationships are reported
along with their corresponding R*. The main objectives of this part are to find mutual
relationship among parameters under consideration and to identify a parameter that
attains optimal correlation to the reference PM10 data and could be used for further
derivation of daily PM 10 maps over the entire area done in the following part.

The second part is contributed to the derivation and implementation of the
fine-scale maps (at 500m spatial resolution) of NDAI, PM10, and AQI data on some
specific dates of interest during 2010 fire season. The PM10 maps were developed
from the preferred method found in the first part as mentioned earlier. Subsequently,
the associated AQI maps were generated from the PM10 maps using standard method
adopted in Thailand, UK, and USA. In addition, the newly-proposed method for AQI

classification was also applied to be an alternative option for doing this work.
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Figure 3.1a Conceptual framework of the study for Objectives 1 and 2.
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Objective 3
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- January
Analysis/Discussions — February
March

Analysis/Discussions

3hr|12hr|24hr| 48 I J
Ly April

Figure 3.1b Conceptual framework of the study for proposed Objective 3.

Table 3.1 Information of required input data and their contributing sources.

Data Type Distributor
MODIS imagery (Terra satellite) ~ USGS’s LP- DACC website, AIT-ACRoRS

MODIS AOD LAADS website (MODO04-Level 2)
Active fire data Derivation based on MOD14 dataset
AERONET-AOD AERONET website

Reference PM10 data Pollution Control Department (PCD)
Meteorological data NASA-ARL meteorological data center

LULC, DEM, Administrative map Land Development Department (LDD)

Note: MODIS imagery was mostly processed by ERDAS-Imagine software while
the relevant GIS-based dataset (input/output) were mainly processed by appropriate

ArcGIS softwares.
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NDALI is a new index introduced here to be a primary indicator of the aerosol
pollution severity experienced over the area based on the observed MODIS radiance
data in the blue and MIR bands. It was intended to be used as a simple index for the
quantification on amount of aerosol pollutant in lower atmosphere similar to the use
of NDVI to represent amount of vegetation cover over a particular area. In addition,
PM10 data maps derived from conventional MODIS-AOD data (at 10-km resolution)
were also presented and compared to their associated fine-scale ones. Main purposes
of work carried out in this part are to produce NDAI, PM10 and AQI maps at 500-m
scale to implement for the monitoring and assessment of aerosol pollution situation
over the entire study area on daily basis over some certain period (with reported high
aerosol pollution) during the 2010 fire season (4"-9™ April).

The final part focuses on application of the chosen atmospheric dispersion
model (HYSPLIT) to the simulation of the fire-induced smoke plume trajectory and
distributing pattern as it is moving away from the originated location (within the study
area and beyond). This is called the forward analysis of the model. The other task was
to trace back trajectories of smoke plumes (based on predicted local air mass moving
path) observed at some chosen PCD’s aerosol measuring stations over a prescribed
period of time (3, 12, 24, and 48 hours). Principal objective of this part is to formulate
better understanding on impact of fire locations on aerosol pollution distribution and
accumulation observed over the entire study area during 2010 fire season, especially,
those long-distance smoke plumes that were contributed by the forest and agricultural
fires located in the neighboring countries like Myanmar or Laos which has never been

explored systematically before for the area.
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3.2 Data preparation

There are five main groups of the data required for this study. These data were
acquired from different sources or from developing procedures as listed in Table 3.1
and their initial details are as follows.

(1) MODIS-based data. Three types of the primary data for this category were
derived from the original MODIS imagery: (a) reflectance radiance information for
several bands of interest; i.e. Band 1-Red, Bands 2-NIR, Band 3-Blue, Band 4-Green
and Band 7-MIR (as detailed in Table 2.9); (b) MODIS-AOD data at a standard scale
of 10 km provided at the NASA’s Level 1 and Atmosphere Archive and Distribution
System (LAADS) website (http://ladsweb.nascom.nasa.gov/index.html); (c) MODIS
active fire maps. These maps were constructed from the MOD14 module provided by
the MODIS website. Concepts of the MODIS fire detection algorithms were reported
in several works, e.g., Kaufman et al. (2002); Justtice et al. (2002); and Giglio,
Descloitres, Justice, and Kaufman (2003).

The crucial original MODIS imagery were acquired directly from the official
USGS’s Land Processes Distributed Active Archive Center (LP-DAAC) website
(https://Ipdaac. usgs.gov). These images were undergone proper georectifying process
using reference data given at the LP-DAAC website. Major cloud elements visible on
the images were filtered off beforehand using the cloud filtering method developed by
the MODIS Cloud Mask Team as detailed in Ackerman et al. (2006).

(2) AERONET-AOD data (Level 2) recorded at the active AERONET station
situated in Chiang Mai’s central area. These dataset were downloaded directly from
the AERONET website (at http://acronet.gsfc.nasa.gov). The temporal resolution of

the acquired data is 15 minutes.
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(3) Reference recorded near-ground PM10 data (hourly and daily scales).
These data were accumulated from the Pollution Control Department (PCD) for the
stations of interest situated in the study area (as listed in Table 1.1).

PM10 samples were divided into two groups of data, during January to April
2009 and January to March 2010. The data were used for model construction while
PM10 samples in April 2010 were used to validate the model.

(4) Meteorological data required by the HYSPLIT model, e.g., local wind
speed/direction, mixing height (PBL), air pressure, air temperature. These data were
acquired from the NASA-Air Resources Laboratory (ARL) meteorological data center
for the HYSPLIT applications.

(5) Main auxiliary data required in the study include:

5.1 Land use and land cover (LULC) data in 2010 for the entire study
area was provided by LDD as well as the associated administrative map of the area.
Five main LULC classed were subsequently identified: forest (68.9%), agriculture
(25.2%), urban/built-up (3.0%), water body (1.2%) and others (1.7%) as detailed in
Figure 3.2 and Table 3.2. In addition, three subclasses of forest were also identified:
evergreen forest (11.6%), deciduous forest (56.9%) and plantation forest (0.4%).

5.2 Topography data (10 m-DEM) of the study area were contributed
from the Land Development Department (LDD) as shown in Figure 1.1. The

elevations were found ranging from about 100 to 2,600 m. above mean sea level.
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Table 3.2 Proportion of the LULC distribution presented in Figure 3.2.

LULC

Area FOR Total
AGR UB WAT MIS

EVG DCD PLT Total

km’® 10,292 50,274 348 60,914 22,257 2,632 1,061 1,506 88,370

% 11.6 56.9 0.4 68.9 252 3.0 1.2 1.7 100.0

Note: FOR = Forest, EVG = Evergreen forest, DCD = Deciduous forest, PLT = Plantation forest,

AGR = Agriculture, U/B = Urban/Build-up, WAT = Water body MIS = Miscellaneous
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Figure 3.2 Classified LULC map of the study area. (LDD, 2007)
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3.3 Research procedure

The research procedure is divided into three main parts in accordance with the

three proposed objectives stated in Section 1.2 as follows.

3.3.1 Relationship analysis of MODIS-based parameters and PM10 data
(1) MODIS reflectance radiances of blue, green, red, and MIR bands were
extracted (at a pixel-based scale) from original MODIS images during 2009 and 2010
fire seasons. These images were mostly chosen from those dates which have moderate
to high PM 10 pollution reported over the area.
(2) Data of the interested MODIS-based parameters (MODIS-AOD, BAER-
AOD, AR [blue], NDAI) and AERONET-AOD were prepared from the original data
acquired from their official contributing sources or generated from the associated
MODIS spectral radiance data compiled in step (1) using appropriate methods. More
details are as follows.
2.1 MODIS-AOD maps (at standard 10km spatial scale) were prepared
from the acquired original data (MODO04-Level 2) provided at the LAADS website.
2.2 The BAER-AOD maps (at 500m spatial scale) were produced
using the proposed method described in Chapter 2 (Section 2.4.3). This method was
developed based on reports about recent applications of the BAER method on AOD
retrieval over land from satellite imagery, for examples, von Hoyningen-Huene et al.
(2003); Lee et al. (2005); Lee, Kim, von Hoyningen-Huene and Burrow (2007). To
achieve this stated task, some prior assumptions were introduced to assist the AOD

determination by the BAER method as described later in Section 3.4.4, especially, the
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fundamental relationship of the computed aerosol reflectance (pas) and observed
AOD data.

2.3 Pixel-based radiance difference data (AR) of MODIS’s blue band
(Band 3) were calculated from the differences in reflectance radiance data of this band

on the polluted dates of interest with those on the reference pollution-free date, or,

AR(blue)=R(PD)- R(PFD) 3.1)

where R(PD) and R(PFD) are radiance values of the MODIS-Band 3 on the polluted
date and the reference pollution-free date respectively. The blue radiance was chosen
due to its highly sensitive nature to variation of PM10 concentration level as found in
the preliminary analysis (in Section 3.4.3).

2.4 The proposed Normalized Difference Aerosol Index (NDAI) was

computed using the following relation:

NDAJ = Blue—0.25MIR (3.2)

Blue+0.25MIR

where Blue and MIR are measured radiance intensity of the MODIS’s blue band
(Band 3) and mid-infrared band (Band 7), respectively. The constant term (0.25) was
chosen as indicated by results of the preliminary analysis on the established relation
between the blue and MIR bands (Figure 3.10) to make the NDAI becomes close to
zero on the aerosol-free date (PM10 =~ 0).

Example of the MODIS-visible image on 6™ April 2010 (polluted date) along
with its associated MODIS-AOD, BAER-AOD, and NDAI maps are presented in
Figure 3.3. The appearance of smoke plume over the entire area is clearly noticeable

in the VIS image and its intensity can be approximated by the AOD and NDAI maps.
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Information of these parameters for other dates of the 2010 fire season is presented in

Chapter 4 and Appendix B, respectively.

MODIS RGB Composed Image (RGB for 1. 4, 3)

ity

e
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Figure 3.3 Example of derived MODIS-based data maps on 6™ April 2010 including

(a) MODIS-Visible image (true color), (b) derived NDAI map, (c) MODIS-AOD map

and (d) BAER-AOD map.
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(3) The apparent relationships between each parameter [MODIS radiances in
B/G/R/MIR bands, AR (blue), MODIS-AOD, BAER-AOD, NDAI, and AERONET-
AOD] with reference ground-based PM10 data were evaluated. The linear regression
relation was assumed and the coefficient of determination (R®) was determined to
identify the correlation level seen in each found relationship. The output with highest
value of R* (except for the MODIS-AOD and AERONET-AOD) was considered an
optimal parameter which was subsequently taken to produce predicted PM10 maps (at
500-m scale) over the entire area in later study. The MODIS-AOD data were excluded
due to the coarse resolution (10 km) and the AERONET-AOD data were not in favor
due to their very limited locations available which are not sufficient for the producing
associated PM10 maps for the whole area. However, their apparent high correlation to
the observed PM 10 data is very useful as they might be applicable for the preliminary
assessment of PM10 pollution severity over the entire study area (for the MODIS-
AOD) and in the Chiang Mai’s central area in particular (for the AERONET-AOD).
Moreover, the mutual relationships between some pair of parameters listed above
were also examined and reported along with their corresponding R”.

Note that, due to the rather differences in spatial scale and observing time of
the MODIS-based data, AERONET data, and PM10 data; a pair of the dataset to be
assessed their potential relationship must be accumulated from the specific pixels or
locations that have less space/time discrepancy as much as possible to each other. For
example, the MODIS-AOD pixels whose centers positioned closest to the PM10
measuring stations in use were employed in conjunction with the used PM10 data

recorded within +30 minutes of the satellite over passing time.
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3.3.2 Development of the fine-scale maps of NDAI, PM10, and AQI data

(1) Maps of the NDAI were constructed for the entire area on the chosen dates
with relatively high PM10 pollution severity (4™-9™ April 2010) based on the formula
given in Eq. 3.2. Results were then interpreted and discussed.

(2) Maps of the PM10 concentration on chosen dates 4"-9™ April 2010) were
derived from MODIS images using optimal method identified in the earlier analysis.
Accuracy of these developed maps was assessed using the concurrent reference data
measured at the ground stations situated within the area. The assessment results are
reported in terms of the mean absolute error (MSE) and R” value, respectively.

(3) The derived PM10 map obtained in Step (2) were compared to those maps
generated from the MODIS-AOD data on the same dates and to the derived NDAI
maps in Step (1) to identify the existing notable similarity or differences.

(4) The associated air quality index (AQI) maps for the chosen dates were
formulated from their corresponding PM10 density maps gained in Step (2) based on
three chosen methods (as listed in Table 3.3). The output maps obtained from each
considered method were compared and discussed. The methods under consideration
here are as follows:

4.1 PCD standard (for Thailand). Its current criteria were modified
from those introduced by the US-EPA as reported in 1999 (Table 2.1b). The
conversion of the original PM10 data into the equivalent AQI data was performed in
according to the formula given in Eq. 2.1 where six classes (or bands) of AQI data
were identified (from good to hazardous level for AQI data ranging from 0 to 500).

4.2 US-EPA standard. Its current criteria were introduced and effective

since 2006 (Table 2.1a). Conversion of the original PM10 data into the equivalent
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AQI data was conducted using a formula in Eq. 2.1 and six classes of AQI data were
identified (from good to hazardous level for AQI data ranging from 0 to 500).

4.3 UK standard. This is currently in use for making daily report on
PM10 situation in the United Kingdom by the Department for Environment Food and
Rural Affairs (DEFRA) (Table 2.2a). This system divides the observed PM data into

10 principal classes (or band) which are grouped to form four distinct PM10 severity
levels (from low to very high) in which only PM10 density of about 0 to 100 ug/m3

are mostly monitored as no further indexing is made for PM10 data of > 100 ug/m3.
The UK classifying method is also implemented (with some modifications) in some

countries of the Commonwealth like Canada and Australia (COMEAP, 2011).
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Table 3.3 Classifying criteria of the PM10 (24-hour running mean concentration) and

associated AQI data used in the three applied methods (PM10 unit: ug/m?’).

Thailand-PCD

Air quality category

AQI PM10
0-50 0-40 Good
51-100 41-120 Moderate
101-200 121-350 Unhealthy
201-300 351-420 Very Unhealthy
301-400 421-500 Hazardous
US-EPA
Air quality category
AQI PM10
0-50 0-54 Good
51-100 55-154 Moderate
101-150 155-254 (for ;j:gfiilzhgyroup)
151-200 255-354 Unhealthy
201-300 355-424 Very Unhealthy
301-500 425-600 Hazardous
UK-DEFRA Category
AQI Band PM10
1 0-16
2 17-33 Low
3 34-49
4 50-58
5 59-66 Moderate
6 67-74
7 75-83
8 84-91 High
9 92-99
10 > 100 Very High
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3.3.3 Newly-proposed method for AQI map

Newly-proposed method. It was established to accommodate WHO guide lines
on the PM10 regulations (Table 2.4a) and to act as a compromise between current
EPA-standard (whose AQI bands are rather broad in terms of the associated PM10
range) and the UK standard (whose AQI bands are rather narrow in terms of the

associated PM10 range). There are twelve AQI bands proposed at present in total
which are associated to the PM10 density ranging from 0 to 400 ug/m3 mostly.

Among these, five bands were allocated for the PM10 data of 100-300 ug/m3 which
were found to be most dominant (over 90% of the total derived PM10 data) during
period of the study (as seen in Figure 4.9).

Under the criteria taken by the newly-proposed method, the known PM10 data
are segmented into twelve bands (with different bandwidths) to establish six AQI

categories as listed in Table 3.4 (from low to extremely high). Main interest of the

design was focused on the “Low” and “Moderate” categories (PM10 of 0-150 pg/m3)
that are expected to occur the most during the year of the study area. There are two

AQI bands contributed to the “Low” category of the observed PM10 data (Band 1-2)

with the assigned bandwidth of 25 ug/m3 each. At this level, it is still considered safe
for the human health in general (equivalent to the “Good” category of the EPA and

PCD standards and the “Low” category of the UK standard). Upper bound of this

category (at 50 ug/m3) was set to reflect ultimate target for the surface PM10 volume

proposed by the WHO (AQG).



83

Table 3.4 Classifying criteria of the PM10 (24-hour running mean concentration) and

associated AQI data used in the Newly-propose method (PM10 unit: ug/m?’).

This study (proposed)
AQI Band
PM10 WHO/PCD Category

1 0-25

Low
2 26-50 Target (50)
3 51-75 IT-3 (75)

Moderate
4 76-100 IT-2 (100)
5 101-120 PCD (120)
Relatively High

6 121-150 IT-1(150)
7 151-200

High
8 201-250
9 251-300 -
10 301-350 - Very High
11 351-400
12 > 400 i Extremely High

Note: IT = Interim target for the PM 10 regulation proposed by the WHO.

The moderate and relatively high portions of PM10 data (50-150 pg/m3) were
defined to be primary stages of the concern for the possible health impact caused by
the increase of PM10 pollutant in the lower atmosphere. This is resembled to the
“Moderate” category of the EPA and PCD standards but with better details and to the
“Moderate” and “High” categories of the UK-DEFRA standard (for Bands 3 and 4,
respectively) with coarser details. Health warning associated to the PM10 data at this

level can be adapted from these responsible agencies, or from the WHO guidelines
earlier stated in Section 2.2.2. The upper bound value of 75 pg/m3 (for Band 3), 100
ug/m3 (for Band 4), and 150 ug/m3 (for Band 6) were set to equal the interim target

for the near-ground PM10 volume proposed by the WHO. And the 120 pg/m3 (for
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band 5) was chosen to represent the critical value for having severe PM10 pollution

used by the PCD at present.

The “High” category (for PM10 of 151-250 ug/m?’) is divided into two AQI
bands (Band 7-8). It was defined to indicate high level of the PM10 volume in the
atmosphere that might be harmful for the sensitive group (like children or people with
respiratory or lung diseases) which is similar to the “Unhealthy (for sensitive group)”

category adopted in the US-EPA standard. The “Very High” category (for PM10 of

251-400 ug/m3) is divided into three AQI bands (Bands 9 to 11). This group was
established to signify serious danger of the PM10 pollution that might affect health of
most people, not only for those in the sensitive group and general public should be
alerted of potential health impact frequently arisen under this situation. Regarding to
the affixed PM10 density, Band 9 and 10 are fairly comparative to the “Unhealthy”
category and Band 11 is broadly equivalent to the “Very Unhealthy” category adopted

in the US-EPA standard.

Finally, the “Extremely High” category (for PM10 of > 400 ug/m3) was
introduced to represent rare occasion that amount of the PM10 volume in the air is
unusually high and all lives are under threat of having serious health problem if the
prolonged inhaling of the polluted air is undergone. This is broadly equivalent to the
“Hazadous” category of the US-EPA standard at which all physical activity outdoors
should be avoided and strong caution must bear in mind for all people in preventing

themselves from exposing to the polluted air for too long. Note that, according to US-

EPA standard, the AQI value terminates at 500 for the PM10 data of about 600 ug/m3

only and no formal consideration is given to the PM10 data lying beyond this limit.
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However, under this new system, any PM10 amount of > 400 ug/m3 is considered

being in the “Extremely High” situation.

3.3.4 Applications of the HYSPLIT model

(1) Accumulated active fire locations during the period 4nd_gth April 2010 was
mapped based on the obtained daily MODIS data.

(2) The forward analysis was carried out in which the dispersion patterns of
observed smoke plumes originated at some specific locations (both inside and outside
the country) were evaluated using the HYSPLIT model. Here, the moving time-step
of each independent analysis (the smoke plume concentration mapping) was set to be
every 12 hours (from 12 to 48 hours). Correlation of the acquired daily concentration
maps and their associated PM 10 maps was also considered.

(3) Backward analysis was operated in which movement of the air masses
arriving at a particular PM10 measuring station (e.g. the CM1 or MHH1 stations) at
altitude of 500 m above ground during a time period of interest (e.g. 1 month) were
individually traced backwardly in time to portray their back trajectories over a certain
timescale (e.g. every 12 hours). The study was divided into 2 main parts:

3.1 All air mass trajectories arriving at each considerred measuring
stations of each provinces were mapped for each month of the 2010 fire season at
specific time steps of 3, 12, 24, and 48 hours backward.

3.2 Mean trajectories of all air masses arriving at the preferred stations
(at each province) at 48-hours time step during each month of the 2010 fire season,
and for the entire season, were extracted and mapped. Results are reported here in

form of trajectory maps representing major moving directions and information of their
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associated air mass number (in percent) along each identified direction. There are six

major clusters of the trajectories being identified for each province.

3.4 Preliminary analysis

The preliminary analysis was carried out to gain some crucial information in
nature of the aerosol air pollution occurrences experienced over the study area in
recent years (especially during the 2010 fire season) as well as the crucial knowledge
on relationship between the MODIS radiances of Band 3 (blue) and Band 7 (MIR). In
addition, working process of the BAER retrieval method applied in this thesis is also
presented in this section. All knowledge achieved at this stage is necessary for the
preparation and implementation of relevant works required in Objectives 1 and 2 as

described earlier in Section 3.3.

3.4.1 General situation of PM10-based air pollution

According to PCD reports on the PM10 pollution situation over the study area
during 1996-2012 (as illustrated in Tables 3.4 and 3.5 and Figures 3.4-3.5), it was
found that, in general, PM10 pollution is worst during fire season (January-April) for
all provinces with peak values often occurred in March and April while the minimum
values mostly found during monsoon season especially in August and September.
Large variation of the monthly-mean PM10 data is also readily observed from which
the peak values in March are usually about eight times higher than the bottom values
in August . Sharp increase of PM 10 concentration experienced during February-April
each year is traditionally contributed to the dramatic rise in number of the vegetation
fires originated both within and beyond the study area (mainly from forest product

gathering and agricultural land preparation activity). The most severe years regarding
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to level of aerosol pollution are 1999, 2004, 2007, 2010, 2012 and the highest record

of the average 24hr data found in the area is 505.5 pg/m3 at Mae Hong Son in 2010.

Table 3.5 Monthly-mean PM10 data during 1996-2012 (unit: ug/m3).

Month

Province
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

ChiangMai  44.6 725 1159 1043 381 271 215 204 212 226 459 371

Chiang Rai ~ 88.2 89 1597 1164 344 240 208 187 21.6 28.0 496 494

Lampang 40.7 850 1032 734 304 274 154 144 208 220 38.6 36.6

Lamphun 540 1108 1422 112.0 421 272 214 21.0 20.1 291 652 548

Mae Hong Son 354 762 190.8 106.6 443 37.1 287 196 104 16.0 30.8 228

Nan 36.0 69.8 1237 84.1 325 257 172 126 163 228 459 418

Phayao 49.6 100.7 1453 1096 437 112 151 6.8 134 215 722 719

Phrae 424 644 743 539 323 223 147 169 2211 262 563 552

Average 439 835 1319 950 372 252 194 163 182 235 50.6 46.2

Note: PM10 data for each province were averaged from the available PM10 data at

every measuring station situated in the province as listed in Table 1.1.
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Figure 3.4 Variation of the monthly-mean PM10 data in the area. The maximum and

minimum values occur in March and August, respectively (from Table 3.5).
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Table 3.6 24 hr-average and 24hr-maximum measured PM10 data for annual fire

seasons during 1996-2012 (unit: ug/m?’).

Province PM data 1996 1997 1998 1999 2000 2001
24 hr-average 130.8 170.4 166.1 202.2 129.8 109.7
Chiang Mai
24hr-max 213.0 278.1 285.8 403.2 285.6 151.5
24 hr-average 122.9 162.8 165.7 185.8 159.7 156.0
Lampang
24hr-max 347.7 264.2 296.8 271.6 267.2 192.3
Province PM data 2002 2003 2004 2005 2006 2007
24 hr-average 154.9 65.2 217.7 127.8 122.2 162.5
Chiang Mai
24hr-max 245.2 155.9 274.6 206.9 237.0 396.4
24 hr-average 141.3 85.6 187.8 137.8 103.5 126.4
Lampang
24hr-max 230.4 165.6 231.3 234.4 152.9 2553
Province PM data 2008 2009 2010 2011 2012 -
24 hr-average 99.9 118.4 120.2 543 106.2 -
Chiang Mai
24hr-max 178.9 219.0 291.1 94.3 195.0 -
24 hr-average - 159.0 159.7 59.4 174.0 -
Chiang Rai
24hr-max - 286.4 267.1 149.9 293.4 -
24 hr-average 104.6 154.5 113.4 62.4 125.6 -
Lampang
24hr-max 192.2 292.8 188.2 127.5 202.5 -
24 hr-average - - 142.2 68.9 118.1 -
Lamphun
24hr-max - - 343.0 116.2 245.5 -
Mae Hong 24 hr-average - 151.8 190.8 68.5 221.7 -
Son 24hr-max - 264.9 505.5 162.7 354.8 -
24 hr-average - - 123.8 61.4 125.9 -
Nan
24hr-max - - 388.0 99.6 218.0 -
24 hr-average - - 145.3 91.4 138.7 -
Phayao
24hr-max - - 327.0 129.8 274.6 -
24 hr-average - 91.5 74.3 81.0 124.5 -
Phrae
24hr-max - 263.0 156.0 121.5 249.0 -
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Figure 3.5a 24 hr-average observed PM10 data in the area for annual fire seasons

during 1996-2012 (from Table 3.6).
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Figure 3.5b Variation of the 24hr-maximum PM10 data for annual fire seasons

during 1996-2012 (from Table 3.6).
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Table 3.7 Daily PM10 data during 2010 fire season recorded at the CM1 station in

Chiang Mai Province (unit: ug/m?’). Note: PM10 >120 ug/m3 are highlighted.

JAN PM10 FEB PM10 MAR PM10 APR PM10
1 31.6 1 41.3 1 70.0 1 101.5
2 27.8 2 43.2 2 93.2 2 112.8
3 21.3 3 41.0 3 101.6 3 127.0
4 33.8 4 40.7 4 89.8 4 139.7
5 47.3 5 43.0 5 923 5 127.6
6 48.5 6 37.9 6 101.7 6 140.4
7 52.3 7 51.3 7 112.8 7 156.0
8 31.0 8 50.9 8 106.5 8 176.6
9 29.5 9 66.5 9 1323 9 131.8
10 40.2 10 60.7 10 162.2 10 111.0
11 40.1 11 58.0 11 83.1 11 122.5
12 37.8 12 68.6 12 95.2 12 133.7
13 43.2 13 56.4 13 80.4 13 1233
14 62.3 14 58.4 14 124.9 14 109.4
15 56.2 15 77.5 15 167.8 15 84.3
16 57.6 16 76.7 16 220.5 16 106.8
17 49.8 17 87.0 17 268.4 17 91.96
18 52.9 18 70.7 18 179.1 18 84.7
19 52.5 19 58.5 19 88.7 19 109.5
20 543 20 65.5 20 57.8 20 80.1
21 47.3 21 85.1 21 73.5 21 79.1
22 56.1 22 83.8 22 84.2 22 89.4
23 58.8 23 108.2 23 82.6 23 99.2
24 42.7 24 60.5 24 96.3 24 54.1
25 26.5 25 88.5 25 123.2 25 533
26 33.0 26 111.8 26 179.8 26 68.2
27 253 27 111.5 27 107.2 27 57.3
28 33.0 28 83.5 28 66.4 28 59.8
29 27.6 - - 29 72.2 29 65.8
30 25.2 - - 30 62.9 30 62.3

W
[ui

30.5 - - 31 77.8 - -




91

CM 1 - Station

300 o
250

200 - —— January
—a&— February
150 -

March

100 - \
—— April

50 —

PM10 Intensity (ug/m3)

Date

Figure 3.6 Daily PM10 data in 2010 fire season recorded at the CM1 station.

Selection of proper dates for PM10 and AQI mapping analysis

During the 2010 fire season, the worst situation for Chiang Mai Province
appeared around the middle and late March and early April periods (as detailed for
example in Table 3.7 and Figure 3.6 for the measurement at the CM1 station). These
periods were of particular concern to having public health degradation due to the
prolonged severe air pollution situation and had become prime dates for the
conducting of the NDAI, PM10 and AQI mapping and analysis by the preferred
method found in this research (as detailed in Section 3.3.2). However, due to the low
quality of MODIS images for most candidate dates during March (too much cloud
cover), only six dates during early April (4"-9" April 2010) were selected for further
study. Figure 3.7 depicts the MODIS-visible images for all chosen dates stated earlier.
Note that, not full scenes of the images on 7™ and 8™ April were acquired from the

original source.
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Figure 3.7 Composite MODIS images taken during 4™-9"™ April 2010 including the
visible image [RGB: 1(red)/4(green)/3(blue)] and Mid-IR image [RGB: 1/3/7(MIR)]

where green tone indicates smoke plume area on the latter image.
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Figure 3.7 (Continued -For 5™ April 2010).

120

93

220

205

190

220™

190"

Kilometers
180



3007 450

06 April 2010

Figure 3.7 (Continued -For 6™ April 2010).
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Figure 3.7 (Continued -For 7™ April 2010).
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Figure 3.7 (Continued -For 9™ April 2010).
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Table 3.8 Daily observed PM10 data during 4th_gth April 2010 (unit: ug/m?’).

Province
Average

(Date)

Date
CM CR NAN PY PH MHS LPA LPH

4™ April 172 150 109 142 100 184 140 176 146.63

5™ April 163 182 111 138 - 114 89 141 134.00
6™ April 220 236 120 170 - 223 143 208 188.54
7™ April 199 280 117 136 - 171 104 179 169.43
8™ April 239 324 183 225 - 270 159 236 233.71
9™ April 178 245 157 189 - 221 120 184 184.86

Average 1959 9362 1328 1667 1000 1972 1258 1873  176.19
(Province)

Note: CM = Chiang Mai, CR = Chiang Rai, NAN = Nan, PY = Phayao, PH = Phare,

MHS = Mae Hong Son, LPA = Lampang, and LPH = Lamphun

Table 3.9 Hourly variations of the observed PM10 data during 4™-8"™ April 2010 at

Chiang Mai Province (average from stations CM1 and CM2) (unit: ug/m?’).

4™ April 5™ April 6™ April 7™ April 8™ April 9™ April

Time PM10 Time PMI0 Time PMI10 Time PMI10 Time PMI10 Time PMI10

1:00 125 1:00 159 1:00 163 1:00 185 1:00 178 1:00 170

2:00 133 2:00 139 2:00 145 2:00 195 2:00 171 2:00 150

3:00 120 3:00 131 3:00 140 3:00 151 3:00 175 3:00 138

4:00 118 4:00 136 4:00 142 4:00 157 4:00 158 4:00 136

5:00 123 5:00 141 5:00 143 5:00 163 5:00 162 5:00 139

6:00 137 6:00 136 6:00 161 6:00 191 6:00 169 6:00 148

7:00 146 7:00 148 7:00 186 7:00 197 7:00 185 7:00 161

8:00 176 8:00 163 8:00 203 8:00 231 8:00 219 8:00 185

9:00 194 9:00 166 9:00 223 9:00 258 9:00 231 9:00 201

10:.00 209 10:00 163 10:00 220 10:00 216 10:00 224 10:00 195

11:00 162  11:00 141 11:00 208 11:00 191 11:00 239 11:00 171
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Table 3.9 (Continued.)

4™ April 5™ April 6™ April 7™ April 8™ April 9™ April

Time PMI10 Time PMI0 Time PMI0 Time PMI10 Time PMI10 Time PMI10

12:00 170  12:00 121 12:00 159 12:00 167 12:00 211 12:00 145

13:00 156 13:00 103  13:00 97 13:00 147 13:00 151 13:00 123

14:.00 117 14:00 109 14:00 148 14:00 149 14:00 137 14:00 106

15:00 110  15:00 61 15:00 121  15:00 86 15:00 177  15:00 83

16:00 66 16:00 67 16:00 99 16:00 124 16:00 164 16:00 77

17:.00 105 17:00 83 17:00 105 17.00 134 17:00 156 17:00 138

18:00 134 18:00 102 1800 102  18:00 95 18:00 148  18:00 158

19:00 139 19:00 139 19:00 135 19:00 91 19:00 162  19:00 119

20:00 157 20:00 108  20:00 177 20:00 157 20:00 160  20:00 106

21:00 127 21:00 198  21:00 230 21:00 196 21:00 160  21:00 120

22:00 144  22:00 184 22:00 173 22:00 177 22:00 181  22:00 117

23:00 143  23:00 153 23:00 186 23:00 153 23:00 165 23:00 108

24:00 141  24:00 199 24:00 161 24:00 182 24:00 155 24:00 99

300 -
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—— 4 Apr 2010

200
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150 - P
——7 Apr 2010
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50
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10:00
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18:00
20:00
22:00
0:00

Figure 3.8 Time sequences of the PM10 concentrations during 4™-9™ April 2010 at
Chiang Mai Province (average from stations CM1 and CM2) (from Table 3.9). Note

that, 4™ April 2010 is Sunday and 6" April is public holiday.
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3.4.2 General PM10 information of the preferred dates

Apart from Chiang Mai, most provinces in the area were also experienced
prominent air pollution during the chosen dates (4™-9"™ April 2010) according to data
described in Table 3.8. During this period, Chiang Rai had endured the worst situation
with amount of PM10 concentration in 24-average of 234.4 pg/m’, followed by
Chiang Mai and Mae Hong Son with average PM10 concentration of about 198.6 and
192.4 ug/nr’, respectively. Notable variation of the measured PM10 data during each
preferred date was also clearly visible as shown, for example, in Figure 3.8 for the
average PM10 data recorded at two Chiang Mai stations (CM1 and CM2). Note that,
only data on 4 April at Phrae station (PH1) was available for the use in this study
and date with worst situation in general was 8" April for all the listed provinces in
Table 3.8 (except Phrae).

It was found that diurnal variations of the observed PM concentration for each
day have similar patterns with two apparent peak values; mid-morning (or daytime)
peak appears around 8:00-11:00 in the morning and the evening (or nighttime) peak
often seen around 20:00-22:00. The lowest part of each daily record was evidenced in
mid-afternoon around 14:00-16:00. This distinct feature of the PM 10 diurnal variation
is well acknowledged as detailed in several reports, e.g. Alfoldy et al. (2007); Krecl,
Strom, Johansson (2008); Azri, Mabrouk, and Medhioub (2009); Feng et al. (2010)
and Trompetter, Davy and Markwitz (2010). The origin of this phenomenon is often
attributed to the complicated combination of two associated factors: total amount of
the released PM pollutants (or PM emission) within the area and the prevailed

atmospheric condition during the day, especially, local wind speed and thickness of
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the mixing layer height (MLH) as most pollutants shall be trapped under this MLH
after being released into the atmosphere.

The mid-morning peak is normally believed to be resulted from the build-up
morning traffic under the still relatively low MLH boundary while the evening peak is
developed from the afternoon and evening traffic and the burning of solid fuels for
domestic purposes (e.g. wood, coal, charcoal). The evening peak is most pronounced
in fire season during the cold, calm, dry nights as the ground-based PM emission
tends to have limited vertical dispersion and shall mostly be contained in the near-
ground atmosphere for long period of time. Moreover, the formation of temperature
inversion layer might also greatly amplify the air pollution situation over the area; it is
thus necessary to be taken into account for the investigation of the seen PM diurnal
variation pattern as appropriate. The notably low recorded PM density during mid-
afternoon is probably due to the prominent rise of the MLH during daytime that can
substantially reduce the near-ground PM concentration as a consequence (Azri et al.,

2009; Trompetter et al., 2010).

3.4.3 MODIS radiance response to PM10 pollution severity

As discussed in Section 2.3, in theory, the MODIS radiances observed at
different bands should act differently to the variation of the PM10 concentration in
lower atmosphere. Bands with shorter wavelengths should be more sensitive to
changes in PM10 amount than those with longer wavelengths. This conventional
believe was confirmed in the preliminary study as illustrated in Figure 3.9. In this
work, MODIS radiances in the visible (red/green/blue), NIR and MIR bands were
accumulated from dates with different levels of the PM10 severity (as suggested by

averaged value of MODIS-AOD). Four categories of PM10 severity were primarily
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assigned: very low (AOD < 0.05), low (AOD = 0.05-0.1), medium (AOD = 0.4-0.45),

and high (AOD > 0.55).

0.300

0.250

— \

0.200 //
—&— High PM10
0.150 A 7 d —8— Medium PM10
XY
Low PM10

0.100

MODIS Reflectance

Very Low

0.050

0.000

049um 055uym 0.65uym 0.86pum 1.24pm 164pym  2.13um

Wavelength

Figure 3.9 Averaged reflectance values of MODIS Bands 1-7 at different levels of

PM10 pollution severity from very low to high (based on MODIS-AOD data).
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Figure 3.10 Linear relationship of reflectance data in MODIS-Band 3 (blue) and

Band 7 (MIR) over the study area with R*= 0.82.
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Results of the study (Figure 3.9) indicate that sensitivity of the observed
radiance to PM10 density change is generally reduced as its spectral wavelength
increases. This means MODIS-blue band (at 0.49 um) should exhibit the highest
sensitivity level and MIR band (at 2.13 pm) should express the least sensitivity (see
Table 4.1 for more information). As a consequence, the blue and MIR bands were
primarily selected for the formulation of the AR and NDAI parameters (as described
in Egs. 3.1 and 3.2, respectively). In addition, strong linear relation between MODIS
radiances band 3 (B3-blue) and band 7 (B7-MIR) on some pollution-free dates over
the area was also obtained with R* = 0.820 (Figure 3.10) with the expressed formula:
B3 = 0.25(B7) + 0.001. This enables opportunity to compute spectral reflectance of
the MODIS-blue band (B3) using that of the MODIS-MIR band (B7) directly. The
obtained band ratio (Band3/Band 7) of 0.25 is similar to that used in the standard
MODIS-AOD retrieval method described in Kaufman et al. (1997) and Kaufman,

Gobron, Pinty, Widlowski, and Verstraete (2002).

3.4.4 Applied details of the BAER retrieval method

General concept of the BAER retrieval method was previously explained in
Section 2.4.3 and its specific details being used in this thesis are presented here while
the achieved results will be discussed later in Chapter 4. Figure 3.11 shows original
work flowchart of the modified BAER method used in Song et al. (2008) where AFRI
was replaced the normal NDVI parameter for the calculation of surface reflectance
value (psr). This index was introduced to reduce effects of the aerosol presence on VI
calculation of the BAER method. This flowchart was also adopted in this study with

some modifications as subsequently detailed.
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Figure 3.11 Modified BAER-AOD retrieval algorithm used in Song et al. (2008) and

was adopted for the study in this thesis (with some modifications).

Determination of the BAER-AOD (pixel-based value) in this research was

carried out based on the following the procedure:

(1) Preparing TOA reflectance data maps (proa) of the MODIS-blue band

from the MODIS-TOA data covering the entire study area on the specific dates of

interest. Definition of proa was given in Eq. 2.9.

(2) Calculation of the Rayleigh reflectance (prr) for each particular pixel. This

was performed using a formula described by Eq. 2.12 in which the required surface

pressure p(z) was determined directly from the relation stated in Eq. 2.13 and the

surface temperature (7sr) was extracted from the MOD11 dataset.
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(3) Determination of the surface reflectance value (posr). This was utilized
based on Eq. 2.14 in which the surface reflectance term, Asr, was prepared first for
each month based on the linear mixing model described in Eq. 2.15 and results are
presented in Figure 3.12. In addition, the term Asg Jgem Was ignored (Asr Jizem = 0)

which gives psi = Tr1ot(00)-T1ot(0s) Asr. The transmittance term, 77, (6,)- T, (65), was

assumed to be constant over the area for each month of interest and was considered
having maximum value of 1 in this study to attain simple relation: psr = AsF.
(4) Derivation of aerosol reflectance value (pas). This factor was determined

under the prior stated assumptions using the following relation (from Eq. 2.11):

Pas(D) = Proad) — pr (1) — pgp(A). (3.3)

(5) Determination of the AOD data. The pixel-based AOD data were derived
from the known relationship between the obtained aerosol reflectance (pas) calculated
from Eq. 3.3 (at wavelength of 470 nm) and the observed ground-based AERONET-
AOD (at 440 nm). This relationship was found empirically as shown in Figure 3.13

and can be expressed in general form as follows:
y=20.25x ; (R*=0.801) (3.4)

where y is the derived AOD (at 440 nm) and x is the defined aerosol reflectance (0as)
(at 470 nm) computed for each pixel of relevant MODIS image as detailed in Eq. 3.3.
The AOD derived from Eq. 3.4 is called the BAER-AOD which is equivalent to the

corresponding AERONET-AOD computed at 440 nm.
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Figures 3.12 Derived monthly surface reflectance maps (4sr) for January-April 2010.
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Figures 3.12 (Continued -For March and April).
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Figure 3.13 Established relationship between the AERONET-AOD (at 440 nm) and

defined aerosol reflectance (pas) (at 470 nm) found in this study.




CHAPTER 1V

PM10 AND AQI DETERMINATION AND MAPPING

This chapter reports main results achieved for the Objectives 1 and 2 stated in
Chapter 1 followed the research framework detailed in Chapter 3. The main content is
divided into three main parts: (1) evaluation on apparent relationship of the MODIS-
based parameters and AERONET data with the reference PM10 data, (2) derivation of
daily NDAI maps and PM10 maps (developed from through the BAER method) for
the entire study area and (3) formulation of AQI maps based on four selected methods

including the newly-proposed one to assess aerosol pollution situation over the area.

4.1 Relationships of MODIS-based parameters and PM10 data

This section is divided into three subsections involving evaluation of proper
relation functions of the MODIS radiances and parameters (and AERONET data) and

the reference PM 10 data, and also among themselves. Relevant details are as follows.

4.1.1 Relationships of MODIS radiances with the reference PM10 data

The first task processed in this part was to investigate apparent relations of the
MODIS radiances (in blue/green/red/MIR band) to the reference PM10 data observed
at ground stations listed in Table 1.1. The obtained results are reported along with the
corresponding R” as described in Table 4.1a and Figures 4.1a-d. In theory, the MIR

band should be not sensitive much to changes of aerosol amount in lower atmosphere
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due to its relatively long wavelength compared to those in the visible region. On the
contrary the blue band should exhibit most sensitivity to the PM10 variation due to its
shortest wavelength which makes it most vulnerable to the aerosol-induced scattering
effect. This assumption was discovered in several works on the AOD dependency on
wavelength, e.g., Eck et al. (1999); Kant et al. (2000); Kaskaoutis and Kambezdis
(2006); Ranjan, Ganguly, Joshi and Iyer (2007) and Tian and Chen (2010).

Similarly to those reports, it was found in this study that the observed MODIS
reflectance radiance increases continuously with rise of the reference aerosol data in
distinguish linear fashion (for the visible region) but precise detail of each relation
depends on the observed radiance wavelength. In terms of the blue band (B3) was
found to gain the highest value at 0.710 followed by the green and red bands with R?
0f0.616 and 0.563, respectively (Figures 4.1a-c). These results indicate the possibility
of using B3 radiance data as an indicator of PM10 pollution over the entire study area
due to its relatively good relation to the observed PM10 concentration data. And in
terms of the sensitivity, the blue wavelength also exhibits the highest strength
compared to the other visible bands. For the MIR band (B7), no obvious linear pattern
of the relationship was found with extremely low significant level (R*=0.029) was
evidenced (Figure 4.1c¢). It should be noted that, on the PM10 free date (PM10 = 0),

the blue reflectance data is still at 0.038 while that of red band is about 0.003 only.
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Table 4.1a Found linear relationships between the reference PM10 data and different

MODIS-radiance.

Parameter

Found relationship 2 Sensitivity ~ Scale .

N y (y = ax-+b) (Ay/Ax) (m) n  Figure
Radiance (Blue) PM10 y=1920x - 72.04 0.710 1920 500 192 4.1a
Radiance (Green)  PM10 y=1851x-54.190 0.616 1851 500 192 4.1b
Radiance (Red) PMI10 y=1620x - 5.062 0.563 1620 250 192 4.1c
Radiance (MIR) PMI10 y=-543.0x+165.6 0.029 - 500 192  4.1d

Note: 1. PM10 has unit ofug/m3.

2. Sensitivity (Ay/Ax) indicates amount of the PM10 concentration change (in

unit of pg/m3) per a unit change of the reflected radiance.

3. n = number of data pair in use
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Figure 4.1a Linear relationship of the reflectance data for blue band (Band 3) and

reference PM10 data (R*= 0.710).
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Figure 4.1b Linear relationship of the reflectance data in green band (Band 4) and

measured PM10 data (R*= 0.616).
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Figure 4.1c Linear relationship of the reflectance data in red band (Band 1) and

reference PM10 data (R*= 0.563).
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Figure 4.1d Linear relationship of the reflectance data in MIR band (Band 7) and

reference PM10 data (R*= 0.029).

4.1.2 Relationships of the MODIS-based parameters and AERONET-AOD with
reference PM10 data

After the relationships between MODIS radiances and reference PM10 data
were examined, more study was performed based on four MODIS-based parameters:
AR(blue), NDAI, MODIS-AOD, BAER-AOD, and AERONET-AOD. The obtained
results are presented in Table 4.1b and Figures 4.2a-e, respectively.

In this work, AR was found to be most sensitive to the assumed changes of the

PM10 data with R* of 0.667. It also exhibits small bias in producing PM10 data at the
low values because, if AR = 0, the resulted PM10 data would become 26.92 pg/m3,

close to the ideal value of = 0 ug/m3 (on the reference aerosol-free date defined in Eq.
3.1). By definition, merit of this parameter in predicting PM10 data is equivalent to

that of the actual blue radiance discussed earlier (as described in Figure 4.1) except
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the background blue radiance (estimated from the reference pollution-free dates) must

be subtracted first from the original observed radiance on a particular day of interest.
For NDALI, it shows rather strong relation to the reference PM10 data in use

(R*=0.661) with minimal bias at low values in predicting PM10 data as at NDAI =0,

the output PM10 data would become 4.527 ug/m3, highly close to the ideal value of 0

ug/m3 expected from its definition illustrated in Eq. 3.2. Also, its possible values are
limited to just -1 to 1 (by definition) with prospective values of > 0 in reality. These
stated properties make the potential use of NDAI as a proxy for the PM10 pollution
severity look very promising (similar to the use of NDVI for quantifying vegetation
abundant over the area). However, the found relationship for NDAI stated in Figure
4.2b indicates that it is valid at PM10 data less than about 300 ug/m3 only (as NDAI
must be always < 1). This fact is not a serious deficiency of this parameter as amount

of the PM10 data observed in the area were mostly less than 300 pg/m3 in general at

all concerned provinces (see Table 3.4 for more information).

Table 4.1b Found linear relationships between the reference PM10 data and different

MODIS-based parameters and AERONET-AOD data.

Parameter

Found relationship 2 Sensitivity Scale n Fieure
N y (y = ax-+b) (Ay/Ax) (m) g
AR (Blue) PM10 y=1306x -26.92 0.667 1306.0 500 440 4.2a
NDAI PM10 y=300.6x +4.527 0.661 300.6 500 240  4.2b

MODIS-AOD PM10 y=267.9x-12.03 0.720 267.9 10,000 104 4.2c

BAER-AOD PM10 y=135x+17.38 0.784 364.5 500 256 4.2d

AERONET-AOD PM10 y=90.89x +13.01 0.860 90.89 - 228  4.2e

Note: DN, AR, NDAI, AOD are unitless
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Figure 4.2a Linear relationship of AR and reference PM10 data (R*= 0.667).
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Figure 4.2b Linear relationship of NADI and reference PM10 data (R*= 0.661).
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The third MODIS-based parameter being assessed here is the MODIS-AOD

(550 nm) which has relatively high relation to the reference PM10 data (R* = 0.72)

with small bias seen at AOD = 0. These findings correspond well to several reports on

apparent relations of the MODIS-AOD to estimate near-ground PM10 data (see those

listed in Table 2.7 for examples). The obvious advantage of using MODIS-AOD for
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being PM10 predictor is its availability as the data can be readily acquired from the
LAADS website as mentioned in Chapter III. However, two crucial drawbacks of this
approach are the coarse resolution (of 10 km) of the standard MODIS-AOD products
and the uncertainty on their relations with the observed PM data (as evidenced from
details shown in Table 2.7). The coarse resolution makes them adequate for studying
synoptic and regional-scale characteristics of aerosol pollution but normally not good
enough to explore spatial variation of aerosol pollution at provincial or watershed
scales, especially over the complex urbanized regions, which need better resolution of
MODIS-AQOD to effectively fulfill this task (Li, Lau, Mao, and Chu, 2005; Kumara,
Chub, and Fosterc 2007; Wong, Lee, Nichol, and Li, 2010 and Munchak et al., 2013).

And on the second issue, it was often found that relation tendency between the
MODIS-AOD and observed PM data varies significantly with place and time due
mostly to local meteorological conditions, especially mixing layer height (MLH) and
relative humidity (RH) (Schaap, Apituley, Timmermans, Koelemeijer, and de Leeuw,
2009; Zha, Gao, Jiang, Lu and Huang, 2010 and Tsai, Jeng, Chu, Chen, Chang, 2011).
As a consequence, experiments conducted under different meteorological conditions

might yield notably different results.
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Figure 4.2¢ Linear relationship of MODIS-AOD (at 550 nm) and the reference PM10
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To achieve better spatial resolution of AOD map developed from the original
MODIS data, in this thesis, attention was paid on the application of the BAER-AOD
derived from the MODIS data (as detailed in Chapters II and III) to predict the surface
PM10 concentration at 500-m resolution. As illustrated in Table 4.1 and Figure 4.2d,

the BAER-AOD (at 440 nm) attains impressive relation to reference PM10 data (R* =

0.784) with small deviation appeared at AOD = 0 (with PM10 = 17.11 ug/m?’).
Regarding to all these found outstanding properties, the BAER-AOD was chosen to
prepare the temporal PM10 maps for entire study area as described in Section 4.3.2.
Another work accomplished here was to establish the distinguish relationship
between the AERONET-AOD (440 nm) from station in Chiang Mai downtown and
the averaged PM10 data observed at the two measuring stations nearby (CM1 and
CM2). Result of the study indicates relatively high relation between AERONET-AOD

and reference PM10 data (R* = 0.86) with small offset at AOD = 0 (with PM10 = 13

ng/m3). This finding is notably better than those reported in some earlier works, e.g.
Koelemeijer, Homan, Matthijsen (2006) (R = 0.58); Péré, Pont, Mallet, Bessagnet
(2009) (R = 0.69) and Kalivitis et al. (2007) (R*= 0.6). This achieved result implies
that AERONET-AOD data might be applied as a respective indicator of the concerned
PM10 pollution occurring over Chiang Mai central area with timescale of about 15
minutes which is significantly better than the 1-hour timescale of regular PM10
measuring at most PCD stations. However, due to its limited locations, the AEONET-

AOD is not suitable for the production of PM10 maps over the entire area.



119

400 A y =90.89x + 13.01
R?=0.860
350 - . : n =228

300 -

250 -+

200 -+

150

100

Referance - PM10 (ug/m3)

50

0.0 1.0 2.0 3.0 4.0
AERONET-AOD

Figure 4.2e Linear relationship of AERONET-AOD (at 440 nm) and reference PM10

data (with R* = 0.86).

4.1.3 Mutual relations of MODIS-based parameters and AERONET-AOD

In this work, the mutual relations among some MODIS-based parameters and
AERONET-AOD were investigated. These include relations between NDAI and AR
(Blue), AERONET-AOD and MODIS-AOD, and AERONET-AOD and BAER-AOD.
It was found that all these pair of parameters express quite notable relations to each
other (R* = 0.803-0.832) as reported in Table 4.1c and Figures 4.3a-c. The rather high
relation between NDAI and AR (with R* = 0.803) means these two newly-proposed
parameters are potentially interchangeable as being a promising PM10 predictor for
the study area. Also, good agreement between the AERONET-AOD and the MODIS-
AOD (with R* of 0.832) achieved here supports similar discoveries published
earlierlike those listed in Table 2.6. Note that, these AOD dataset were computed at

different wavelengths that led to the noticeable discrepancy in their actual values.
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Table 4.1¢ Found linear relationships between MODIS-NADI and AERONET-AOD

data.
Parameter Found relationship > Sensitivity Scale .
_ n Figure
X y (y = ax+b) (Ay/Ax) (m)
NDAI AR (Blue) y=0.186x-0.025 0.803 - - 618 4.3a
AERONET-AOD MODIS-AOD y=0.55x+0.032 0.832 - - 83 4.3b
AERONET-AOD BAER-AOD y=1.05x-0.061 0.828 - - 53 43¢

Note: 1. DN, AR, NDAI, AOD are unitless.

2. n = number of data pair in use

0.140
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0.120 . n =618
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Figure 4.3a Linear relationship of NADI and AR (blue) data (with R*= 0.803).
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Finally, relationship between BAER-AOD and AERONET-AOD was assessed
and result is shown in Figure 4.3c with relatively high relation level accomplished
(with R*= 0.828). The AERONET-AOD data is often believed to have high accuracy
in the quantification of atmospheric AOD at a particular place and time. As a result,
its high relation to the derived BAER-AOD in this work, with nearly 1:1 fit to each

other (as seen in Figure 4.3¢) under the relation form:

AERONET = 1.05(BAER) - 0.061, (4.1)

indicates the impressive achievement of the applied BAER-AOD derivation method.
This distinguished capacity is rather essential for the formulation of PM10 maps from
the BAER-AOD in the next section. In addition, R* of 0.828 achieved here is fairly
comparable to those attained in other reports, e.g., Lee et al. (2005) (R = 0.96); Lee et
al. (2007) (R = 0.90); Song et al. (2008) (R = 0.46-0.89) and Glantz, Kokhanovsky,

von Hoyningen-Huene, and Johansson (2009) (R*=0.92).

4.2 Applications of the derived NDAI, PM10 and AQI maps

This section is divided into three major parts regarding to the derivation and
application of the NDAI maps, PM10 maps from the BAER-AOD data, and AQI

maps from the derived PM10 maps. Their details are as follows.

4.2.1 Derivation and application of the NDAI maps

As mentioned in Section 4.1.2, the NDAI contains three interesting properties
that make it become a promising candidate for being primary indicator for the PM10-
led air pollution severity. These are (1) its considerable strong relation to the reference

PM10 data in use (R*= 0.661), (2) its minimal bias in predicting the PM10 data at low
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values, and (3) its prospective values which are limited to about 0 to 1 in reality and
can be readily interpreted. The higher NDAI indicates higher PM10 concentration in a

linear proportion as described by the following relationship (from Figure 4.2b):

PM10 = 300.6NDAI + 4.527. (4.2)

This knowledge was applied to evaluate PM10 air pollution situation during 2010 fire
season over the entire area on 4™-9"™ April and results (NDAI and associated PM10
information) are shown in Figures 4.4a-e and Table 4.2, respectively.

From Figure 4.4a (for 4™ April), lower values of the NDAI are dominant over
most provinces except at Mae Hong Son (along Thai/Myanmar border), Chiang Mai
(middle region), and Nan (eastern/ northwestern parts), that have some areas attached
to relatively high values of the NDAI (e.g. > 0.4). This suggests the existence of air

pollution problem over those areas (as confirmed by the associated PM10 maps).
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Table 4.2 Distribution of NDAI and PM10 concentration over the area on 4™-9™ April

2010 (PM10 has unit of pg/m3).

PM10 4™ April 5™ April 6™ April
NDAI (ﬁ;’gg;i' (ireg) 9% (ireg) 9% {i‘;re?) 9%
m m m
0.0-0.2 0-65 6,354 7.19 4 - - -
0.2-0.4 65-125 40,305 45.61 89 0.10 813 0.92
0.4-0.6 125-185 37,937  42.93 16,623 18.81 57,225  64.76
0.6-0.8 185-245 3,758 4.25 64,123 7256 30,318 3431
0.8-1.0 > 285 18 0.02 7,533 8.52 15 0.02
PM10 7™ April 8™ April 9™ April
NDAI (l?rill)tre%);i_ (ireg) 9% (ireg) 9% (ireg) 9%
m m m
0.0-0.2 0-65 - - - - - -
0.2-0.4 65-125 - - - - 9 0.01
0.4-0.6 125-185 2,289 2.59 369 0.42 13,540  15.32
0.6-0.8 185-245 49,658 5619 63,109 7141 64,881 = 73.42
0.8-1.0 > 285 27,004  30.56 22,866  25.88 9,942 11.25

The situation was getting worse on 5™ with about 80% of the area having

NDAI > 0.6 (or PM10 > 185 ug/m3) but this value was reduced to be about 34% on

6™ April (about 64.76% having NDAI = 0.4-0.6). Pollution problem was getting

worse again on 7"-9"™ April as majority of land having NDAI > 0.6 (in total of 87%,

99% and 85% for 7™, 8", and 9" date respectively).

Validation of the used PM10 maps was also assessed by the determination of

correlation level between the derived and reference PM 10 data and the mean absolute

error (MAE) of the two datasets in use calculated based on the following formula:

v [PM 0,
MAE(%):%Z‘ ND}‘:&

-PM

REF,i

x100%

i=1

REF,i

(4.3)
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where PMnpar; and PMggg; are the i pair of the derived and reference PM10 data,
respectively, while n is total number of the relevant data pairs in use (n = 70 in this
case). It was found that both groups of data are correlated to each other moderately
well with the R? of 0.678 and the mean absolute error (MAE) of 17.59% (Figure 4.5)
which are fairly satisfied. More information of the MAE calculation for the NDAI-

based PM10 data is reported in Appendix A.
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Figure 4.5a Comparison of the derived PM10 data (PMnpar) and reference PM10

data (PMREF) (Wlth MAE = 1759%)
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Figure 4.5b Relation of the derived PM10 data (PMnpai) and reference PM10 data

(PMger) (with R*=0.678).

4.2.2 Derivation and application of the BAER-AOD maps

As discussed earlier in Section 4.1.2, the BAER-AOD was considered as being
prime candidate for the production of the PM10 density map over the study area due
to its strong relation to the reference PM10 data (R*= 0.78) and low bias in predicting
low PM10 data along with its fine mapping resolution (of 500 m). In this section, its
merit in the preparation of associated PM10 map for the study area during 2010 fire
season is assessed and discussed. Main results can be concluded as follows.

At the beginning, daily maps of the BAER-AOD during period of 4™-9" April
2010 were constructed based on methodology described in Chapter III. These
obtained results are reported along with the corresponding MODIS-AOD map in
Figure 4.6a-f, respectively (at their respective scales). The required PM10 maps were
subsequently made for each date from their MODIS-AOD and BAER-AOD
counterpart maps and results are summarized in Figure 4.6a-f and Table 4.3,

respectively. It is apparent from these obtained figures that, in general, both AOD
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maps for each date indicate high degree of conformity, however, substantial
difference in their scales could make this resemblance more difficult to visualize
instantly. In conclusion, the BAER-AOD maps are clearly able to provide subtle
details of the atmospheric AOD variation that still seriously lack in the standard
MODIS-AOD maps (about 20 times better in terms of the spatial resolution). The
BAER-AOD is also obviously better than MODIS-AOD in predicting the surface
PM10 data in general (with R of 0.72 for the MODIS-AOD and 0.78 for the BAER-
AOD, respectively, as shown in Table 4.1). Figures 4.7a-f presents maps of near-
ground PM density generated from the original MODIS-AOD and BAER-AOD data
for each respective date during 4™-9"™ April 2010. And like AOD maps, the yielded
PM10 maps here in both cases are considerably resemble regardless of their notable
difference in spatial resolutions.

These derived AOD and PM10 maps indicate that on 4™ April, Chiang Mai,
Lamphun, and Mae Hong Son (along the Myanmar border) are suffered the most from
extensive aerosol pollution. The least severity situation is presented on the lower part
of the study area, especially in Chiang Mai, Lamphun, Phare and Nan. The dominant
BAER-AOD scale found on this date is between 0.4-0.6 (66.37%) which is equivalent
to the PM10 data of about 163-236 pg/m’ while the second most dominant scale is
0.2-0.4 (22.87%). Note that, most polluted areas are not always situated in urban area
where most of the measuring stations are located, therefore, they are very unlikely to
be recognized by the traditional ground-based fixed-station measurements.

On the following date, 5™ April, the aerosol pollution is distributed along
eastern side of the area, especially in Nan and Phayao, while on western side the PM

situation is noticeably low, especially in Mae Hong Son and Chiang Mai. The most
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dominant BAER-AOD scale on this date is between 0.4-0.6 (46.23%) and the second
most dominant one is at 0.2-0.4 (42.48%), which is equivalent to the PM10 data of
about 90-163 pg/m’, similar to those found on the previous day. Areas with fairly
serious locations with AOD > 0.6 cover about 7% of the entire area, mostly in Nan
Province. However, the pollution situation is getting better on the eastern side on 6™
April but thing is getting worse on the western side both in Chiang Mai and Mae
Hong Son. This finding conforms well to the daily-mean PM10 data observed at the
PCD stations in both provinces (shown in Table 3.7) which are 220 pg/m’ (CM) and
223 pg/m’ (MHS) on the 5™ April but only at 163 pg/m’ (CM) and 114 pg/m® (MHS)
on the 4™ April. The most severe situation is visible over Chiang Rai in general (with
daily mean PM10 = 236 pg/m’) and over Chiang Mai and Lamphun Provinces (in
lowland regions). And highly concerned areas with AOD > 0.6 (PM10 > 236 pg/m’)
cover just about 0.1% on this date.

On 7™ April, the aerosol situation has notably deteriorated over most parts of
the area especially for the eastern provinces like Chiang Rai, Nan, and Phayao, but the
situation is improved considerably over the lower parts of Chiang Mai and Mae Hong
Son. This great degradation of air quality is reflected in apparent data of the most
dominant BAER-AOD scale on this date which is at 0.6-0.8 (30.86%) followed by
0.4-0.6 (26.16%), 0.2-0.4 (19.74%) and 0.8-1.0 (18.55%). Note that, critical areas
with AOD > 0.6 cover about 50% of the entire area. This pattern was also discovered
taking place on 8" April but its detail was still somewhat limited due to some missing
data in the acquired MODIS imagery available on that date.

Finally, on the last date of 9™ April, the aerosol pollution is less visible on the

western portion of the area, especially in Chiang Mai and Mae Hong Son, but the
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situation is still critical in the far eastern part of the area along with the Laos border,
especially in Nan and Chiang Rai. The most dominant BAER-AOD scale on this date
is at 0.4-0.6 (39.87%) and the second most dominant one is 0.2-0.4 (36.30%). Critical
areas with AOD > 0.6 are found covering about 20% of the entire area, mostly in
those provinces bordered with Laos.

General conclusion drawn from results achieved in this part is as follows:

(1) The AOD and PM10 maps derived from BAER method and from MODIS
data directly are rather similar in terms of distributing pattern despite the substantial
difference in their spatial scales. However, the BAER-AOD and PM10 maps were
found much superior in terms of spatial resolution (about 20 times better).

(2) Level of the aerosol pollution discovered in average during study period is
quite devastated as it often far surpassed critical limit of 120 pg/m’ to stay above the
200 pg/m’ level. The worst date is 7" April with average data of 242 pg/m’® followed
by 8™ April at 230 ug/m’. And the eastern provinces like Nan, Payao and Chiang Rai
were suffered the most from aerosol pollution in average.

(3) The critical areas with rather high values of PM10 data (e.g. > 200 pg/m’)
were spread over most parts of the study area which make it very difficult to monitor
this development of the situation (both in terms of spatial coverage and PM intensity)
based on aerosol data measured at a limited number of the ground-based air quality
measuring stations alone. In this circumstance, the PM10 maps derived over the entire
area as presented here could provide more accurate information of the situation than
the ground-based data on a daily basis. However, cloud contamination might reduce

the applicability level of this method substantially.
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Figure 4.6a Maps of (a) MODIS-AOD and (b) BAER-AOD data on 4™ April 2010.
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Figure 4.6b Maps of (a) MODIS-AOD and (b) BAER-AOD data on 5™ April 2010.
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Figure 4.6¢c Maps of (a) MODIS-AOD and (b) BAER-AOD data on 6™ April 2010.
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Figure 4.6d Maps of (a) MODIS-AOD and (b) BAER-AOD data on 7" April 2010.
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Figure 4.6e Maps of (a) MODIS-AOD and (b) BAER-AOD data on 8" April 2010.
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Figure 4.6f Maps of (a) MODIS-AOD and (b) BAER-AOD data on 9™ April 2010.
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Figure 4.7b Maps of PM10 derived from (a) MODIS-AOD and (b) BAER-AOD data

on 5™ April 2010 (using relationships expressed in Table 4.1).
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Figure 4.7f Maps of PM10 derived from (a) MODIS-AOD and (b) BAER-AOD data

on 9™ April 2010 (using relationships expressed in Table 4.1).
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Table 4.3 Distribution of BAER-AOD and PM10 over the area on 4™-9™ April.

BEAR. PM10 4™ April 5™ April 6™ April 7™ April
0.0-04 090 60 0.07 3,800 434 - - 3,144 3.59
04-07  90-163 20,013 2287 37,213 4248 40302 4599 17305 19.74
07-1.0  163-236 58,091 6637 40,501 4623 47,200 53.86 22,928  26.16
1.0-13  236-300 9274 1060 5896  6.73 90 0.10 27,048  30.86
1.3-1.7  300-385 84 010 189 022 - - 16,260  18.55
1.7-20  385-455 - - | - - - 962 1.1
>2.0 > 455 - - : - - - - -
Pﬁe&;‘fg}) 191/0.83 164/0.72 165/0.72 242/1.06

BEAR.  PMIO 8™ April 9™ April 49" April

AOD  (ug/m?) (‘;rg?) % (Aklrg?) % (‘;rj?) %

0.0-04 090 177 020 2910 333 10,091  1.92

04-0.7  90-163 182 021 31,692 3623 146,707 2791

07-1.0  163-236 52232 5949 34,880 39.87 255832 48.67

1.0-13  236-300 35211  40.10 15716 17.96 93235 17.74

1.3-1.7  300-385 ; - 2,224 254 18757 357

1.7-20  385-455 - - 62 007 1,024  0.19

>2.0 > 455 - / A - - -

Pﬁvlegfff)% 230/1.01 183/0.8 195/0.85
N N
> AOD, > _PMI0,

Note: Averaged AOD :i:lT and Averaged PMlO:i:‘T, where N is the

total number of pixels and i denotes pixel i of the area.
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Histogram and distributing pattern of the PM10 data in average

To understand an overview of the PM10 pollution situation during period of
the study more constructively, histogram of the PM10 data distribution during 0-400
pg/m’ is presented in Table 4.4 and Figure 4.9. It was found that > 90% of the derived
PM10 data are in the range of 100-300 pg/m’ with peak values are at 175-200 pg/m’
(17.24%), 150-175 pg/m’ (16.19%) and 200-225 ug/m’ (15.07%). And about 4.36%
of the PM10 values exceed 300 pg/m® while about only 3.16% that have values less
than 100. The safest location identified by the study is on the far southwestern portion
of the area in the lower part of Chiang Mai, Lamphun and Mae Hong Son Provinces
while the most critical one is located on the upper part of Nan Province and also in
most parts of the Chiang Rai Province (Figure 4.8). These findings might be still not
well perceived by the public as information of the aerosol intensity over most areas is
still quite limited but this can be explicitly revealed by the satellite-based observation

conducted for being example in this thesis.

Table 4.4 Proportion of PM10 data distribution at 0-400 pg/m’.

Number of Number of
Class (ig//lrln(g) .occurrences Cla (ig//[rln(g) .occurrences
Pixels % Pixels %
1 0-25 242 0.01 9 200-225 317,384 15.07
2 25-50 624 0.03 10 225-250 282,217 13.40
3 50-75 7,161 0.34 11 250-275 135,682 6.44
4 75-100 56,729 2.69 12 275-300 60,747 2.88
5 100-125 125,280 5.95 13 300-325 41,611 1.98
6 125-150 229,065 10.88 14 325-350 28,524 1.35
7 150-175 340,897 16.19 15 350-375 16,247 0.77

8 175-200 363,035 17.24 16 375-400 5,577 0.26
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Figure 4.9 Histogram of the PM10 data occurred in the area during 4™-9" 2010.

Validation of the produced PM10 maps

Validation of the produced PM10 maps (from BAER-AOD data) shown in
Figures 4.7a-f was also evaluated based on the found relation level (R*) of derived
PM10 data and reference PM10 data and the mean absolute error (MAE) of the two
datasets in use as described in Eq. 4.5. Total number of the data pairs used here for the
evaluating process is 126. It was found that both groups of the PM10 data are highly
correlated to each other with R” of 0.744 and very low mean absolute error (MAE) of
about 6.62% (Figures 4.10a-b). These results indicate high credential of the prepared
PM10 maps (from the derived BAER AOD) which make them very useful for further
applications in the monitoring and assessment of PM10-induced air pollution severity
over some particular area of interest in the future or for other application implemented
by researchers in this field. More information of the MAE calculation for the BAER

AOD-based PM10 data is reported in Appendix C.
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Table 4.5a Averaged PM10 concentration (ng/m’) over different LULC types (from

Figure 4.8).

PM10 Area
LULC (ug/m’)

He km’ %
Forest 194.5 60,303 69.1

Agriculture 196.7 22,116 25.3

Urban 201.5 2,628 3.0
Others 190.2 2,223 2.5

Table 4.5b Averaged PM10 concentration (pg/m’) over different altitudes (from

Figure 4.8).
Altitude PM10 Area
(m-MSL) (ug/m’) on? v,
0-300 187.0 10,750 12.3
300 - 550 201.8 32,934 37.6
550 - 800 199.4 19,918 22.7
800 - 1,000 192.1 13,543 154
> 1,000 184.4 10,516 12.0

Relations of the PM10 distribution pattern to LULC and altitude

From the PM10 map seen in Figure 4.8, the averaged PM10 concentration

over different LULC types and altitudes are as described in Table 4.5 and 4.6.

Regarding to the LULC, these results indicate that the aerosol pollution was most
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severe over urban area (with average PM10 data of 201.5 pg/m’) followed by
agricultural and forest lands, respectively (with average PM10 density of 196.1 and
194.5 pg/m’). In terms of altitude, the most severe situation was found at altitude 300-
550 meters (PM10 = 201.8 pg/m’). Most areas also situate at this altitude range also
(37.6%). The second worst aerosol pollution level was found as altitude of 550-800
meters (PM10 = 199.4 pg/m’). In general, areas at higher altitudes experienced less
PM pollution, the higher having the lesser, as being evidenced in case of the altitude
range > 1,000 meters which has lowest level of PM10 data in average at 184.4 ug/m’.
However, this level of the PM10 density is still considered rather dangerous to human
health according to the global standards proposed by renowned agencies like US-EPA

or WHO (as detailed for examples in Tables 2.1-2.4)

4.2.3 Derivation and application of the AQI maps

In this thesis, four different approaches for the AQI quantification and ranking
(Table 3.3) were introduced to develop AQI maps for five chosen dates (during 4™-9"
April 2010) over the entire study area from the PM10 maps generated from BAER-
AOD maps inherited from the previous part, BAER-method algorithm for MODIS
500 m. data is coupled with the minimum reflectance technique which is used to
derive the surface reflectance images and LUT constructed from the various
AERONET-AOD, sun-satellite geometries and BAER-AOD result also showed better
accuracy than AR and NDAI method over the study area. These methods include:

(1) PCD standard (for Thailand). This was modified from the original criteria
recommended by the US-EPA and in use since 1999.

(2) US-EPA standard. This was revised and in use since 2006,
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(3) UK standard. This is currently in use by the UK-DEFRA for its daily AQI
report, and

(4) Newly-proposed method. This was designed to support the guide lines on
the PM10 targets issued by the WHO and to serve as a compromise between the EPA-
standard and the UK standard as described in Table 3.3.

Details of the relevant AQI definition and ranking criteria are as described in
Section 2.2 and total results of the study are reported in Figures 4.11-4.16 and Tables
4.6a-f, respectively. The color code implemented for each particular method (except
the newly-proposed one) is followed the standard practice conducted by the respective
agencies under consideration. In general, it was discovered that there are only two

AQI conditions that dominate the PCD-based AQI maps: “Moderate” (for PM10 =

41-120 ug/m?’) and “Unhealthy” (for PM10 = 121-350 ug/m3). And between these
two states, the “Unhealthy” category is hugely predominant on every studied date
with occupied area of about 76.9, 93.8, 100.0, 83.34, 100 and 83.45% of the entire
area dated from 4™ to 9™ April 2010, respectively. This occurrence shall result in the
monotonic shade of PM10 data illustrated on the PCD-based AQI map on most dates

(in yellow tone). This found character is a direct result of the normal PM10 range

determined from the derived BAER-AOD which appears at about 100-300 pg/m3
except on the 70 April that the upper bound of PM10 is located somewhat higher (as
seen in Table 4.3).

This result means that the standard AQI classification adopted by the PCD at
present is still not practically useful in differentiating great variation of PM10 density
and its associated air quality over the entire study area during the period of interest.

And, as a consequence, its potential use for health warning purpose or for air quality
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monitoring over large area is also limited. Broad advice from the PCD for those live
witin the “Unhealthy” zone is that people with respiratory diseases should avoid all
physical outdoors and everyone else, especially children or older adults, should avoid
the prolonged or heavy exertion (PCD, 2013).

Similar situation was evidenced for the classified AQI maps created based on

the US-EPA standard from which only three AQI categories were mostly achieved:
“Moderate” for PM10 = 55-154 ug/m3, “Unhealthy (for sensitive group)” for PM10 =

155-254 ug/m3 and “Unhealthy” for PM10 = 255-354 ug/m3. The most dominant
outlook of the situation is the second category, Unhealthy (for sensitive group), which
occupies about 41.4, 54.9, 85.6, 51.8, and 52.1% of the total area dated from 4" to 9"
April 2010, respectively. The “Moderate” category is most visible on 4t April
(58.6%) and 9™ April (34.5%) while the “Unhealthy” class is most prominent on 5t
April (25.36%) and 7t April (20.4%). Associated health warning can be issued for a
particular area followed the instruction addressed in Table 4.6, especially for people

living in the “Unhealthy” or “Very Unhealthy” zones.
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Table 4.6 Instructions for reducing risk from aerosol pollution (US-EPA, 2009).

PM10
3 AQI Condition Instructions for reducing health risk
(ng/m=)
0-54 0-50 Good None
Unusually, sensitive people should consider reducing
55-154 51-100 Moderate )
prolonged or heavy exertion.
Unhealthy People with heart/lung disease or children/older adults
155-254  101-150  (for sensitive  should reduce prolonged or heavy outdoor exertion.
group) Everyone else should limit prolonged or heavy exertion.
People with heart/lung disease or children/older adults
255-354  151-200 Unhealthy  should avoid all physical outdoors.
Everyone else should avoid prolonged or heavy exertion.
355424 201-300 very
B B Unhealthy People with heart/lung disease or children/older adults
should remain indoors and keep activity levels low.
425-604  301-500 Hazardous  Everyone else should avoid all physical activity outdoors.

In addition, it should be noted that, the AQI maps derived based on US-EPA

standard and those produced under PCD standard look rather resemble to each other

as both methods adopt similar rules for AQI determination and ranking. However, the

color-code system used by the PCD is different from that of the US-EPA which might

lead to some confusion for their interpretation (as displayed in Figure 4.11-4.16).

On the contrary to the PCD and US-EPA standards investigated earlier, the

UK-DEFRA standard focuses mainly on fine classification of the PM10 data between

0-100 ug/m3 (separated into 3 major categories and 9 sub-categories) while variation

of the PM10 data of > 100 ug/m3 is still ignored (only one category, “very high”, is
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reported). This means the UK standard is suitable for reporting information of the low

to moderate air pollution conditions mostly resulted from the overcrowded traffic or

regular household activities (with PM 10 concentration < 100 ug/m3). However, it was
proved inefficient for the creation of descriptive AQI maps during fire season for the

upper northern Thailand as desired. This is during this season, typical range of PM10

data is between 100-300 pg/m3 that is much higher than a proxy limit of 100 pg/m3
endorsed in the UK standard. For the “very high” category, the advice for those living

in the area is that (from Table 2.2b);

(1) Adults/children with lung or hearth problems, as well as older people,
should avoid strenuous physical activity. People with asthma may find they need to
use their reliever inhaler more often.

(2) People should reduce physical exertion, particularly outdoor activities,

especially if they experience symptoms such as cough or sore throat.

In this circumstance, the PCD and US-EPA standards discussed earlier are
considered more appropriate as they can accommodate PM10 concentration data of up
to 600 pg/m3 for AQI scales of 0 to 500 (Table 3.3). However, at the scale of 100 to
300 pg/m3, both methods still has limited capability to differentiate them.

To gain more subtle knowledge on variation of the PM10-led pollution at this
scale range in terms of the available AQI bands, a new AQI classification method was
introduced as detailed in Table 3.3 with 12 AQI bands available, among these, five
bands were prepared for the PM10 data of 100-300 ug/m3 (Band 5-9). In general, it
was found that this proposed system can inform gradual variation of the PM10

pollution found in the area well when compared to the PCD and US-EPA standards
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with more details in AQI map outlook, and it did much better than the UK standard

for the monitoring of PM10 pollution situation with PM10 data > 100 ug/m3.
Under the proposed scheme, the most prominent AQI bands for the whole

period are Band 7 and 8, respectively; both are in the “High” category (for PM10 of

151-250 pg/m3) of this established system. As described earlier in Chapter III
(Section 3.3.2), these two dominant AQI bands (Band 7-8) were defined to indicate
high level of PM10 density in the atmosphere that might be harmful for sensitive
group (like children or people with respiratory or lung diseases), similar to the
“Unhealthy (for sensitive group)” category adopted in the US-EPA standard. As such,
the associated warning on health concerns for those living in the “High” aerosol
pollution zone defined in this system might be adapted from the guidelines
recommended by the US-PGA for its “Unhealthy (for sensitive group)” category

directly (Table 4.6).

The “Very High” category of Bands 9-11 (for PM10 of 251-400 ug/m?’) is
also clearly evident on later dates when aerosol pollution level is relatively high over
most areas (especially on 7"-9"™ April). This AQI category occupies about 49.9, 17.7
and 15.0% of total area dated from 7™ to 9™ April 2010, respectively. It signifies
serious danger of the PM10 pollution that might affect health of most people, not only
for sensitive groups and general public should be alerted of potential health impact
under this situation. This is comparative to the “Unhealthy” category (for Band 9-10)
and “Very Unhealthy” category (for band 11) adopted in the formal US-EPA standard
(as detailed in Table 3.3).

According to Shooter and Brimblecombe (2009) and EU (2012), there are

three fundamental roles of the established AQI systems:
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(1) To link air quality condition to potential health effects (called health-based
index) for contributing proper warnings or advices to the public;

(2) To condense complex data to provide an information overview e.g. for the
development of policy or to check compliance with standards;

(3) To draw public’s attention to air quality issues and raising awareness.
These three purposes can effectively be fulfilled by the proposed method as it can
inform the public of aerosol pollution severity and its distributing pattern on daily
basis at fine scale of 500 m. The obtained aerosol density maps that are classified into
12 levels (or AQI bands) of PM10 concentration under the procedure described in this
thesis (as seen in Figures 4.11a-f) can be related directly to the pre-evaluated potential
health effects that might be experienced by local people living within the study area.
This information provides visualized map of the aerosol pollution covering the entire
area which is very helpful to draw public’s attention to actual situation of the aerosol
pollution problem and to raise awareness on its possible impact as well.

In addition, knowledge of the aerosol distributing pattern in long-time term is
also useful for the proper initiation or implementation of the aerosol pollution control
policies to reduce prospect severity of the incidence or minimize its impacts on public

health as much as possible.
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Figure 4.14 Derived AQI maps on 7" April 2010 based on (a) standards of the PCD,

(b) US-EPA, (c) UK-DEFRA and (d) by the newly-proposed method.
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Figure 4.15 Derived AQI maps on 8™ April 2010 based on (a) standards of the PCD,

(b) US-EPA, (c) UK-DEFRA and (d) by the newly-proposed method.
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Table 4.7a Distribution of the PM10 density over entire area on 4™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.11).

Thailand-PCD US-EPA
PM10 Area PM10 Area
O T s T R
0-40 0-50 - - 0-54 0-50 - -
41-120 51-100 20,279 23.1 55-154 51-100 51,329 58.6
155-254 101-150 36,246 41.4
121-350 101-200 67,394 76.9
255-354 151-200 - -
351-420 201-300 - - 355-424 201-300 - -
421-500 301-400 - - 425-504 301-400 - -
501-600 401-500 - - 505-604 401-500 - -
Total area 87,673 100 Total area 87,575 100
UK-DEFRA This study (proposed)
pgndy | AUBI R e el
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 - -
59-66 5 - - 101-120 5 1,099 1.3
67-74 6 - - 121-150 6 10,196 11.7
75-83 7 799 1.0 151-200 7 40,367 46.3
84-91 8 1,706 2.0 201-250 8 31,151 35.7
92-99 9 3,488 4.0 251-300 9 4,409 5.1
>100 10 81,315 93 301-350 10 - -
Total area 87,308 100 351-400 11 - -
- - - - > 400 12 - -
- - - - Total area 87,222 100
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Table 4.7b Distribution of the PM10 density over entire area on 5™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.12).

Thailand-PCD US-EPA
PM10 Area PM10 Area
wemd N TG W ey MY T w
0-40 0-50 - - 0-54 0-50 - -
41-120 51-100 3,442 3.9 55-154 51-100 15,595 17.81
155-254 101-150 48,027 54.86
121-350 101-200 82,071 93.8
255-354 151200 22,207 25.36
351-420 201-300 2,015 2.3 355-424 201-300 1,723 1.97
421-500 301-400 - - 425-504 301-400 - -
501-600 401-500 - - 505-604 401-500 - -
Total area 87,528 100 Total area 87,552 100
UK-DEFRA This study (proposed)
PM10 AQI Area PM10 AQI Area
(ng/m3) ~ Band g2 % (ng/m3) ~ Band g2 %
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 7,908 9.1
59-66 5 - - 101-120 5 9,586 11.0
67-74 6 - - 121-150 6 15,417 17.7
75-83 7 - - 151-200 7 33,108 37.9
84-91 8 - - 201-250 8 18,707 21.4
92-99 9 - - 251-300 9 2,595 3.0
> 100 10 87,291 100 301-350 10 - -
Total area 87,291 100 351-400 11 - -
- - - - > 400 12 - -
- - - - Total area 87,321 100
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Table 4.7¢ Distribution of the PM10 density over entire area on 6™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.13).

Thailand-PCD US-EPA
PM10 Area PM10 Area
R T T
0-40 0-50 ; ; 0-54 0-50 ; .
41-120 51-100 - - 55-154 51-100 1,890 22

155-254 101-150 75,130 85.6

121-350 101-200 87,718 100
255-354 151200 10,725 12.2

351-420 201-300 - - 355-424 201-300 - -
421-500 301-400 - - 425-504 301-400 - -
501-600 401-500 - - 505-604 401-500 - -
Total area 87,718 100 Total area 87,745 100
UK-DEFRA This study (proposed)

PM10 AQI Area PM10 AQI Area
(ngmd) ~ Band 2 % (ngmd)  Band 2 %
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 - -
59-66 5 - - 101-120 5 1,590 1.8
67-74 6 - - 121-150 6 21,478 24.6
75-83 7 - - 151-200 7 60,518 69.2
84-91 8 - - 201-250 8 3,878 4.4

92-99 9 - - 251-300 9 - -
> 100 10 87,784 100 301-350 10 - -
Total area 87,784 100 351-400 11 - -

- - - - > 400 12 - -

- - - - Total area 87,104 100
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Table 4.7d Distribution of the PM10 density over entire area on 7™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.14).

Thailand-PCD US-EPA
PM10 Area PM10 Area
wemd Y T w ey Y T
0-40 0-50 - ) 0-54 0-50 - -
41-120 51-100 10,570  15.66 55-154 51-100 21,609 27.7
155-254 101-150 40,378 51.8
121-350 101-200 67,497 84.34
255-354 151-200 15,925 20.4
351-420 201-300 - [ 355-424 201-300 - -
421-500 301-400 - ] 425-504 301-400 - -
501-600 401-500 - i 505-604 401-500 - -
Total area 78,067 100 Total area 77,912 100
UK-DEFRA This study (proposed)
PM10 AQI Area PM10 AQI Area
(ngm3) ~ Band g2 % (ug/md)  Band g2 %
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 1,824 2.4
59-66 5 - - 101-120 5 3,263 4.3
67-74 6 993 1.27 121-150 6 5,144 6.8
75-83 7 1,185 1.52 151-200 7 12,977 17.1
84-91 8 1,468 1.88 201-250 8 14,869 19.6
92-99 9 1,836 2.35 251-300 9 18,164 23.9
>100 10 72,116  92.47 301-350 10 14,419 19.0
Total area 77,598 100 351-400 11 5,324 7.0
- - - - =400 12 - )
- - - - Total area 75,984 100
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Table 4.7e Distribution of the PM10 density over entire area on 8™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.15).

Thailand-PCD US-EPA
PM10 AQI Area PM10 AQI Area
(ng/m) km2 % (ng/m) km? %
0-40 0-50 - - 0-54 0-50 - -
41-120 51-100 - - 55-154 51-100 - -
155-254 101-150 76,974 88
121-350 101-200 87,628 100
255-354 151-200 10,590 12
351-420 201-300 - - 355-424 201-300 - -
421-500 301-400 - - 425-504 301-400 - -
501-600 401-500 - - 505-604 401-500 - -
Total area 87,628 100 Total area 87,564 100
UK-DEFRA This study (proposed)
PM10 AQI Area PM10 AQI Area
(ng/m3) ~ Band g2 % (ng/m3) ~ Band g2 %
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 - -
59-66 5 - - 101-120 5 - -
67-74 6 - - 121-150 6 - -
75-83 7 - - 151-200 7 6,916 7.9
84-91 8 - - 201-250 8 65,171 74.4
92-99 9 - - 251-300 9 15,495 17.7
>100 10 87,593 100 301-350 10 - -
Total area 87,593 100 351-400 11 - -
- - - - > 400 12 - -

- - - - Total area 87,582 100
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Table 4.7f Distribution of the PM10 density over entire area on 9™ April 2010 based

on the derived AQI maps by the four chosen methods (in Figure 4.16).

Thailand-PCD US-EPA
PM10 Area PM10 Area

wemd MY TR ey MY T w

0-40 0-50 - - 0-54 0-50 - -
41-120 51-100 14,355 16.55 55-154 51-100 30,096 34.5
155-254 101-150 45,382 52.1

121-350 101-200 72,882 83.45

255-354 151-200 11,672 13.4

351-420 201-300 - - 355-424 201-300 - -

421-500 301-400 - - 425-504 301-400 - -

501-600 401-500 - - 505-604 401-500 - -
Total area 87,237 100 Total area 87,150 100

UK-DEFRA This study (proposed)

PM10 AQI Area PM10 AQI Area
(ng/m?) Band  ym2 % (ng/m3) ~ Band g2 %
0-16 1 - - 0-25 1 - -
17-33 2 - - 26-50 2 - -
34-49 3 - - 51-75 3 - -
50-58 4 - - 76-100 4 5,637 6.5
59-66 5 - - 101-120 5 8,650 9.9
67-74 6 - - 121-150 6 13,320 15.3
75-83 7 1,360 1.56 151-200 7 26,185 30.0
84-91 8 1,531 1.75 201-250 8 20,306 233
92-99 9 2,387 2.73 251-300 9 10,002 11.5
> 100 10 82,051 93.96 301-350 10 3,069 3.5

Total area 87,329 100 351-400 11 - -
- - - - =400 12 - -
- - - - Total area 87,169 100




CHAPTER V

APPLICATIONS OF HYSPLIT MODEL

This chapter reports results from the applications of the HYSPLIT model to
assess trajectory and distributing pattern of the smoke plume originated from the
active fire sources located both within and outside the study area, especially those
situated in two neighboring countries; Myanmar and Laos. The content is separated
into two principal parts. The first one is contributed to the assessment of smoke plume
trajectory of the propagation and evolution of its distributing pattern with time (called
the forward trajectory analysis). The second one is the analysis of air mass backward

trajectory characteristics (or back trajectory analysis).

5.1 Forward trajectory and dispersion analysis

In this part, potential sources of the severe air pollution observed during 4*-9%
April 2010 were evaluated based on the simulated results of smoke plume moving
trajectory and distributing pattern over 48-hour period from the identified source
locations given by the HY SPLIT model (see Figure 5.1 for example). To achieve this
task, the active fire maps for each particular date (4™-8% April 2010) were produced
from the MODIS data covering both fire-prone areas in northern Thailand and in its
neighboring countries (Myanmar and Laos) and results are reported in Figure 5.2 and
Table 5.1. It was found that number of the total fire spots yielded is 2540 events,

among these, about 11.73% were in Thailand while the rest were found elsewhere.
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NOAAHYSPLIT MODEL
Forward frajectories starting at 0300 UTG 02 Apr 10
GDAS Meteorological Data
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Figure 5.1 Example of the forward trajectories of smoke plumes (starting from 03.00

UTC of 2" April 2010 onward) originated at three different locations.
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Figure 5.2 MODIS-based fire map over period of 4™-9" April 2010 and the assumed

locations of fire spots for each grid cell.
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Table 5.1a Location distribution of active fire spots during 4™*-8" April 2010.

Number of identified fire spots Total (location)
Source region
4" s® 6" 7" 8"  number %
Chiang Rai 19 3 2 9 5 38 1.50
Chiang Mai 5 11 9 3 - 28 1.10
Lampang 2 - - - - 2 0.08
Lamphun - - - - - - -
Thailand  Mae Hong Son 5 7 1 8 2 23 0.91
Nan 19 - 12 - 2 33 1.30
Phayao 5 2 6 4 2 19 0.75
Phrae 1 - - - - 1 0.04
Others 74 - 80 - - 154 6.06
Myanmar 74 273 90 515 38 990 38.98
Aboard Laos 173 168 217 145 77 780 30.71
Others 39 42 165 99 127 472 18.58
Total (date) 416 506 582 783 253 2540 100.0

Table 5.1b Location distribution of fire clusters during 4"-8"™ April 2010.

Number of identified fire clusters Total (location)
Source region

4" 1 6" 7" 8"  number %

Chiang Rai 2 1 - 1 1 5 3.8

Chiang Mai - 3 1 - - 4 3.1

Lampang - - - - - - -

Lamphun 1 - - - - 1 0.8

Thailand Mae Hong Son - - - 1 - 1 0.8
Nan 2 - 1 - - 3 23

Phayao 1 - 1 1 1 4 3.1

Phrae - - 1 1 - 2 1.5

Others 7 1 1 1 3 13 9.9
Myanmar 4 13 7 14 6 44 33.6
Aboard Laos 9 9 14 8 11 51 38.9
Others - - - - 3 3 2.3

Total (date) 26 27 26 27 25 131 100
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From data given in Figure 5.1, it is obvious that on 2™ April 2010, smoke
plumes released from three assumed sources in northern Thailand shall move along
northeast-bound direction crossing into the Laos territory eventually. Total number of
fire events recorded in Myanmar is 990 (38.98%) and in Laos is 780 (30.71%), which
should be prime contributing sources of aerosol pollutants found in the area during
2010 fire season. It shall be demonstrated further in this chapter that the fire activities
in Myanmar could produce serious consequence in terms of the aerosol pollution
experienced over northern Thailand over the studied period. In addition, the aerosol-
polluted region was remarkably extended to occupy large part of the upper Laos
during that time also. Noted that, few domestic sources were identified in this study if
compared to those situated abroad where the highest number is in Chiang Rai (38)
followed by Nan (33), Chiang Mai (28), Mae Hong Son (23), Phayao (19), Lampang
(2), Phare (1) and none in Lamphun. And by initial visual examination, most listed
fire events occurred in the forest area of all the three aforementioned countries.

To reduce complexity in the simulation of smoke plume spatial dispersion and
their aggregation over time, high number of the observed sources were grouped using
clustering technique provided by the ArcGIS tool based on a 10 km radius criteria.
Each cluster was treated as being a single contributing source located at its center and
then applied as input data for the HY SPLIT simulation afterwards. This practice shall
provide a broad overview of smoke plume distributing pattern over time period of
interest after releasing from the assumed sources over entire study area and beyond as

shown in Figure 5.3-5.7.
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NOAA HYSPLIT MODEL
Forward trajectories starting at 0300 UTC 04 Apr 10
GDAS Meteorological Data

Source * at multiple locations

Figure 5.3a Forward trajectories of smoke plumes originated on 4™ April 2010 from

the pre-assigned fire clusters (starting at 03.00 UTC or 10.00 LST).
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Figure 5.3b Distributing pattern of smoke plumes originated on 4™ April 2010 from

the pre-assigned fire clusters (12-hour forward starting at 10 AM).
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Figure 5.3¢ Distributing pattern of smoke plumes originated on 4™ April 2010 from

the pre-assigned fire clusters (24-hour forward starting at 10 AM).
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Figure 5.3d Distributing pattern of smoke plumes originated on 4™ April 2010 from

the pre-assigned fire clusters (48-hour forward starting at 10 AM).
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NOAA HYSPLIT MODEL
Forward trajectories starting at 0300 UTC 05 Apr 10
GDAS Meteorological Data
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Figure 5.4a Forward trajectories of smoke plumes originated on 5™ April 2010 from

the pre-assigned fire clusters (starting at 03.00 UTC or 10.00 LST).
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Figure 5.4b Distributing pattern of smoke plumes originated on 5™ April 2010 from

the pre-assigned fire clusters (12-hour forward starting at 10 AM).
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Figure 5.4¢ Distributing pattern of smoke plumes originated on 5™ April 2010 from

the pre-assigned fire clusters (24-hour forward starting at 10 AM).
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Figure 5.4d Distributing pattern of smoke plumes originated on 5™ April 2010 from

the pre-assigned fire clusters (48-hour forward starting at 10 AM).
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NOAA HYSPLIT MODEL
Forward trajectories starting at 0300 UTC 06 Apr 10
GDAS Meteorological Data
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Figure 5.5a Forward trajectories of smoke plumes originated on 6™ April 2010 from

the pre-assigned fire clusters (starting at 03.00 UTC).
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Figure 5.5b Distributing pattern of smoke plumes originated on 6™ April 2010 from

the pre-assigned fire clusters (12-hour forward starting at 10 AM).
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Figure 5.5¢ Distributing pattern of smoke plumes originated on 6™ April 2010 from

the pre-assigned fire clusters (24-hour forward starting at 10 AM).
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Figure 5.5d Distributing pattern of smoke plumes originated on 6™ April 2010 from

the pre-assigned fire clusters (48-hour forward starting at 10 AM).
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Forward trajectories starting at 0300 UTC 07 Apr 10
GDAS Meteorological Data
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Figure 5.6a Forward trajectories of smoke plumes originated on 7™ April 2010 from

the pre-assigned fire clusters (starting at 03.00 UTC).
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Figure 5.6b Distributing pattern of smoke plumes originated on 7" April 2010 from

the pre-assigned fire clusters (12-hour forward starting at 10 AM).
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Figure 5.6¢ Distributing pattern of smoke plumes originated on 7" April 2010 from

the pre-assigned fire clusters (24-hour forward starting at 10 AM).
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Figure 5.6d Distributing pattern of smoke plumes originated on 7 April 2010 from

the pre-assigned fire clusters (48-hour forward starting at 10 AM).
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NOAA HYSPLIT MODEL
Forward trajectories starting at 0300 UTC 08 Apr 10
GDAS Meteorological Data
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Figure 5.7a Forward trajectories of smoke plumes originated on 8" April 2010 from

the pre-assigned fire clusters (starting at 03.00 UTC).
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Figure 5.7b Distributing pattern of smoke plumes originated on 8" April 2010 from

the pre-assigned fire clusters (12-hour forward starting at 10 AM).
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Figure 5.7¢ Distributing pattern of smoke plumes originated on 8" April 2010 from

the pre-assigned fire clusters (24-hour forward starting at 10 AM).

23

ne

20"

g5

¢ g

A
Z

48 hrs. Forward
Starting at 10 AM
08 April 2010

Legend
/7 Boundary, Province
#% Boundary, Country
® Fire Hot Spot
A Fire Group
Dispersion scale

B E-12.000

E-14.000
E-16.000
E-18.000

Kilometers

02550 100 150 200

Figure 5.7d Distributing pattern of smoke plumes originated on 8" April 2010 from

the pre-assigned fire clusters (48-hour forward starting at 10 AM).
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It can be concluded from results reported in Figures 5.3-5.7 that the long-range
dispersion of smok plumes originated from fire sources in Myanmar did have huge
impact on the observal air pollution severity over upper northern Thailand, especiallly
for provinces located along the Thai/Myanmar border like Mae Hong Son, Chiang
Mai, or Chiang Rai. However, provinces located on the eastern side far opposite to the
border (on the west) were also experience this effect like Nan or Payao Provinces. For
eaxmples, after undergoing 24 hour dispersion, the smoke plumes originated on 4t
April shall move northeasward pass the area and cluster densly over the western
provinces like Nan, Payao and Chiang Rai and also in the upper part of Laos (Figure
5.3c). This stated characteristic was strongly supported by the AOD and PM10 maps
derived for 5™ April at about 10.30 AM as depicted in Figures 4.6b and 4.7b, and also
as indicated by green tone in Figure 3.4.

Similarly, the smoke plumes started on 5™ April shall move northeasward and
concentrate mostly over provinces on the upper east like Chiang Rai, Payao and in the
middle like Lampang and in upper Chiang Mai within 24 hours of their release
(Figure 5.4c). This pattern was also reflected in the generated AOD and PM10 maps
on 6" April shown in Figures 4.6¢c and 4.7c. However, it was found that patterns of
the AOD and PM10 distribution on 7™ April (in Figures 4.6d and 4.7d) did not
correspond much to the pattern of existing smoke plumes generated 24 hours erlier on
the previous day (Figure 5.5¢). This is because on this date, the aerosol pollution was
clearly dominant over most provinces on the upper east like Chiang Rai, Payao and
also over the upper parts of Chiang Mai and Nan but none of these were obviously

portrayed on the relevant smoke plume dispersion map.
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This result indicates that the aerosol pollutants observed on this day over the
area migt come from other sources that were not included in the HYSPLIT simulation
or it might be a left-over part of the aerosol material from the previous day (on 6™
April) that was got intensified somehow by the meteorological condition or some
other factors to attain more strength in terms of AOD and PM10 concentration as seen
over the areas stated earlier.

The 24-hr dispersion pattern of plumes originated on 7™ April (Figure 5.6c)
indicates the widespread polluted atmosphere over most parts of the area especially in
the upper part of Ching Mai and in western Lampang. This prediction looks broadly
similar to ones obtained in the AOD and PM 10 maps of the area on g April (as given
in Figure 4.6e and 4.7¢). However, the simulated smoke plume distribution map still
cannot explain the relatively high amount of the PM10 data visible in some provinces
like Nan and Mae Hong Son on this date. Similar to the situation encountered on the
previous date, the 24-hr dispersion pattern of plumes originated on 8™ April (Figure
5.7¢) indicates relatively low aerosol atmosphere for all parts of the study area except
in the uppermost part of Chiang Rai which is generally true for western part of the
study area if compared to the derived AOD and PM10 maps on 9t April (as shown in
Figure 4.6f and 4.7f). However, rather high aerosol pollution can be identified on the
eastern part, especially in Nan and Phare on the PM10 map. This aerosol appearance
still cannot be accounted for by the corresponding dispersion map displayed in Figure
5.7c. Nevertheless, this dispersion map did predict high concentration of the aerosol
polluatants over the upper part of Laos which is strongly supported by the aerosol

map displayed in Figure 3.7.
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In conclusion, the aerosol pollution observed over the study area during 49"
April 2010 is influenced by smoke plumes originated on the western and southwestern
directions of the area the most, especially those located in Myanmar territory. After
being released from their sourced, these plumes would gradually spread out along the
way and often merge together to form a large body of smoke plume which is clearly
visible on the simulated dispersion maps. This intensified smoke plume shall move
continuously under influence of the prevailing regional winds over the area during
that time. And, according to Jiemjai Kreasuwun, Chakrit Chodamornsuk, Pakpook
Ratjiranukool, and Orawan Wirunvedchayan (2008), there are two types of prevalent
wind systems found over the upper northern Thailand during fire season; the northeast
monsoon wind (which is cold and dry) and the southwest monsoon wind (which is
rather humid). The former category would mostly dominate in winter months (January
and February in particular) and in early summer (March) while the latter is observable
from March and April in particular.

Through, it is possible that results found in this study was contributed by the
action of southwest monsoon the most as most identified fire-induced smoke plumes
were exhibited the predominant eastward or northeastward movement during that
time. In general, the plumes can travel for a distance of upto about 300-400 kilometers
per day (estimated from data shown in Figures 5.8-5.15), therefore, it might take
about 1-2 days for them to move across the study area from west to east (about 400
kilometers apart). After releasing from its original source the plume shall be moving
downwind and gradually dispersed along the way. Eventually, they shall completely

dissipated within 2-3 days as suggested from Figures 5.3-5.7.
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5.2 Backward trajectory assessment

In this part, information of the backward trajectories of smoke plumes that
arrive at the aerosol measuring station for each province were examined with two
tasks achieved here. In the first task, back trajectories of all air masses arrived at each
representative stations of the provinces during March 2010, when the worst aerosol
pollution situation occurred, were mapped at the certain time interval of 3, 12, 24, and
48 hours backward. Gained results are reported in Figures 5.8-5.15, respectively. In
the second task, mean back trajectories (over 48 hours) of all air masses arrived at the
referred stations (for each province) during each month of the 2010 fire season, and
during the entire season, were investigated. Results are reported in form of trajectory
maps illustrating six major travelling directions and amount of the associated air mass
(in percent) along each particular direction as described in Figures 5.16-5.17 and

Tables 5.2-5.4, respectively.

5.2.1 Backward trajectory analysis for March 2010

It was found that in case of the 3-hour back trajectory mapping for the Chiang
Mai-CMI station, origins of the identified air mass still locate within the province and
in the neighboring province of Lamphoon at radial distance of less than about 30 km
(Figure 5.8-5.15). Howere, after 12 hours, source locations were extended further
mostly along the west/southwest directions beyond Thai-Myanmar border at radial
distance of about 200 km. And this trend was continued for the longer time steps; i.e.
24 or 48 hours, in which locations of the original sources steadily move deeper into
Myanmar territory. For the 48-hour tracing back, origins of most air mass situate in

southern Myanmar at distance as far as 500 km away.
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Figure 5.8 Back trajectory maps for the CM1 station in Chiang Mai Province (during

March 2010) over the (a) 3, (b) 12, (c) 24, and (d) 48-hour periods.
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Figure 5.8 (Continued -For the CM1 station).
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Figure 5.9 Back trajectory maps for the CR1 station in Chiang Rai Province (during

March 2010) over the (a) 3, (b) 12, (c) 24, and (d) 48-hour periods.
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Figure 5.9 (Continued -For the CR1 station).
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Figure 5.10 Back trajectory maps for the LPA1 station in Lampang Province (during

March 2010) over the (a) 3, (b) 12, (c) 24, and (d) 48-hour periods.
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Figure 5.10 (Continued -For the LPA1 station).
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Tracing back : 3 hrs. Province : Lamphun March 2010
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Figure 5.11 Back trajectory maps for the LPH1 station in Lamphun Province (during

March 2010) over the (a) 3, (b) 12, (c) 24, and (d) 48-hour periods.
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Figure 5.11 (Continued -For the LPH1 station).
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Tracing back : 3 hrs. Province : Mae Hong Son March 2010
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Figure 5.12 Back trajectory maps for the MHS]1 station in Mae Hong Son Province

(during March 2010) over the (a) 3, (b) 12, (¢) 24, and (d) 48-hour periods.
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Figure 5.12 (Continued -For the MHS1 station).
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Figure 5.13 Back trajectory maps for NANI station in Nan Province (during March

2010) over the (a) 3, (b) 12, (c¢) 24, and (d) 48-hour periods.
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Figure 5.13 (Continued -For the NANI1 station).
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Figure 5.14 Back trajectory maps for PH1 station in Phrae province (during March

2010) over the (a) 3, (b) 12, (c¢) 24, and (d) 48-hour periods.
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Figure 5.15 Back trajectory maps for PY1 station in Phayao Province (during March

2010) over the (a) 3, (b) 12, (c¢) 24, and (d) 48-hour periods.
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For the Chiang Rai Province, observed trajectories of the air mass arrived at
the CR1 station had more diverse directions than that of the CM1 station. It was found
that for the 12-hr tracing back, origins of most air masses still located within northen
Thailand but for longer evaluated periods, i.e. 24 and 48 hours, these source origins
were moved further deep inside both neighbouring countries, Myanmar and Laos, at a
distance as far as about 400 kilometers away from the CR1 station (in the 48-hr case).
Domestic sources located far down south at distance of up to 300 kilometers were also
found prominent in this case.

For the Lampang Province, origins of most air masses arrived at the LPA1
station under the 24-hr tracing back were still located within Thailand territory at
distance far as 200 kilometers away. The predominant moving paths are along the
west and southwest directions toward Myanmar territory and along the south and
southeast directions (mostly for domestic sources). This pattern was also shown for
the LPH1 station in Lamphun Province in which the most prominent moving paths are
aligned with west and southwest directions deeper inward the Myanmar territory and
the second prominent one is the southward direction.

For the Mae Hong Son Province (at MHSI station), within the first 12 hours
of the tracing back process, many of the source origins were still found residing in the
country at distance < 100 kilometers away. Hower, for the longer periods, locations of
most sources shall move deepeer in Myanmar territory and they can reach distance of
more than 300 kilometers away for the 48-hr tracing back. At this time period, very
few domestic sources were still identified by the model. The predominant moving

paths are along the west/southwest/south directions.
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For the Nan (at NANI1 station) and Phrae (at PH1 station), they have similar
patterns of the determined back trajectary maps for each time period ranging from 3 to
48 hours, in which, the predominant moving paths of the most air masses are along
the southwest/south/southeast directions. Among these, the southeast portion of the
trajectorie shall have longest distance in average (upto 500 kilometers for the 48-hr
period compared to approximately < 300 km for the majority of other path directions).
Major differece between these two provinces is that, for 48-hr period, Nan shall have
much less impact from the sources in Myanmar (no source origin identified) than that
of Phare due to its location which is more further away from Myanmar border on the
far west than that of Phare.

For Phayao Province (at PY1 station), the predominant moving paths are not
specifically clustered but distributing along the west/south/east directions as seen in
Figure 5.15. For the first 24-hr period, the air mass trajectoris were found originated
from the domestic sources within the country only, but influence of the foreign
sources situsated in Myanmar was more apparent on the resulted map of the 48-hr
back trajectory analysis (due to rather long distance of nearly 400 km of the identified
trajectory paths moving toward Myanmar).

In conclusion, during March 2010, the most prominent moving paths of the
exmined air masses in the area were along the west/sothwest/south direction toward
the referred station which is likely due to influence of the strong southwest monsoon
wind usually experianced during that month. Long-distance travelling of the polluted
smoke plume originated from the original sources in southern and weatern Myanmar

shall have impact to most provinces in the area eventually.
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5.2.2 Backward trajectory analysis for 2010 fire season

In this part, mean back trajectories (over 48 hours) of air masses arrived at the
referred stations for each province during 2010 fire season were investigated. Results
are reported as trajectory maps illustrating six major travelling directions and amount
of the associated air mass (in percent) along each particular direction as described in
Figures 5.15-5.18 and Tables 5.2-5.4, respectively.

It was foud that, for the entire season, the most dominant directions are west
and southwest (as shown in Figure 5.18). Among eight studied provinces, five of them
are predominated by the southwestward trajectory, i.e. Chiang Mai (70.5%), Lampang
(60.5%), Mae Hong Son (84%), Nan (46.9%), Phrae (46.3%). And the other three are
mostly in favor of westward movements, i.e. Chiang Rai (46.2%), Lamphun (69.7%),
Phayao (44.2%). From results of the monthly analysis detailed in Tables 5.2 and 5.3,
they lead to the summarize of the predominant directions for each province (and each
month) as described in Table 5.4.

In can be concluded from this study that high amount of aerosol pollutants
observed during 2010 fire season over eight provinces of upper northern Thailand
might be originated from both domestic sources located further away down south of
the referred station (especially for provinces in the lower part of the area like Phayao
or Phare) or the foreign fire sources located beyond the border deep into territory of
the neighboring countries, i.e. Myanmar and Laos. The fire events in Mynmar should
be of the most worried as they occur in substantial amount each year and the released
smoke plume can be effectively carried into the area along the west or southwestern

directions under the influence of prevailing southweast monsoon.
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Table 5.2 Percentage of total data associated to each mean back trajectory (or cluster)

for each month (from Figure 5.15). Note: DIR = Direction.

January February March April

Province  Cluster
DIR % DIR % DIR % DIR %

1 N 34 SW 45.0 SwW 21.1 SwW 13.3

2 S 20.7 A\ 17.5 SW 15.8 SW 13.3

Chiang 3 E 20.7 SW 5.0 W 21.1 W 26.7
Mai 4 S 10.3 SW 10.0 SW 21.1 SW 20.0
5 NwW 31.0 A\ 10.0 S 15.8 SW 13.3

6 SW 13.8 SW 12.5 A\ 53 Y 13.3

Cluster ~ DIR % DIR % DIR % DIR %

1 NW 24.1 SwW 35.0 SwW 27.8 W 20.0
2 SE 13.8 SE 15.0 NW 16.7 W 133
Chiang

Rai 3 E 20.7 NW 15.0 S 16.7 Sw 133

4 W 13.8 S 10.0 W 11.1 W 13.3

5 S 10.3 SwW 5.0 SwW 222 W 6.7

6 E 17.2 Y 20.0 NW 5.6 W 333

Cluster ~ DIR % DIR % DIR % DIR %

1 N 13.8 W 32.1 W 29.6 SwW 20.0

2 S 17.2 S 7.1 SE 14.8 SwW 133

Lampang 3 E 24.1 NwW 17.9 W 18.5 SW 20.0
4 SE 20.7 W 25.0 S 11.1 Sw 133

5 W 13.8 E 7.1 E 3.7 SwW 133

6 NE 10.3 SwW 10.7 W 222 SwW 20.0

Cluster ~ DIR % DIR % DIR % DIR %

1 N 3.4 NW 14.3 W 333 Sw 26.7

2 S 27.6 W 17.9 S 10.0 W 26.7

Lamphun 3 E 31.0 NwW 28.6 S 10.0 SwW 6.7
4 S 10.3 W 7.1 NwW 13.3 SwW 20.0

5 NW 13.8 Y 25.0 W 20.0 SwW 6.7

6 NwW 13.8 N 7.1 SW 13.3 A\ 13.3




Table 5.2 (Continued).

January February March April
Province  Cluster

DIR % DIR % DIR % DIR %
1 N 10.3 SW 28.6 SW 13.0 SW 10.5
Mae 2 N 37.9 NE 9.5 Sw 26.1 Sw 26.3
Hong 3 W 17.2 Sw 23.8 SwW 21.7 W 21.1
Son 4 SE 13.8 Y 4.8 w 4.3 SwW 10.5
5 E 10.3 Sw 19.0 Sw 21.7 SW 15.8
6 Sw 10.3 NE 14.3 SwW 13.0 SwW 15.8

Cluster ~ DIR % DIR % DIR % DIR %
1 E 35.7 SwW 26.9 S 222 S 20.0
2 SW 214 SE 7.7 Sw 44.4 S 20.0
Nan 3 SE 10.7 Y 19.2 S 5.6 S 20.0
4 S 10.7 SE 15.4 S 16.7 S 10.0
5 SE 17.9 NwW 3.8 S 5.6 S 20.0
6 NE 3.6 SwW 26.9 Sw 5.6 S 10.0

Cluster ~ DIR % DIR % DIR % DIR %
1 N 10.3 SwW 28.6 S 16.7 S 133
2 NE 17.2 E 14.3 E 6.7 S 133
Phrae 3 E 34.5 S 21.4 SwW 26.7 S 133
4 SE 13.8 Sw 25 SE 233 S 6.7
5 E 6.9 SE 3.6 S 16.7 S 20.0
6 S 17.2 S 7.1 S 10.0 S 333

Cluster ~ DIR % DIR % DIR % DIR %
1 N 6.9 NW 32.1 Sw 51.7 SW 20.0
2 SE 24.1 S 7.1 SE 17.2 S 20.0
Phayao 3 NwW 13.8 W 35.7 S 17.2 W 133
4 NE 18.8 N 7.1 NW 6.9 S 20.0
5 NW 13.8 SE 10.7 NE 3.4 W 20.0

6 SE 27.6 Sw 7.1 SE 3.4 S 6.7
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Table 5.3 Predominant directions for each province during 2010 fire season.
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Provinces
Month  Order
CR LPA LPH MHS NAN PH PY
1 S/NW  NW E S N E E SE
January
2 E E SE E W SE NE/S NW
1 SW SW W SwW SwW SwW W
February
W W NW NwW NE W S NwW
1 SW SW W W SwW S S SwW
March
2 W NwW SE S W SW SW SE
1 SW W SW SwW SwW S S S
April
Y SwW - W W - - Y

Table 5.4 Percentage of total data associated to each mean back trajectory (or cluster)

for the 2010 fire season (from Figure 5.16). Note: DIR = Direction.

Chiang Mai Chiang Rai Lampang Lamphun
Cluster
DIR % DIR % DIR % DIR %
1 Sw 20.5 SwW 17.9 SwW 27.9 Sw 16.3
2 S 13.6 S 10.3 S 4.7 NwW 14
3 W 15.9 NwW 17.9 SwW 32.6 W 20.9
4 SwW 38.6 W 35.9 W 18.6 4 25.6
5 SwW 23 Y 10.3 NW 11.6 W 20.9
6 SwW 9.1 SE 7.7 E 4.7 w 2.3
Mae Hong Son Nan Phrae Phayao
Cluster
DIR % DIR % DIR % DIR %
1 SwW 13.6 S 30.6 S 15.5 W 44.2
2 Sw 29.5 SE 4.1 E 9.7 S 9.3
3 NwW 13.6 SwW 30.6 SwW 243 NwW 233
4 SwW 25.0 SwW 16.3 SwW 223 SE 7
5 Sw 15.9 S 10.2 E 12.6 N 4.7
6 Y 23 SE 8.2 S 15.5 Sw 11.6
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CHAPTER VI

CONCLUSIONS AND RECCOMENDATIONS

This chapter summarizes the achievements of all the works carried out in this
thesis in accordance with the three objectives stated in Chapter I, which are, (1)
evaluation of the apparent relationships of the MODIS-based parameters (and
AERONET-AOD) and reference PM10 data, (2) derivation and application of the
daily NDAI, AOD, PM10 and AQI maps over the study area and (3) application of
the HYSPLIT model to the analysis of the fire-induced smoke plume trajectory and
dispersion pattern for the 2010 fire season (both forward and backward analysis).

Details are as follows.

6.1 Relationships of MODIS-based parameters and PM10 data

The study found a rather strong relation (in terms of R?) between the MODIS
spectral reflectance radiance in the blue band and reference PM10 data in the near-
ground air layer (R* = 0.71). The longer wavelength data, i.e. green and red bands,
demonstrate lower significant levels (with R* = 0.616 and 0.563, respectively) and the
MIR band exhibit the least relation (with R* = 0.029). The linear relationship
functions found also support traditional believe that the shorter wavelength should be
the most sensitive to changes of the aerosol mixture in the lower atmosphere.

Other chosen parameters also yield satisfactory relationships to the reference

PMI0 data in use; i.e. the AR (Blue) (R* = 0.667), NDAI (R* = 0.661), MODIS-AOD



225

(R* =0.72), BAER-AOD (R” = 0.784) and the AERONET-AOD (R = 0.86). Among
these, the BAER-AOD was considered as being the optimal parameter, due mainly to
its high relation level to the reference PM 10 data and its high potentiality to formulate
the AOD and associated near-ground PM10 maps at a fine spatial resolution of 500 m,
which is preferred in the subsequent works (including AQI mapping).

Apart from the aforementioned quality, BAER-AOD data were also found to
have a strong relation to the concurrent AERONET-AOD data (R* = 0.828) with

nearly a 1:1 fit to each other based on the following relation:
AERONET = 1.05(BAER) - 0.061. (6.1)

The R* of 0.828 achieved here is fairly comparable to those attained in other reports In
addition, MODIS-AOD was also found to have a strong correlation to AERONET-
AOD (R*= 0.832), but it was not in favored here due to its coarse resolution of 10

km.

6.2 Derivation and application of NDAIL, AOD, PM10 and AQI maps
In this part, the NDAI maps were produced and applied first to the study area.
NDALI is a new air quality index introduced in this thesis for being a primary indicator

of the aerosol pollution severity level found over a particular area. Its definition is:

_ Blue-0.25MIR
Blue + 0.25MIR

NDAI (6.2)

The strong points of NDALI are that it is easy to calculate (from MODIS radiance data)

and its relation to the reference PM10 data:

PMI10 = 300.6NDAI + 4.527, (6.3)
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is rather strong (R* = 0.661) with low bias at low NDAI values. Its normalized values
of -1 to 1 with potential ranging from 0 to 1 for the aerosol-polluted atmosphere make
it easy to interpret (like the NDVI parameter that is used for quantifying the amount
of vegetation cover over a particular area). In addition, frequent update of the MODIS
radiance data (up to four times per day) is also an appealing outlook of the parameter.
Relation of the NDAI-derived PM10 data to the actual PM10 data examined during
4™.9™ April 2010 attained an R? of 0.648 and mean absolute error (MAE) of 10.78%
which are considered acceptable.

Then, the AOD maps during 4™-9"™ April 2010 were formulated for the entire
study area using the BAER method with spatial resolution of 500 m, which has rarely
been achieved before from the previous studies after an extensive literature review.

In this study, standard MODIS-AOD maps at resolution of 10 km were also prepared
and then compared with the derived BAER-AOD maps of the same date. It was found
that, in general, AOD maps generated from both sources are rather similar in terms of
distributing pattern, despite the substantial difference in their spatial scales. However,
the BAER-AOD maps were found much superior in terms of the fine details of AOD
information, due to their much better resolution (about 20 times better).

The PM10 maps for the entire study area were then produced from the derived

BAER-AOD maps using the found relation:

PM10 = 227.8(BAER-AOD) + 1.167. (6.4)

These maps were found having impressive agreement to the actual observed data over
the same period with R* of 0.744 and MAE of 2.2%. It was found from these derived

PM10 data that during the 4™-9™ of April 2010, most areas of upper northern Thailand
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were experienced severe aerosol pollution, especially for provinces located on eastern
region of the area, i.e. Nan, Phayao and Chiang Rai. Upper parts of Chiang Mai, Mae
Hong Son, Lampang and Phrae were also encountered continuous aerosol pollution.
More than 90% of the PM10 data are in range of 100-300 pug/m’ with peak values at
175-200 pg/m’. Urban area was found more polluted than other LULC types.

This kind of the satellite-based PM10 density map with the spatial resolution
of < 1 km has never been reported in the reviewed literature before and this should
hugely benefit routine monitoring of the aerosol pollution situation from local to
global scales on a daily basis (due to frequent update of the MODIS image mentioned
earlier). However, robust use of the BAER-AOD and its associated PM10 mapping
method described here still needs to be verified in further works over different

locations or different episodes of fire-induced aerosol pollutions of interest.

Derivation and application of AQI data maps

The daily AQI maps for the entire area were produced from the derived PM10
maps (from the BAER-AQOD data) based on four chosen methods: PCD standard (for
Thailand), US-EPA standard, UK standard and the newly-proposed system. The latter
was designed to highlight the PM10 regulating targets introduced by the WHO and to
serve as a compromise between the EPA-standard (with rather broad AQI category)

and UK standard (with rather narrow AQI category). This system comprises of twelve
AQI bands to accommodate observed PM10 data from 0 up to 400 ug/m3, principally,
with bandwidth of 20 to 50 ug/m3. The focus was on the indexing of the PM10 data

ranging between 100-300 pg/m3, which were found the most during the study period.

The new system provides five AQI bands to quantify them (Bands 5-9) while the PCD
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gave just approximately one, as did the UK standard, while the US-EPA system gave
approximately three bands.

It was found that, the newly-proposed system worked substantially better than
other listed systems, especially the PCD and UK systems, as it could provide better

details on the general outlook of derived AQI maps for the area. This information is

very limited by the use of the PCD or UK standards for PM10 data of 100-300 pg/m3
as only small variations can be detected using the PCD system (only a single AQI
band mostly identified) and none can be detected using the UK standards (always
only one class identified). The use of US-EPA standard gave more dynamic results on
the variation of AQI conditions over the area (with three AQI bands available), but

still not as good as the newly-proposed system. The most dominant AQI situations
discovered from the study are Band 7 (for PM10 = 151-200 ug/m?’) and 8 (for PM10

= 201-200 ug/m3); both bands are classified into the “High” category of this newly-
established system. In terms of associated health impact, these situations might be
harmful for sensitive group (like children or people with respiratory or lung diseases)
similar to the “Unhealthy (for sensitive group)” category being used in the US-EPA
standard.

The proposed system is considerably useful for the monitoring of air quality
level over large region from local to global scale on daily basis (due to wide covering
area and frequent update of the MODIS imagery) to gain comprehensive overview of
the aerosol pollution situation at fine scale of 500 m, which is still not commonly
fulfilled by other methods known so far. The gained aerosol density map that is
classified into 12 levels (or AQI bands) of PM10 concentration under the procedure

described in this thesis can be related directly to the pre-evaluated potential health
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effects that might be experienced by the people over a particular area. This
information can draw the public’s attention to the actual situation of the aerosol

pollution problem and to raise awareness on its possible impact as well.

6.3 Applications of HYSPLIT model

According to the MODIS active fire maps covering the entire area during the
gt gh of April, 2010, more than 2500 active fire locations were identifed both within
and outside the study area. About 90% of these observed fires located beyond the
Thai border where about 40% were situated within Myanmar territory and about 30%
in Laos. The forward analysis by the HYSPLIT model indicates that the long-range
dispersion of the smoke plumes that originated from fire sources in Myanmar did
have a huge impact on the air pollution severity seen over upper northern Thailand,
especiallly for provinces located along the Thai/Myanmar border like Mae Hong Son,
Chiang Mai, or Chiang Rai. However, provinces located on the eastern side far
opposite to the border like Nan or Payao (on the west), also experienced this effect.

In conclusion, the aerosol pollution observed over the study area during the
49" of April, 2010 was influenced by smoke plumes that originated to the west and
southwest of the area the most, especially those located in Myanmar territory. After
being released from their original sources, these plumes would gradually spread out
along the way and often merge to form a large body of aerosol layer that moved
continuously under the influence of the prevailing regional winds over the area during
that time, which are the northeast monsoon and the southwest monsoon winds. This
study indicated that movements of most plumes were under strong influence of the

southwest monsoon, which resulted in the predominant eastward or northeastward
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traveling pattern reported during that time. In general, the plumes can travel for long
distances of up to 300-400 kilometers per day and be move along the controlling wind
system before thet completely dissipate within 2-3 days.

According to the back trajectory analysis, the most predominant directions of
air mass movement for the 2010 fire season were from the west and southwest.
Among the eight studied provinces, southwestward movement was found most
superior in five of them, i.e. Chiang Mai (70.5%), Lampang (60.5%), Mae Hong Son
(84%), Nan (46.9%), Phrae (46.3%). The other three mostly experianced the
westward movements, ie. Chiang Rai (46.2%), Lamphun (69.7%) and Phayao
(44.2%). Dominancy of the SW movement was most recognised in March and April
for most provinces. In general, for the 3-hr tracing back, most identified sources
situate within radial distance of about 30-40 km distance from the referred station.
This distance was then extended to be about 70-100 km and 150-200 km for the 12-hr
and 24-hr periods, respectively. For two-day tracing back (48-hr period), locations of
the source origins were found at the radial distances of about 300-500 km from the
considerred station moving deeper within the territory of the neighboring countries,
mostly Myanmar.

It can be concluded that, the high amount of aerosol pollutants observed
during 2010 fire season over eight provinces of upper northern Thailand might have
originated from both domestic sources of fire activities located south of the preferred
station (especially for provinces in the lower part of the area like Phayao or Phrae) or
from the foreign fire sources located beyond the Thai border deep into territory of the
neighboring countries, i.e. Myanmar and Laos (mostly Myanmar). The fire activities

in Mynmar should be of the most worrisome as they occur in substantial amounts
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each year during fire season and the released smoke plume can be effectively brought
into the area from the western or southwestern directions under the influence of
prevailing southweast monsoon, especially in March and April. As a consequence,
more detailed investigation on this issue should be carried out in the near future. The
result of the foregoing is useful in assessing the probability of obtaining effect from
pollution sources of the receptor at different times and its easier to manage the

surveillance area.

6.4 Recommendations

The work achieved in this thesis provides initial results on the applications of
several standard and newly-proposed methods to the study in field of aerosol pollution
monitoring and mapping at a spatial scale of < 1 km, and also on the AQI mapping
and implementation for the benefit of public health as a whole. These results indicate
very promising usefulness of all the proposed methods or systems in their respective

fields and the recommendations for possible further work are as follows.

(1) Applications of the daily BAER-based PM10, AQI maps and population
data to estimate the number of people at risk from the aerosol pollution during the fire
season and also to predict aerosol-related hotspots, in terms of health concerns, over
the region of interest for further prevention and mitigation planning.

(2) Integration of the BAER-based AOD and PM10 maps with data from other
sources, like ground-based lidar or CALIPSO satellite, to accumulate more in depth

knowledge of aerosol pollution structure and evolution over the area.
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(3) Application of the HYSPLIT model to simulate consequences on air
quality degradation from the releasing of large smoke plumes from some assumed
incidences, e.g. an expansive forest fire in Myanmar over some particular area.

(4) Integration of a BAER-based AOD/PM10 mapping method and the
HYSPLIT model to examine potential sources and evolution of the high aerosol

pollution found at some cities in Thailand, like Bangkok or Chiang Mai.
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APPENDIX A

AEROSOL SIZE DISTRIBUTION AND RELATED

OPTICAL PARAMETERS

Basic knowledge in the aerosol size distribution and related optical parameters
is given in Ku$mierczyk-Michulec (2011) and its main content is presented here for
being reference to the satellite-based PM observations described in Chapter II.

The aerosol size distribution can be addressed in terms of three distribution
functions: the number size distribution N(7), the volume size distribution V(r), and the
mass size distribution m(r). In each case the lognormal function is typically used and
details are presented, e.g., by Seinfeld and Pandis (2006). Among these, the aerosol

number size distribution for a given aerosol type can be written as follows:

dN(r) N, _(lnr—lnrn)z
Tir —Gmexp{ Y } (A.1)

where r is the particle radius, 7, is the median radius, ¢ is the standard deviation and
N, is total particle concentration and dN(r) is fraction of total particles with radius in
the range r and r+dr. From the number size distribution (Eq. C.1), an effective radius

Resr (in pm) can be derived directly using the relation:

dinr
dlnr . (A.2)

of =
'[rz dNr dinr
dinr

5 dNr
R jr

By definition effective radius is an area-weighted mean radius of the aerosol particles.

This paremeter is a very useful in characterization of the aerosol mixtures.
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To characterize the size of atmospheric particles, aerosols are usually divided
into three modes: Aitken mode (diameter < 0.5 um), accumulation mode (0.5 to 2.5
um), and coarse mode (> 2.5 pm) (Figures C.1). The Aitken and accumulation modes
are collectively referred to as fine particles. Human produced emissions (e.g biomass
burning) are examples of small mode aerosols. Example of the coarse mode particles

are the desert dust particles (IACETH, 2012).

5 %
L
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T Y

L] jJ‘
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Figure A.1 Three typical aerosol modes regarding to their size (Brasseur, Prinn, and

Pszenny, 2003).
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Assuming that particles are spherical the following relation can be used to

calculate the mass concentration PM at the surface in (ng/n’):

4 e 3 AN(F)
PM =— R ) | A3
3Ly 4 (A-3)

where p is the acrosol mass density in (ng/cm’). And the aerosol extinction coefficient

o(A) (in km™) can be calculated from the number size distribution:

o) =x["rQ,, AN 41 (A.4)

nin dlnr
where 4 is wavelength and Q.. is the extinction efficiency factor, being a function
of the complex index of refraction. The coefficient Q. can be calculated according to
algorithm given by Bohren and Huffman (1983). The size-distribution integrated

extinction efficiency <Q../> is defined as (Hansen andTravis, 1974):

J‘Vmaxer dN(r)dln]/'

o= S o
j 2 7rd Inr
Tinin dinr

The extinction coefficient integrated over the whole column of atmosphere is a

dimensionless parameter and it is called the aerosol optical thickness (AOT):

AOT (1) = j " o(Az)dz (A.62)

or AOT (1) ~ j " o(Dfz)dz (A.6b)

where o (1) is the aerosol extinction coefficient for wavelength A, z is altitude, f(z) is
vertical distributing function of the considered aerosol, and Zmin, Zmax are the lower and
upper altitude of air thickness to be included in the integration (where a given aerosol
type can be found), respectively. Variation of the extinction coefficient with the

wavelength can be presented in the form of a power law function:
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o(A)= B A" (A7)
where o(A) is the extinction coefficient at wavelength A and S, is a proper constant.
The constant « is a well-known parameter called the Angstrém exponent (also known
as Angstrom coefficient or Angstrdm parameter). For molecules, it is about 4 and
varies between about 0 and 2 for particles (Wagner and Silva, 2007).

The same type of relation is also valid for the aerosol optical thickness:

AOT(A) = B A (A.8)

where AOT () is the AOT at wavelength A and Byor is called the Angstrom turbidity
coefficient which equals to the AOT at 1 pm and also corresponds to the particle load.
Usually, this parameter is determined in the spectral range from 440 nm to 870 nm.

From the set of Eqs. A.2-A.6, the following relation between PM and AOT

can be derived:

PM=E&AOT (M) (A.8a)
where coefficient & is defined as:
Eungdifiat (A.8b)
3<Qext >H

and the vertical distribution H is given by:

H= j " fz)dz. (A.8¢)
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ADDITIONAL MODIS-BASED DAILY DATA
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Figure B (Continued).



450000
1

500000 SSUD?ﬂ CDOM;IO

Siﬁﬂ:ﬂ TDDI]?I) 7500?0

22500.00
si
m

zmolon 22000[&0

20600I00 2100000

2000000

wsm;lou

0 10 20 40 0

1900(0.00

80

T
2250000

T T
2150000 2200000

T
2050000 2100000

2000000

Legend

Value o Ground Base Sta

.mgn:am 3 cloud

.Lcm:o

T
1950000

T
1900000

JENI!ID INMI)O 45!10:)0 soom'n SSI]D(IW GDCIIH'W 5500"50 TDﬂﬂaﬂ 7500('!0
th
24" March 2010
3500?0 UCW‘IW - 1500?0 5000;” 5500:?0 600000 G.'}O«IW 7000(')0 750II30
N

2250000
éi
m

EDWOIOD ZGW Z\Dﬂ:ﬂﬂ 21Mﬁ:)0 ZPOOGIM
L
w»
! 1.

|55ﬂf:ﬂﬂ

T T T T
2050000 2100000 2150000 2200000 2250000

T
2000000

T
1950000

\ b Value o Ground Base Sta
(¢ :
I N HON: 300~ ciua
Kilometers 1
Elown w = .Low:n s
g T T T T T T [ ] ¢ ] g
350000 400000 450000 500000 550000 600000 650000 700000 750000

Figure B (Continued).

25" March 2010

271



350000 40000 450000 510000 550000 500000 550000 700000 750000
e
N =iy
£ HE
2 g
= =
S+ ]
& g
< =
2 ]
2 2
< =
R =
2 H
g g
g H
=
£+ FE
2 H
g g
2 H
Legend
= =
£ rs
g Value o GroundBase Sia | £
P iigh - 300 €3 oo
= =
g1 owxw 4o e & .Low:o ]
s
§ T T T T T T 1 1 : 4 g
350000 400000 450000 500000 550000 500000 650000 700000 750000
ss0000 400000 450000 500000 550000 600000 650000 Too000 750000
cR2
=3 N N =3
2 =
8 &
8 w E &
CR1
5 s . Lg
= =4
8 . 8§
s ) <
\ 3
2] b Lg
g i :
- { By } P -
i 9 v
5 o o e s
y y I
& ANt &
-
=3 2 =3
] . L
2
> &
,. % o
% % b %
= Legend
2 / ‘ 2
g- 5 | > F2
H Value o Ground Base Sta | §
P igh : 300 73 cloud
Kilometars
2 s
Elona © & @ . Low: 0 2
g g
2 g

T
350000

Figure B (Continued).

T T T
400000 450000 500000 550000 600000

27" March 2010

T T
650000 700000 750000

272



273

350000 400000 450000 500000 550000 500000 650000 700000 750000
N
gl L2
g . g
N w >E - 5]
s S Rl s
8. 5 ' . =1
2 4 g
H g
8 " &
= E o s
24 3 - & F2
2 : = & 2
2 WS 1 [ b 2
= ) W ~
g [ e |=
2 : Y g
2 2
~ { HNANT o~
{ { o y o
g s
=3m e
2 ¥ 2
8 8
4 Pt -
2 & % ® 2
2+ s FE
g 1 g
g \ g
2 L £
$ ) Legend
g A | 8
S g 2
H ¢ Value o Giound Base Sta | &
P high : 300 3 Cloud
Kilometars =
= =
S 01020 40 60 80 . Low : 0 S
2 2
2 2
2 T T T T T T T T T 2
350000 400000 450000 500000 550000 600000 650000 700000 750000
28" March 2010
354]0?0 400(“.]0 45"0?0 WUU‘IW 5500?\] GUW?U 550090 7U‘DU|.JU 750?0
7
N .
8] 1S
g g
8w E - B
s S F g
g b . =]
H g
& &
=3 -t £
2| - L2
g - 2
2 e i 2
- " | 8
. g
= =
2+ -2
2 4
2
& (=15] NN b
" -
Ov2 > .
-3 PH d | £-3
24 4 S
2 3 8
& S &
p n.
! s v
g4 . L f %3
2 . 8
g ” g
g g
| Legend
8 L8
2 value o Ground Base Sta | 2
M high - 300 7 choud
Kilometers.
§- 0 10 20 40 60 80 . Low: 0 -§
B B
s 2
E T T T T T T v v v E
350000 400000 450000 500000 550000 600000 850000 700000 750000

29" March 2010
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Figure B (Continued).



APPENDIX C

VALIDATION OF DERIVED PM10 MAPS

Table C.1 Error estimation for the NDAI-based PM 10 maps.

Province Actual and derived PM10 data pairs at each province (unit: pg/m3) AVSEge
PM10 1 2 3 4 5 6 7
Actual 190 137 183 202 221 184 186

CM Derived 160 114 178 208 224 180 194 659
DIF(%) 1579 1679 273 297 136 217 430
Actual 165 150 179 203 242 275 229

CR Derived 122 118 176 211 219 215 225 123
DIF (%)  26.06 2133 1.68 3.94 950 21.82 1.75
Actual 100 88 140 104 114 105 118

LPA Derived 86 100 135 150 90 146 9] 22.63
DIF(%) 1400 13.64 3.57 4423 21.05 39.05 22.88
Actual 188 133 175 204 230 178 162

LPH Derived 185 111 177 204 228 177 148 419

DIF (%) 1.60 1654 1.14 000 0.87 0.56 8.64

_[pM10

. - PMI OActual
Note: DIF = Difference. DIF (%) =

Derived X 1 OO%
PM10

Actual



Table C.1 (Continued).

276

Actual and derived PM10 data pairs at each province (unit: ug/m3)

Province Mo
PM10 1 2 3 4 5 6 7 DIF
Actual 167 107 183 210 230 136 337

MHS Derived 124 92 171 209 233 140 281 967
DIF(%) 2575 1402 656 048 130 294 16.62
Actual 188 139 178 199 216 187 171

NAN Derived 142 117 173 197 214 192 168 107
DIF (%) 2447 1583 2.81 101 093 267 175
Actual - - - = - - -

PH Derived - - - - - - - -
DIF (%) - - . - - - -
Actual 150 135 168 179 210 150 217

PY Derived 110 103 168 190 214 110 153 1337
DIF (%) 2667 2370 0.00 6.15 190 26.67 29.49

Mean absolute error (MAE) = 17.59 (from Eq. 4.3)




Table C.2 Error estimation for the BAER AOD-based PM10 maps.

277

Actual and derived PM10 data pairs at each province (unit: pg/m3)

Province I(S‘\]/)eﬁ;ge

PM10 1 2 3 4 5 6 7
Actual 1297113 135 172 163 220 199

CM Derived 127 114 14y 177 182 223 195 4.19
DIF (%) 155 088 444 291 1166 591 201
Actual 173 203 201 150 182 236 280

CR Derived 165 204 201 148 200 222 233 38
DIF (%) 462 049 000 133 989 593 1679
Actual 89 192 148 140 189 143 104

LPA Derived g3 206 158 142 210 164 122 9.33
DIF(%) 674 729 676 143 11.11 1469 17.31
Actual 151 130 132 176 141 208 179

LPH Derived 114 141 156 186 135 218 177 6.90
DIF(%) 579 846 1818 568 426 481 1.12

Note: DIF = Difference. DIF (%) = |PM10Derived —PM1Orcua x100%

PM10

Actual
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Table C.2 (Continued).

Actual and derived PM10 data pairs at each province (unit: pg/m3)

Province A\Si;ge
PM10 1 2 3 4 5 6 7
Actual 133 145 210 184 114 223 171
MHS Derived 121 132 195 179 127 225 160 065
DIF(%) 902 897 704 272 114 09 643
Actual 114 219 174 109 230 120 117
NAN Derived 199 241 171 113 250 134 117 687
DIF (%) 1228 10.05 172 367 870 1167 0.0
Actual 80 246 144 - } } .
PH Derived 73 252 164 - ) ) ] 8.36
DIF (%) g75 244 1389 - - - )
Actual 200 195 258 142 138 170 222
PY Derived 194 190 242 140 140 193 210 605

DIF (%) 118 256 62 141 145 1353 541
Mean absolute error (MAE) = 6.62 % (from Eq. 4.3)
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