ABSTRACT
ARI AKDEMIR, ECE. Impact of Wildfire Plume Transport on Air Quality in Australia: Integrated
Ground Based Measurement and Satellite Analysis. (Under the direction of Dr. William Battye
and Dr. Viney P. Aneja).
Wildfires (bushfires) relate to Australia’s ecology and culture. This is due to the highly
flammable biota and a shortfall of precipitation in Australia. These wildfires affect air quality
and emit ammonia (NH3) and particulate matter among other pollutants. NH3 has an important
role in environmental balance. NH3 can contribute to the formation of fine particulate matter
(PM2.5) which can penetrate into human body systems such as the lungs; thereby causing
detrimental impacts on human health. Long-term exposure to PM2.5 significantly affects the
quality of life, causing cardiovascular heart conditions, exacerbates lung condition, and increase
deaths and hospital admissions. In addition to health impacts, PM2.5 leads to environmental
damage. When plumes are created due to wildfire, visibility also decreases. Wildfires cause
depletion of the nutrients in the soil while damaging sensitive ecosystems and contributing to
acid rain. In the past century, the occurrence of wildfires has increased. From November 2019 to
January 2020, Southeast Australia faced devastating wildfires. The objective of this study is to
analyze the air quality impact on Southeast part of Australia and Southwest New Zealand
associated with Australia wildfires that occurred from 29th December 2019 to 4th of January
2020. The emission of NH3 and PM2.5 (the two major air pollutants) were analyzed using satellite
products from the Moderate Resolution Imaging Spectroradiometer (MODIS), Fire Information
for Resource Management System, and the WORLDVIEW system. Daily calculated NH3
emission ranges from 1.4*106 kg/day to 19.3*106 kg/day. The daily flux of NH3 in the burned
area fluctuates between 1.4 g/m2/day and 3.7 g/m2/day. Moreover, daily calculated PM2.5
emission varies between 27.7*106 kg/day and 265.7*106 kg/day. Lastly, the daily flux of PM2.5

ranges from 27.1 g/m2/day to 51.5 g/m2/day. HYSPLIT model was used to model transport and
distribution of wildfire plume and to calculate the concentration of PM2.5 and NH3 downwind.
The impact of PM2.5 in the Southwest shore of New Zealand, the Southeast shore of Australia,
and the inner part of Australia are calculated by HYSPLIT outputs. HYSPLIT outputs were
compared with PM2.5 data obtained from the ground measurement sites. Hourly PM2.5
concentration in ground measurement sites was examined from 29th of December 2019 through
4th of January 2020. Hourly measured PM2.5 concentrations reached 2,496.1 μg/m3 in Australia.
For New Zealand, hourly maximum PM2.5 concentrations reached 48.83 μg/m3. On January 1,
2020, from 12 AM to 12 PM, a wildfire plume was observed around the Australia Capital
Territory (ACT) region. During that timeline PM2.5 concentrations measured as 1,500 μg/m3 in
the Florey monitoring site and it reached 2,500 μg/m3 during January 5, 2020, from 12 AM to 12
PM. HYPLIT output for January 1 and 5, 2020 from 12 AM to 12 PM shows that PM2.5
concentrations higher than 1,000 μg/m3. Based on this analysis, HYSPLIT output results are
consistent with the measured concentration of PM2.5. Modeling the distribution and transport of
PM2.5 is important to understand the potential impact on human health and the environment to
help develop emergency plans.

© Copyright 2021 by Ece Ari Akdemir
All Rights Reserved

Impact of Wildfire Plume Transport on Air Quality in Australia: Integrated Ground Based
Measurement and Satellite Analysis

by
Ece Ari Akdemir

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Marine, Earth, & Atmospheric Science

Raleigh, North Carolina
2021

APPROVED BY:

_______________________________
Dr. William Battye
Committee Co-Chair

______________________________
Dr. Markus Petters

_______________________________
Dr. Viney Aneja
Committee Co-Chair

DEDICATION
I dedicate this thesis to my lovely husband Kerem and my family. Thank you for always
supporting me. Whenever I need you, you are always there. You always guide me on my path.

ii

BIOGRAPHY
Ece Ari Akdemir was born in Ankara, Turkey on Nov 4th, 1991 to parents Hüseyin Ari and
Kıymet Ari. They moved to Antalya one year after her birth. During her childhood, she was
interested in swimming, drawing, and photography.
She graduated in 2009 from high school and attended the Middle East Technical University
to pursue her Engineering degree in Environmental Engineering. After she graduated with a Bachelor

of Science degree from Middle East Technical University, she started her Master of Science in
Environmental Engineering in the same department. She finished her master’s education in 2019.
Then, she came to the United States to pursue a Master of Science in Atmospheric Science at North
Carolina State University, Raleigh, NC.

iii

ACKNOWLEDGMENTS
I am honored to thank and acknowledge all the people who helped me make this thesis a
reality. Firstly, I would like to express my gratitude towards my committee co-chairs, Dr. Viney
Aneja and Dr. William Battye. Thank you for your valuable support and patience throughout this
study. This thesis would not have been possible without them. I would also like to thank my
committee member, Dr. Marcus Petters, for his understanding and contribution.
Next, I would like to thank my family and friends by my side. They have provided full
support to me, and I owe them a debt of gratitude. Throughout my master’s degree and this study,
all the members of the air quality research group, Alberth, Lugwaa, Brandon, and Michael have
guided me to avoid mistakes, which lead me to accomplish this study. I would like to thank them
for all their support and valuable friendship.
Finally, I would like to thank my husband, Kerem Ziya Akdemir. I achieved lots of success
with his patience, support, and love.

iv

TABLE OF CONTENTS
LIST OF TABLES ........................................................................................................................ vi
LIST OF FIGURES ..................................................................................................................... vii
LIST OF EQUATIONS ............................................................................................................ xviii
Chapter 1: INTRODUCTION .................................................................................................... 1
1.1. Background ................................................................................................................. 1
1.2. Ammonia..................................................................................................................... 9
1.3. Particulate Matter ...................................................................................................... 12
1.4. Wildfire Stages.......................................................................................................... 15
1.5. Monitoring Methods and Issues ................................................................................ 16
1.6. Remote Sensing ........................................................................................................ 18
1.7. Hysplit ....................................................................................................................... 19
Chapter 2: MATERIALS AND METHODS........................................................................... 21
2.1. Location Description ................................................................................................. 21
2.2. Satellite-Derived Fire Location Data ........................................................................ 21
2.3. Biomass Burning Emission ....................................................................................... 24
2.4. Ground-Based Particulate Matter ............................................................................. 31
2.5. Meteorology Data ..................................................................................................... 32
2.6. Methodology ............................................................................................................. 32
Chapter 3: RESULTS ................................................................................................................ 37
3.1. Burned Area .............................................................................................................. 37
3.2. Calculated PM2.5 and NH3 Concentration ................................................................. 41
3.3. Trajectory Maps ........................................................................................................ 50
3.4. Plume Transport, Dispersion/Diffusion, and Arrival ................................................ 52
Chapter 4: DISCUSSION.......................................................................................................... 55
Chapter 5: CONCLUSION AND FUTURE WORK .............................................................. 74
REFERENCES........................................................................................................................... 77
APPENDICES ............................................................................................................................ 85
APPENDIX A: Trajectories ............................................................................................ 86
APPENDIX B: Concentration and Distribution Graphs ................................................. 93
APPENDIX C: Ground Measurement PM2.5 Concentration ......................................... 121
APPENDIX D: Abstracts .............................................................................................. 134
.

v

LIST OF TABLES
Table 1.

Relationship between the fraction of biomass burned and tree coverage
percentage (Source: Ito & Penner, 2004; C. Wiedinmyer et al., 2011;
Wiedinmyer et al., 2006) .......................................................................................... 26

Table 2.

Biomass loading (g/m2), the fraction of biomass and, the emission factor of NH3
and PM2.5 (g species/g biomass burned) for each land cover type (Source: C.
Wiedinmyer et al., 2011; Christine Wiedinmyer et al., 2006) ................................. 28

Table 3.

Sensitivity analysis for PM2.5 and ammonia based on emission factors
(Source: Andreae & Metlet, 2001;Akagi et al., 2011; Andreae, 2019). ................... 30

Table 4.

Land cover classification and class definitions in MODIS Land Cover Type
(MCD12Q1) (Source: Friedl & Sulla-Menashe, 2019). ........................................... 34

Table 5.

Burned areas in Australia calculates as km2 from December 29, 2019, to
January 4, 2020. Based on day and land cover type (grid code) burned areas are
classified under 91 classes. ....................................................................................... 40

Table 6.

According to the daily total burned area, daily PM2.5 and NH3 emission and
fluxes calculated with equation 2. ............................................................................ 42

Table 7.

Daily NH3 and PM2.5 emissions in China as kg/day for 15 years
(Source: Yin et al., 2019). ........................................................................................ 67

Table 8.

The daily PM2.5 and NH3 emissions for SE Australia calculated from biomass
burning (Equation 2) and NH3 emission calculated from PM2.5 trendline
equation for China (Equation 4) ............................................................................... 71

vi

LIST OF FIGURES
Figure 1:

Comparison between historical temperature and annual mean temperature in
2019 for Australia (Source: Australian Government Bureau of
Meteorology, 2020a) .................................................................................................. 3

Figure 2:

Comparison between historical rainfall and annual mean rainfall in 2019 for
Australia (Source: Australian Government Bureau of Meteorology, 2020a) ............ 4

Figure 3.

The comparison of burned cumulative forest area by wildfires with and without
climate change effects (Source: USGCRP, 2018) ...................................................... 6

Figure 4.

The number of fires with acres burned from 1991 to 2020
(Source: Hoover & Hanson, 2021). ............................................................................ 8

Figure 5.

Source of ammonia emissions in Australia (Source: Denmead, 1990) .................... 11

Figure 6.

Total US PM2.5 emissions and sources (Source: 2017 US National PM2.5
Emission Inventory) ................................................................................................. 13

Figure 7.

Monitoring site locations in Australia and New Zealand represent. Australia
divided three region which are New South Wale (NSW) region
(blue diamonds), Australia Capital Territory (ACT) region (red diamonds),
and Victoria (VIC) region (purple diamonds). In NSW region there are 14
monitoring sites (Wagga Wagga North, Orange, Bathurst, Randwick, Rozelle,
Wyong, Mayfield, Singleton, Narrabri, Gunnedah, Tamworth, Armidale, Port
Macquarie, and Lismore). In ACT region there are 2 monitoring sites (Florey
and Monash). In VIC region there are 4 monitoring sites (Footscray,
Melbourne, Churchill, and Moe). In New Zealand (green diamonds) there are 5
monitoring sites (Gore, Invercargill, Alexandra, Mosgiel, and Dunedin). .............. 17

Figure 8.

Areas affected by wildfire in Southeast Australia.To determine fire-affected
areas in ArcGIS, NASA FIRMS fire data (MODIS MCD14DL) was used. To
get fire pixels, a server connection was created. ..................................................... 23

Figure 9.

Daily wildfire burned area on the Southeast shore of Australia. On December
29, 2019, a wildfire started on the Southeast shore of Australia. The wildfire
spread throughout the east shore of Australia until January 4, 2020. Daily
burned areas in Australia are represented with a different color. ............................. 38

Figure 10. Daily total burned area in Australia. The red circles represent the burned area
as m2. The gray lines represent the changes between days. Black vertical bars in
figure represent ±1SD. ............................................................................................. 44

vii

Figure 11. Daily PM2.5 emissions in Australia. The red circles represent the PM2.5
emissions as g/day. The gray lines represent the changes between days. Black
vertical bars in figure represent ±1SD. ..................................................................... 45
Figure 12. Daily NH3 emissions in Australia. The red circles represent the NH3
emissions as g/day. The gray lines represent the changes between days. Black
vertical bars in figure represent ±1SD. ..................................................................... 46
Figure 13. Daily PM2.5 flux according to the burned area in Australia. The red circles
represent the PM2.5 fluxes as g/day*m2. The gray lines represent the changes
between days. ........................................................................................................... 48
Figure 14. Daily NH3 flux according to the burned area in Australia. The red circles
represent the NH3 fluxes as g/day*m2. The gray lines represent the changes
between days. ........................................................................................................... 49
Figure 15. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
between 29th of December 2019 and 4th of January 2020. The Center of the
burned area is set as the started location of trajectories. .......................................... 51
Figure 16. 6-hour periods of wildfire plume distribution. Wildfire plume distribution
plotted the 48-hour forward trajectory (500 m) from December 29, 2019
(upper left image) to January 4, 2020 (bottom image). Images show which
region-affected plume blanked during a wildfire event. .......................................... 53
Figure 17. The 12-hour period trends for measured and modeled PM2.5 concentration for
Florey Monitoring site. HYSPLIT outputs are represented as ranges for plume
areas. For each day upper boundary and lower boundary of that region are
represented as higher and lower concentration. During some days PM2.5
concentration is elevated up to 100,000 μg/m3. To better present those days, the
upper boundary for those days was represented as outliers and re-organized for
maximum PM2.5 concentration. Black vertical bars in figure represent ±1SD. ....... 57
Figure 18. 12-hour period trends for measured and modeled PM2.5 concentration for
Randwick and Wagga Wagga North monitoring sites. HYSLIT outputs are
represented as ranges for plume areas. For each day upper boundary and lower
boundary of that region are represented as higher and lower concentration.
During some days range up to 100,000 μg/m3. To better representation, the
upper boundary for those days was represented as outliers and re-organized for
maximum PM2.5 concentration. Black vertical bars in figure represent ±1SD. ....... 60
Figure 19. Selected emission factors of NH3, and PM2.5 with highest and lowest end.
Selected emission factor represented as blue bar. Blue bars located the between
the highest (orange bars) and lowest (grey bars) ends. Each land cover named
as their code. ............................................................................................................. 63

viii

Figure 20. Daily total emissions of NH3, and PM2.5 from biomass burning during timeline,
calculated using both the average emission factors and the highest and lowest
end of emission factors from the literature. .............................................................. 65
Figure 21. A linear relationship between daily NH3 and PM2.5 emissions in China. NH3
and PM2.5 emissions units converted to g/day from China biomass burning
emission inventory. Black vertical bars in figure represent ±1SD. The blue dash
line is the best linear fit (y=0.077x+10^8). (Source: Yin et al., 2019). .................... 69
Figure 22. Comparison between NH3 emissions calculated from Equation 2 and NH3
emissions calculated from trendline (Equation 4) as g/day. Black vertical bars
in figure represent ±1SD .......................................................................................... 73
Figure 23. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on December 29, 2019. There were 8 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 86
Figure 24. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on December 30, 2019. There were 11 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 87
Figure 25. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on December 31, 2019. There were 10 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 88
Figure 26. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on January 01, 2020. There were 10 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 89
Figure 27. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on January 02, 2020. There were 12 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 90
Figure 28. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on January 03, 2020. There were 12 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 91
Figure 29. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
on January 04, 2020. There were 11 different burned locations on that day.
Center of the burned areas set as the started location of trajectories. ...................... 92

ix

Figure 30. 12-hour period distribution and concentration of Wildfire Plume on 29th of
December 2019 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) ...................................................... 93
Figure 31. 12-hour period distribution and concentration of Wildfire Plume between 29th
of December 2019 12.00 UCT and 30th of December 2019 00.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only
wildfire sources (there is no other external source). Therefore, distributions of
PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)........................ 94
Figure 32. 12-hour period distribution and concentration of Wildfire Plume on 30th of
December 2019 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) ...................................................... 95
Figure 33. 12-hour period distribution and concentration of Wildfire Plume between 30th
of December 2019 12.00 UCT and 31st of December 2019 00.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only
wildfire sources (there is no other external source). Therefore, distributions of
PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)........................ 96
Figure 34. 12-hour period distribution and concentration of Wildfire Plume on 30th of
December 2019 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) ...................................................... 97
Figure 35. 12-hour period distribution and concentration of Wildfire Plume between 30th
of December 2019 12.00 UCT and 31st of December 2019 00.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only
wildfire sources (there is no other external source). Therefore, distributions of
PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)........................ 98

x

Figure 36. 12-hour period distribution and concentration of Wildfire Plume on 31st of
December 2019 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) ...................................................... 99
Figure 37. 12-hour period distribution and concentration of Wildfire Plume between 31st
of December 2019 12.00 UCT and 1st of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 100
Figure 38. 12-hour period distribution and concentration of Wildfire Plume on 31st of
December 2019 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 101
Figure 39. 12-hour period distribution and concentration of Wildfire Plume between 31st
of December 2019 12.00 UCT and 1st of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 102
Figure 40. 12-hour period distribution and concentration of Wildfire Plume on 1st of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 103
Figure 41. 12-hour period distribution and concentration of Wildfire Plume between 1st of
January 2020 12.00 UCT and 2nd of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 104

xi

Figure 42. 12-hour period distribution and concentration of Wildfire Plume on 1st of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 105
Figure 43. 12-hour period distribution and concentration of Wildfire Plume between 1st of
January 2020 12.00 UCT and 2nd of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 106
Figure 44. 12-hour period distribution and concentration of Wildfire Plume on 2nd of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 107
Figure 45. 12-hour period distribution and concentration of Wildfire Plume between 2nd of
January 2020 12.00 UCT and 3rd of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 108
Figure 46. 12-hour period distribution and concentration of Wildfire Plume on 2nd of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are
the same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 109
Figure 47. 12-hour period distribution and concentration of Wildfire Plume between 2nd of
January 2020 12.00 UCT and 3rd of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 110

xii

Figure 48. 12-hour period distribution and concentration of Wildfire Plume on 3rd of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 111
Figure 49. 12-hour period distribution and concentration of Wildfire Plume between 3rd of
January 2020 12.00 UCT and 4th of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 112
Figure 50. 12-hour period distribution and concentration of Wildfire Plume on 3rd of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 113
Figure 51. 12-hour period distribution and concentration of Wildfire Plume between 3rd of
January 2020 12.00 UCT and 4th of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 114
Figure 52. 12-hour period distribution and concentration of Wildfire Plume on 4th of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 115
Figure 53. 12-hour period distribution and concentration of Wildfire Plume between 4th of
January 2020 12.00 UCT and 5th of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 116

xiii

Figure 54. 12-hour period distribution and concentration of Wildfire Plume on 4th of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 117
Figure 55. 12-hour period distribution and concentration of Wildfire Plume between 4th
of January 2020 12.00 UCT and 5th of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 118
Figure 56. 12-hour period distribution and concentration of Wildfire Plume on 5th of
January 2020 between 00.00-12.00 UCT in Australia. PM2.5 and NH3
distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the
same. The scales of the PM2.5 and NH3 concentration changes due to the
Emission Factor (g species g-1 biomass burned) .................................................... 119
Figure 57. 12-hour period distribution and concentration of Wildfire Plume between 5th of
January 2020 12.00 UCT and 6th of January 2020 00.00 UCT in Australia.
PM2.5 and NH3 distribution and concentration come from the only wildfire
sources (there is no other external source). Therefore, distributions of PM2.5
and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes
due to the Emission Factor (g species g-1 biomass burned) ................................... 120
Figure 58. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the ACT region. Ambient
PM2.5 concentration measurements were done in the Florey monitoring site by
Australia Government. ........................................................................................... 121
Figure 59. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the ACT region. Ambient
PM2.5 concentration measurements were done in the Monash monitoring site by
Australia Government. ........................................................................................... 121
Figure 60. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in Wagga Wagga North
monitoring site by Australia Government. ............................................................. 122

xiv

Figure 61. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Orange monitoring site by
Australia Government. ........................................................................................... 122
Figure 62. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Bathurst monitoring site
by Australia Government. ...................................................................................... 123
Figure 63. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Randwick monitoring site
by Australia Government. ...................................................................................... 123
Figure 64. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Rozelle monitoring site by
Australia Government. ........................................................................................... 124
Figure 65. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Wyong monitoring site by
Australia Government. Although there are some gaps in measurements, the
exceedance of the national daily PM2.5 concentration observes. ............................ 124
Figure 66. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Mayfield monitoring site
by Australia Government. Although there are some gaps in measurements, the
exceedance of the national daily PM2.5 concentration observes. ............................ 125
Figure 67. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Singleton monitoring site
by Australia Government. ...................................................................................... 125
Figure 68. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Narrabri monitoring site by
Australia Government. ........................................................................................... 126

xv

Figure 69. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Gunnedah monitoring site
by Australia Government. Although there are some gaps in measurements, the
exceedance of the national daily PM2.5 concentration observes. ............................ 126
Figure 70. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Tamworth monitoring site
by Australia Government. Although there are some gaps in measurements, the
exceedance of the national daily PM2.5 concentration observes. ............................ 127
Figure 71. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Armidale monitoring site
by Australia Government. ...................................................................................... 127
Figure 72. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days
(from December 29, 2019, to January 6, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Port Macquarie monitoring
site by Australia Government. ................................................................................ 128
Figure 73. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days
(from December 29, 2019, to January 5, 2020) for the NSW region. Ambient
PM2.5 concentration measurements were done in the Lismore monitoring site by
Australia Government. Although there are some gaps in measurements, the
exceedance of the national daily PM2.5 concentration observes. ............................ 128
Figure 74. Hourly PM2.5 concentration changes as μg/m3 with represented for seven days
(from December 29, 2019, to January 4, 2020) for the VIC region. Ambient
PM2.5 concentration measurements were done in the Footscray monitoring site
by Australia Government. ...................................................................................... 129
Figure 75. Hourly PM2.5 concentration changes as μg/m3 with represented for five days
(from December 29, 2019, to January 2, 2020) for the VIC region. Ambient
PM2.5 concentration measurements were done in the Melbourne monitoring
site by Australia Government. ................................................................................ 129
Figure 76. Hourly PM2.5 concentration changes as μg/m3 with represented for three days
(from December 29, 2019, to December 31, 2021) for the VIC region. Ambient
PM2.5 concentration measurements were done in the Churchill monitoring site
by Australia Government. ...................................................................................... 130

xvi

Figure 77. Hourly PM2.5 concentration changes as μg/m3 with represented for three days
(from December 29, 2019, to December 31, 2021) for the VIC region. Ambient
PM2.5 concentration measurements were done in the Moe monitoring site by
Australia Government. ........................................................................................... 130
Figure 78. Hourly PM2.5 concentration changes as μg/m3 with represented for six days
(from December 29, 2019, to January 3, 2020) for Southwest shore of
New Zealand. Ambient PM2.5 concentration measurements were done in the
Gore monitoring site by New Zealand Government. ............................................. 131
Figure 79. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days
(from December 29, 2019, to January 5, 2020) for Southwest shore of
New Zealand. Ambient PM2.5 concentration measurements were done in the
Invercargill monitoring site by New Zealand Government. ................................... 131
Figure 80. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days
(from December 29, 2019, to January 5, 2020) for Southwest shore of
New Zealand. Ambient PM2.5 concentration measurements were done in the
Alexandra monitoring site by New Zealand Government...................................... 132
Figure 81. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days
(from December 29, 2019, to January 5, 2020) for Southwest shore of
New Zealand. Ambient PM2.5 concentration measurements were done in the
Mosgiel monitoring site by New Zealand Government. ........................................ 132
Figure 82. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days
(from December 29, 2019, to January 5, 2020) for Southwest shore of
New Zealand. Ambient PM2.5 concentration measurements were done in the
Dunedin monitoring site by New Zealand Government. ....................................... 133

xvii

LIST OF EQUATIONS
Equation 1. NH3 formation from the reaction between water and isocyanic acid
(Behera et al., 2013; Haidar et al., 1981). ................................................................ 16
Equation 2. Species i's Emission from Biomass Burning ............................................................ 24
Equation 3. Herbaceous Fuel Equation for 40%-60% tree coverage .......................................... 25
Equation 4. Trendline equation between PM2.5 and NH3 by using a linear regression
approach for China ................................................................................................... 70

xviii

CHAPTER 1. INTRODUCTION
1.1.Background
In Australia's history, wildfires (bushfires) are directly connected with Australia’s ecology
and culture (Wilkinson et al., 2016). Wildfire is described as an uncontrollable and unforeseen fire
(Shahparvari et al., 2019). Australia has fire-prone lands more than the other continents (Duc et
al., 2018). Due to the highly flammable biota of Australia, wildfire smoke frequently affects air
quality. Therefore, environmental exposure becomes a significant problem (Johnston, 2017). In
Victoria State, bushfires have produced damage worth $2.5 billion, and cause approximately 300
deaths with many injuries in the past century (Haynes et al., 2010; Shahparvari et al., 2019)
Bushfire season in Australia starts in September 2019. During 2019-2020, 3,094 houses
were destroyed by bushfire. 6.7 % of North-South Wales (NSW) which is equal to 5.3 million
hectares were burnt with 37 % of the NSW national park areas. So, this bushfire was classified as
the worst impact than the Black Saturday 2009 wildfire, and bushfire named Ash Wednesday 1983
as burned area. Fire conditions are triggered by dry, windy, and hot ambient conditions (Duc et
al., 2018). The disastrous level of bushfires is forecasted to scale up in intensity and frequency in
the future (Bradstock et al., 2009; Liu et al., 2010; Wilkinson et al., 2016).
Although major damage of bushfires is determined as damaging properties, the other
disastrous impact of bushfires is that affecting air quality on both local and regional scales (Duc et
al., 2018). During biomass burning, a large quantity of pollutants is emitted into the atmosphere
and causes poor air quality conditions in rural and urban areas. There are three major conditions
required for starting a wildfire. These are fuel, heat source, and oxygen. Most of the land cover
type is represented as fuel like brush, grass, any kind of trees, and most of the hand-made
structures. For flame to occur, oxygen is an essential part. With the combination of oxygen and
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wind, fires grow and spread rapidly. With heat, ignition starts with spark (Lahm, 2019). With the
record-breaking temperatures in the 2019-2020 summer season, bushfires ramped up after the
drought season, as shown in Figure 1 and Figure 2, respectively (Australian Government Bureau
of Meteorology, 2020a; Ohneiser et al., 2020).
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Figure 1: Comparison between historical temperature and annual mean temperature in 2019 for
Australia
(Source: Australian Government Bureau of Meteorology, 2020a)
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Figure 2: Comparison between historical rainfall and annual mean rainfall in 2019 for Australia
(Source: Australian Government Bureau of Meteorology, 2020a)
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Although the record-breaking temperatures and the drought season ramped up wildfire
activity on a global scale, the influence of humans also has a key role in the future wildfire regimes
anomalies at a regional scale, these anomalies may have occurred due to climate change. With
temperature increase, droughts are intensified. Consequently, the occurrence of wildfire ramped
up with drier forests (Bray et al., 2021). According to the Forth National Climate Assessment
Report (2018), with the climate change effects, cumulative forest area burned by wildfires
approximately doubled in the southwestern US from 1985 to 2015 as shown in Figure 3. By 2050,
approximately an 8% increase of areas burned by wildfire is expected with respect to 2019.
Moreover, by the end of the century, 30% growth in areas burned due to wildfires is expected due
to climate change and increasing population density (Pierce et al., 2017: Bray et al., 2021).

5

Figure 3. The comparison of burned cumulative forest area by wildfires with and without climate
change effects
(Source: USGCRP, 2018)
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Climate change led to an increase in concerns about fires. As you can see in Figure 4, in
the past 10 years, an average of 6.8 million acres burned annually in the US. Since 1960, four of
the top five years with the largest area burned have occurred in the last decade. These recordbreaking years are 2006, 2017, 2015, and 2020 (see Figure 4). In 2020, over 10 million acres were
burned by more than 100.000 fires (Hoover & Hanson, 2021).
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Figure 4. The number of fires with acres burned from 1991 to 2020
(Source: Hoover & Hanson, 2021).
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With increasing bushfire occurrence, the plume of smoke becomes more extensive and
dispersed with meteorological conditions. Smoke exposure has become an important aspect of life
in Australia. Fire smoke has a mixture of particulate matter and gaseous pollutants. These have
varied impacts on human health (Naeher et al., 2007; De Vos et al., 2009; Price et al., 2012). A
recent study by Aguilera et al. (2021) on health impact of wildfire smoke in Southern California
suggests that while the differential toxicity of wildfire PM2.5 as compared to other ambient sources
of PM2.5 (e.g. vehicular emissions, secondary aerosols (e.g., sulfate and nitrate), soil, agricultural,
and industrial emissions) is not well understood; recent animal toxicological studies suggest that
particulate matter from wildfires is more toxic than equal doses from other sources such as ambient
pollution. Thus, understanding the composition of the smoke PM2.5 has now become important.
Bushfire smoke can travel long distances. It affects cities air quality in towns, farms, etc.
far from its source (Sapkota et al., 2005; Wise, 2008: Price et al., 2012). Besides Australia,
bushfires also affect air quality in various other countries such as New Zealand, the United States
of America, Chile, Russia, Argentina, Canada, and few Asian and European countries (Shahparvari
et al., 2019).
1.2.Ammonia
Atmospheric ammonia is emitted from different sources. Major sources are excreta from
animals, fertilized fields, natural fields, and biomass burning (Schlesinger & Hartley, 1992). 10%
of total ammonia emissions come from fires which are a combination of agricultural fields burned,
prescribe burns, and wildfires (EPA, 2014, 2017). One of the essential ingredients of proteins is
nitrogen (N) (Behera et al., 2013). When a wildfire event occurs with poor mixing conditions, NH3
releases from biomass i.e. the smoldering stage part (Yokelson et al., 1996)

During biomass burning, various gaseous and aerosols are emitted into the atmosphere.
These gaseous and aerosols include sulfur dioxide (SO2), carbon monoxide (CO), carbon dioxide
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(CO2), volatile and semi-volatile organic compounds (VOC & SVOC), methane (CH4) and,
ammonia (NH3) (C. Wiedinmyer et al., 2006). Figure 5 provides NH3 emission sources in
Australia; with 6.3 percent of ammonia, emission comes from biomass burning (Denmead, 1990).
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Figure 5. Source of ammonia emissions in Australia
(Source: Denmead, 1990)
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Due to its residence time, the third most abundant gas in the atmosphere is NH3
(Schlesinger & Hartley, 1992). For the biogeochemical cycle of nitrogen, NH3 plays an important
role in the biogeochemical cycling of atmospheric nitrogen ( Battye et al., 2017; Vitousek et al.,
1997). On the other hand, NH3 interacts with hydrochloric acid (HCl), nitric acid (HNO3), sulfuric
acid (H2SO4) in the atmosphere to produce ammonium chloride (NH4Cl), ammonium nitrate
(NH4NO3), and ammonium bisulfate ((NH4)HSO4) and ammonium sulfate ((NH4)2SO4) to create
PM2.5 (Baek et al., 2004; Baek & Aneja, 2004; Day et al., 2012; Chen et al., 2014; Bray et al.,
2018; Wiegand, 2019).
1.3.Particulate Matter
Particulate matter (PM) is described as solid and/or liquid particles in the air (Department
for Environment Food and Rural Affairs, 2016). PM2.5 could be emitted directly from various
mobile and stationary sources or it can be formed as a secondary product in the atmosphere (San
Joaquin Valley Air Pollution Control District, 2020). As shown in Figure 6, according to US
National Emission Inventory (2017), eight sources that contribute to the PM2.5 emission are
commercial cooking, waste disposal, mobile source, industrial process, fuel combustion,
agriculture, dust, and fire.
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Figure 6. Total US PM2.5 emissions and sources (Source: 2017 US National PM2.5 Emission
Inventory)
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During 2017, 5.7 million tons of PM2.5 were emitted into the atmosphere. 44% of total
PM2.5 emissions come from fires. Biomass fire is divided into three categories. These categories
are agricultural field burn, prescribe burn, and wildfires. Prescribe burns are set intentionally for
forest management, greenhouse abatement, or farming. On the other hand, wildfires are not
intentional. Wildfire ramped up with proper meteorological conditions. These conditions are
explained in the background section. 67 % of fire emission comes from wildfires. That means,
during 2017, 1.68 million tons of PM2.5 comes from wildfires. Thus, the total contribution of
wildfires to total emissions is approximately 30% (EPA, 2017).
Even though PM may have varying diameters, there are two boundaries to specify them
which are PM2.5 and PM10 (EPA, 2020a). Inhaling of PM can cause severe health issues. Especially
during the long-term exposure of PM2.5, mortality risks, and cardiovascular health problems
increases (EPA, 2020a; San Joaquin Valley Air Pollution Control District, 2020; Bray et al., 2021).
Additional to the impact on human health, PM2.5 also reduced visibility. Reducing visibility has
become an important problem in various environments such as wilderness areas and national parks
(EPA, 2020a, 2020b; Bray et al., 2021).
PM may be produced both anthropogenic processes and naturally. Emitted PM2.5 can
circulate the globe under proper meteorological circumstances. Long-range transported pollution
and local pollution can be combined and create highly polluted areas (Department for Environment
Food and Rural Affairs, 2016). During the wildfires, due to the biomass burning vast amount of
PM2.5 is created (Phuleria, 2005). The concentration of PM2.5 varies during the wildfire. PM2.5
concentration may reach up to 15 times higher than the PM2.5 concentration on a normal day.
During biomass burning in Palembang, Sumatra, Indonesia in November 1997, PM2.5
concentration reached 250 μg/m3 (Wu et al., 2006). Major impacts of fire occur closer to regions
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of the fire location. However, wildfire smoke can be transported into the atmosphere and
contributes to air pollution throughout the plume route. PM2.5 contribution of wildfire is
determined as approximately 30% of directly emitted PM2.5. This amount of pollutants may cause
environmental damage like degradation of water quality (Baghdikian, 2019).
1.4.Wildfire Stages
Fire is a chemical reaction. Combining oxygen in the air with fuel in the presence of heat
causes fires. These three components are required for fire to start and are defined as the fire
triangle. For example, one of these components’ absence will wipe out the fire (NFPA, 2021).
Moreover, there are four stages during fires, which are pre-ignition, flaming, smoldering, and
glowing.
Pyrolysis and distillation dominate the pre-ignition stage, vaporization of the volatile
compounds of the fuel is observed. In this stage, fuel absorbs the heat and various volatile organic
compounds (VOCs) are emitted. Moreover, water vapor, as well as flammable gases and tars, are
formed (Greenberg et al., 2006; National Wildfire Coordinating Group, 2021b). After the
temperature exceeds the ignition threshold, the flaming stage commences. Flaming is an
exothermic stage that leads to very high-temperature gas emissions (National Wildfire
Coordinating Group, 2021a). In this stage, highly oxidized compounds such as CO2 and NOx are
emitted since volatile compounds formed in the previous stage are oxidized in the flame ( Yokelson
et al., 1996; Li et al., 2007). Complete oxidation of nitrogen in the fuel leads to NOx emissions
from biomass burning (Perez-Jimenez, 2015). In the smoldering phase, combustible gas and heat
energy are reduced, which leads to small flames and burning of char. Since heat is lower at this
stage, smoke has in the tendency to stay close to the ground. Furthermore, incomplete combustion
at this stage leads to NH3, CO, CH4, and methanol (Bertschi et al., 2003; Bray et al., 2021;
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Yokelson et al., 1996). Specifically, amine and amide pyrolysis are the main cause of NH3
emission from biomass burning. In addition, the reaction between water and isocyanic acid
(HNCO) leads to NH3 formation in the atmosphere (Behera et al., 2013; Haidar et al., 1981).
Equation 1. NH3 formation from the reaction between water and isocyanic acid
(Behera et al., 2013; Haidar et al., 1981).
HNCO + H2O → NH3 + CO2 (1)
The last stage of fires is the glowing in which only embers are visible. At this stage, CO
and CO2 are emitted, and this stage is terminated when pyrolysis is no longer possible (Bray, 2019)
1.5.Monitoring Methods and Issues
In this study, PM2.5 data sets were retrieved from the Planning, Industry and Environment
unit of New South Wales Government (14 monitors), Australia Capital territory (3 monitors),
Environmental protection Authority Victoria (EPA Victoria) (4 monitors), and Ministry for the
Environment of New Zealand (5 monitors). They have made measurements hourly and reported
the mass concentration (µg/m3). The location of selected monitors is sparsely located for wildfire
plume distribution shown in Figure 7. To determine wildfire plume distribution, satellite data allow
us to determine fire location, a burned area, a land cover of the burned area.
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Figure 7. Monitoring site locations in Australia and New Zealand represent. Australia divided
three region which are New South Wale (NSW) region (blue diamonds), Australia Capital
Territory (ACT) region (red diamonds), and Victoria (VIC) region (purple diamonds). In NSW
region there are 14 monitoring sites (Wagga Wagga North, Orange, Bathurst, Randwick,
Rozelle, Wyong, Mayfield, Singleton, Narrabri, Gunnedah, Tamworth, Armidale, Port
Macquarie, and Lismore). In ACT region there are 2 monitoring sites (Florey and Monash). In
VIC region there are 4 monitoring sites (Footscray, Melbourne, Churchill, and Moe). In New
Zealand (green diamonds) there are 5 monitoring sites (Gore, Invercargill, Alexandra, Mosgiel,
and Dunedin).
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1.6.Remote Sensing
The National Aeronautics and Space Administration (NASA) satellites provide an
opportunity for modeling and monitoring environmental changes. Combining air quality and
meteorology data with satellite measurements, dispersion and transport of air pollutants become
more understandable (Duc et al., 2018). With approximately 2,700 active satellites (Union of
Concerned Scientists, 2005), the land, oceans, and the atmosphere observe to describe features that
can be used for studies on local to global scales (NASA MODIS Moderate Resolution Imaging
Spectroradiometer, 2020). Even though observing with satellite is relatively new for monitoring
of air quality ( Battye et al., 2017; Battye et al., 2016; Bray et al., 2017; Wiegand, 2019), satellites
have a relatively high-spatial-resolution which refers to one-pixel size on the ground and different
temporal scale. Spatial resolution ranges between 0.0003 km x 0.0003 km and 1 km x 1 km. The
higher resolution has more information in it and it required more process to create (Humboldt state
University, 2019). For the requirements of the study, spatial resolution can be determined. The
temporal scale is directly dependent on the satellite orbit. There are two types of orbits for remote
sensing satellites which are geostationary orbit (GEO) and low earth orbit (LEO). GEO satellite
orbits with the same angular velocity as earth. GEO satellites are located higher than 35,780 km
above the earth’s surface and remain motionless over the point on the equator. GEO satellites
update for a few minutes over a small area. LEO satellites orbit at a faster angular velocity than
GEO satellites because LEO satellites are placed between 180 km to 2,000 km. LEO satellite is
categorized with respect to their inclination angle. To reach higher latitude, a higher inclination
angle required. LEO satellites have 0°orbital inclination are placed directly above the equator, 90°
orbital inclination are crossed right above the pole. Temporal resolution of LEO satellites depends
on altitudes of satellite. There is two kinds of LEO which are sun synchronous orbits
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(approximately 90° orbital inclination) and precessing orbits (<<90 ° orbital inclination) (ESA,
2020; Riebeek, 2009). To understand transportation and distribution of wildfire plume distribution,
boundary layer aerosol’s physical properties and aerosols in free troposphere can be derived from
satellite measurement (Badarinath et al., 2009; Colette et al., 2008). Because of the determined
justifications, observing forestry or rural areas where wildfires occurred by satellites become
important for distribution and transportation. To determine the burning area the Moderate
Resolution Imaging Spectroradiometer (MODIS) measurements were used with the combination
of NASA's Fire Information for Resource Management System (FIRMS). Terra and Aqua
satellites with MODIS sensors have a low-earth sun-synchronous orbit. The temporal resolution
of Terra and Aqua MODIS is twice per day. It provides aerosol parameters’ spectral information
in the visible wavelength (Badarinath et al., 2009; NASA MODIS Moderate Resolution Imaging
Spectroradiometer, 2020). Using MODIS data will allow us to calculate the burned area as m2.
Information that comes from satellites was used in the HYSPLIT trajectory model.
1.7.Hysplit
The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model was
created by NOAA Air Resource Laboratory over 30 years ago. HYSPLIT is commonly used for
atmospheric dispersion and trajectory calculations (Stein et al., 2015). As well as HYSPLIT
computes trajectories of the simple air parcel, it also computes complex dispersion, transportation,
deposition, and transformation of chemicals in the atmosphere (NOAA, 2020). On the other hand,
with improvements on the HYSPLIT, special simulations can be computed which are
radionuclides, mercury, atmospheric tracer release experiments, volcanic ash, wildfire smoke, and
wind-blown dust (NOAA, 2020; Stein et al., 2015). In this study, HYSPLIT was used for
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computing plume transport and distribution originating from Australia wildfires between the 29th
of December 2019 and the 4th of January 2020.
The primary purpose of this research is to analyze the air quality impact associated with
Australia's wildfires that occurred during29th December 2019 to 4th of January 2020. The
secondary purpose of this study is to examine the correlation between PM2.5 and ammonia, since
ammonia is one of the precursors of PM2.5. PM2.5 and ammonia have a greater impact on human
health, air quality, water quality, and quantity, ecosystems, habitats, and climate. Therefore, the
relationship between PM2.5 and ammonia help to estimate NH3 and PM2.5 emissions from one
another. The emission of NH3 and PM2.5 were analyzed using satellite products from the Moderate
Resolution Imaging Spectroradiometer (MODIS), Fire Information for Resource Management
System, and the WORLDVIEW system. The final purpose of this study is to couple HYSPLIT
model outputs with satellite data products and ground-based measurements.
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CHAPTER 2. MATERIALS AND METHODS
2.1. Location Description
Throughout Australia's history, there are many intense wildfires due to droughts,
heatwaves, and strong winds. During 2019-2020 Australia wildfires were announced as the worst
wildfire. An important reason for these intense wildfires is the record-breaking nationwide
heatwaves. Because of the wildfire, 3 billion animals (mammals, reptiles, birds, and fogs) and
uncountable invertebrate species were affected and, approximately 46 million acres (18 million
hectares) were destroyed by wildfire (Givetash, 2020). In addition to the instant threat of fires,
other detrimental impacts include heat stress, smoke inhalation, and dehydration. 2019-2020
wildfire spread throughout the country, but New South Wales (east of Australia) has been hit with
a massive destruction wave, more severe than any other place. More than 3,000 houses have been
adversely impacted by wildfires in New South Wales (NSW) (Yeung, 2020). Massive smoke
plumes from the wildfire transported and affected many urban and rural areas in both Australia
and New Zealand. Thick smoke plumes affected air quality and visibility (Bray et al., 2021). For
these reasons, this study focuses on Australia wildfires in the New South Wale and the Victoria
region. Wildfire plume transport and distribution will have a direct influence on the environment.
This study will allow further understanding of how plume transport affects ground-level PM2.5 and
NH3 concentrations.
2.2.Satellite-Derived Fire Location Data
To distinguish burn scars due to wildfire on vegetation, bare soil, and enhancing floods,
fire thermal anomalies (MCD14DL) from the Near real-time (NRT) Moderate Resolution Imaging
Spectroradiometer (MODIS) from 2002 to present were selected for this study. This MCD14DL
represents a combination of Aqua and Terra satellite products. Aqua and Terra satellites orbit at
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around 705 km. Both Aqua and Terra satellites are in low earth sun-synchronous orbits. The
sensors pass one time a day because it has daily temporal resolution and sensor spatial resolution
is 1 km (NASA, 2020). Even though sensors pass one time each day, they do not pass the same
place at the same time. Terra satellite passes from north to south across the equator in the morning,
while Aqua passes south to north over the equator in the afternoon (NASA EARTHDATA, 2020).
Representation of burned areas is dependent on charcoal and ash deposits. During fire events,
vegetation structure burnt to the ash (NASA FIRMS, 2020). Active fires and the thermal anomalies
represent the 1 km pixel center. Each 1 km pixel has one or more fire points (NASA
EARTHDATA, 2020). An example of representing fire-affected areas can be seen in Figure 8. The
purple dots represent the fire locations. The aggregation of these points represents fire-affected
areas.
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Figure 8. Areas affected by wildfire in Southeast Australia. To determine fire-affected areas
using ArcGIS, NASA FIRMS fire data (MODIS MCD14DL) was used. To get fire pixels, a
server connection was created.
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2.3.Biomass Burning Emission
To calculate the ammonia contribution of wildfire, emissions were estimated with Equation
2, which is used in the literature (Bray et al., 2019; Oliveras et al., 2014; Wiedinmyer et al., 2011;
Wiedinmyer et al., 2006).
Equation 2. Species i's Emission from Biomass Burning
Ei = B(x) ∗ BA(x, t) ∗ EFj ∗ FB (2)
Where species’ emission is E(i), biomass loading as g/m2 at location x is B(x), burned area
as m2 at location x, and time t is the BA(x,t), the emission factor of species i is EFj and, burned
biomass fraction is FB. For this study, E(i) represents NH3 and, PM2.5 emissions in Southeast
Australia for seven days.
Biomass loading is determined by burned available biomass amount. This parameter
depends on the land cover type. In Table 2, biomass loading is re-organized according to
Wiedinmyer et al. (2006). As seen in Table 2, to quantify the available biomass amount, the burned
area land cover type is required. For the determination of burned area land cover type the
Collection 5 MODIS Global Land Cover Type product (MCD12Q1) Version 6 for 2018 was used
(Friedl et al., 2010). The database has yearly temporal resolution and 500-meter spatial resolution
(USGS, 2020a).
As mentioned under ‘Satellite-Derived Fire Location Data’, MODIS product (MCD14DL)
was used for the calculation of burned area. During the wildfire, ash and charcoal deposition
occurred in burning areas, as well as vegetation structure changes. Structural, temporal, and
spectral changes in burned areas are determined by the MODIS algorithm (Roy et al., 2002, 2005,
2008).
The fraction of biomass burned is determined as tree coverage. As shown in Table 1 if tree
coverage is higher than or equal to 60%, herbaceous and woody fuel are set as 0.9 and 0.3,
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respectively. If tree coverage is less than or equal to 40%, herbaceous fuel is set as 0.98 and woody
fuel is assumed negligible. If tree coverage is between 40% and 60%, woody fuel is set as 0.3.
However, to calculate herbaceous fuel between 40% and 60% tree coverage, a special equation is
required (see Equation 3) (Ito & Penner, 2004; Wiedinmyer et al., 2011; Wiedinmyer et al., 2006)
Equation 3. Herbaceous Fuel Equation for 40%-60% tree coverage
FB(herb) = e−0.13∗FractionTreeCover (3)
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Table 1. Relationship between the fraction of biomass burned and tree coverage percentage
(Source: Ito & Penner, 2004; C. Wiedinmyer et al., 2011; Wiedinmyer et al., 2006)
Tree Cover (%)

Woody Fuel

Herbaceous Fuel

≥ 60

0.3

0.9

40-60

0.3

e−0.13∗FractionTreeCover

≤ 40

0

0.98
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The emission factor is related to emitted species as well as land cover type. Emission
factors for PM2.5 and NH3 are determined according to literature (Wiedinmyer et al., 2011;
Wiedinmyer et al., 2006) and represented in Table 2.
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Table 2. Biomass loading (g/m2), the fraction of biomass and, the emission factor of NH3 and
PM2.5 (g species/g biomass burned) for each land cover type
(Source: C. Wiedinmyer et al., 2011; Christine Wiedinmyer et al., 2006)
Emission Factor
Land Cover
code

Name

Biomass

Fraction of

(g species g-1

Loading (g m-2)

Biomass

biomass burned)
PM2.5

NH3

1

Barren

0

0

0

0

3

Water Bodies

0

0

0

0

14,000

0.3

0.0121

0.0009

17,000

0.3

0.0099

0.0007

17,000

0.3

0.0099

0.0007

17,000

0.3

0.0099

0.0007

11

12

14

Evergreen
Needleleaf Forests
Evergreen Broadleaf
Forests
Deciduous Broadleaf
Forests
Mixed Broadleaf

16

Evergreen/Deciduous
Forests

21

Open Forests

14,000

0.3

0.0121

0.0009

22

Sparse Forests

14,000

0.98

0.0121

0.0009

31

Dense Herbaceous

1,100

0.98

0.0056

0.0006

32

Sparse Herbaceous

1,100

0.96

0.0056

0.0006

41

Dense Shrublands

500

0.30

0.0057

0.0015

1,100

0.96

0.0095

0.0006

500

0.96

0.0057

0.0015

42
43

Shrubland/Grassland
Mosaics
Sparse Shrublands
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These emission factors for both species were compared to EPA emission factor ranges. For PM2.5,
the EPA emission factor is determined as 0.023±0.017 g species/g biomass burned. For ammonia,
this factor is determined as 0.0014±0.0015 g species/g biomass burned (University of Washington,
2021). However, none of the numbers, which is shown in Table 2, are close to 0.023±0.017 g
species/g biomass burned because 0.023±0.017 g species/g biomass burned is the average of all
the numbers in the literature. Therefore, to do a sensitivity analysis, the highest and lowest ends of
emission factors were selected from the literature (see Table 3).
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Table 3. Sensitivity analysis for PM2.5 and ammonia based on emission factors
(Source: Andreae & Metlet, 2001;Akagi et al., 2011; Andreae, 2019).
Emission Factor (g species g-1 biomass burned)

Land
Cover

Name

code

PM2.5

NH3

Highest

Lowest

Highest

Lowest

Factor

Factor

Factor

Factor

1

Barren

0

0

0

0

3

Water Bodies

0

0

0

0

0.033

0.004

0.0017

0.00029

0.013

0.005

0.0025

0.00012

0.013

0.005

0.0025

0.00012

0.013

0.005

0.0025

0.00012

11
12
14

Evergreen Needleleaf
Forests
Evergreen Broadleaf Forests
Deciduous Broadleaf
Forests
Mixed Broadleaf

16

Evergreen/Deciduous
Forests

21

Open Forests

0.033

0.004

0.0017

0.00029

22

Sparse Forests

0.033

0.004

0.0017

0.00029

31

Dense Herbaceous

0.013

0.004

0.0016

0.00036

32

Sparse Herbaceous

0.013

0.004

0.0016

0.00036

41

Dense Shrublands

0.011

0.004

0.0009

0.00017

0.018

0.004

0.0017

0.00037

0.011

0.004

0.0009

0.00017
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43

Shrubland/Grassland
Mosaics
Sparse Shrublands
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Combination of Table 2 and Table 3 shows that the emission factors represented in Table 2 in the
range of the highest and lowest value of the emission factor.
2.4.Ground-Based Particulate Matter
In the determination of PM2.5 concentration caused by wildfire activities, ground-based
monitoring sites in the affected area were utilized. These monitoring sites operate under the
Planning, Industry and Environment unit of New South Wales Government (14 monitors),
Australia Capital territory (2 monitors), Environmental Protection Authority Victoria (EPA
Victoria) (4 monitors), and Ministry for the Environment of New Zealand (5 monitors).
Monitoring sites in Australia are impacted by urban and rural activities such as traffic, agriculture,
etc. On the other hand, the monitoring site in New Zealand is much more isolated than the Australia
monitoring site because there are low population density and sites located in remote locations
(LAWA, 2020). In these monitoring sites, measurement of PM2.5 concentration was done with
Thermo FH62C14 BAM with PM2.5 size-selective inlet. According to the user manual of this
instrument, the minimum detectable concentration is 4 µg/m3 (Thermo Fisher Scientific, 2010).
Each monitoring site takes a measurement every 10 minutes. The average of six measurements
reported as hourly PM2.5 concentration (µg/m3). To be consistent with the detection limit, each
measurement lower than the detection limit is set as the same as the detection limit.
Sometimes monitoring instrument goes offline due to power outages and that situation
caused missing data in the hourly results. Additionally, datasets have negative values because of
instrument baseline drifting gradually during the measurement. These drifting are both positive
and negative sides of zero and that may cause errors. For the correction of these errors, calibration
should be done. Another reason for negative values is a power failure at the monitoring site
(LAWA, 2016).
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The location of selected monitors is sparsely located to observe wildfire plume distribution.
While analyzing wildfire plume distribution, satellite data is used to determine fire location, burned
areas, and land covers of burned areas.
2.5.Meteorology Data
For this study, meteorology data for HYSPIT was obtained from the National Centers for
Environmental Prediction (NCEP), the National Center for Atmospheric Research (NCAR) Global
Reanalysis Data Archive. NCEP/NCAR reanalysis data has 2.5x2.5-degree global grids spatial
coverage and it is updated daily. Reanalysis data has 17 pressure levels from 1000 mb to 10 mb
(NOAA, 2014). This reanalysis database was selected because real-time weather forecasting
analysis causes inhomogeneity. The reanalysis database provides better vertical resolutions, and
the model/data assimilation procedure remains unchanged during the project. Additionally, data is
available from ARL in a format suitable for transport and dispersion calculations (NOAA, 2003).
In reanalysis data, daily averaged temperature is represented in degrees Celsius (˚C), relative
humidity in percent (%), pressure in millibar (mb), wind direction in degree (deg), wind speed in
meters per second (m/s), and heights in meter (m). These parameters are available globally and
used for transport/dispersion models for seven days. To represent the analysis between 29th of
December and 4th of January, datasets for two months (December 2019 – January 2020) were
utilized during the analysis.
2.6.Methodology
To investigate the distribution and transport of pollutants from wildfire plumes in Southeast
Australia, the Tasman Sea, and New Zealand, HYSPLIT modeling tool and ArcGIS pro were used
with variable satellite and measurement datasets. To determine the required dataset, the NASA
Worldview map (NASA, 2020) was used. First, MODIS maps for wildfire in Australia between
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December 2019 and January 2020 were downloaded from the Worldview database. MODIS maps
are required for the determination of fire marks on lands. To represent fire marks, red, green, and
blue colors classified as bands 7, 2 and, 1, respectively. Band 2 and Band 1 are located in the
visible electromagnetic wave range. Their wavelength ranges between 0.45 µm and 0.60 µm with
a 30-meter resolution (USGS, 2020b). The detrimental part of fire marks is band 7. Band 7 is
located short wave infrared (SWIR) range (Sifakis et al., 2011). Its wavelength ranges between
2.00 µm and 2.35 µm with 30-meter resolution (USGS, 2020b). SWIR wavelength range is
sensitive to Earth’s surface radiative temperature and fire (Sifakis et al., 2011). During a wildfire,
charcoal and ash deposition occur and land vegetation structure is destroyed. With the destruction
of vegetation cover, bare soils increase more and more. Band 1 brightness increases with this
change. With respect to black carbon residues deposition, darker band 2 was observed in the map
and more reflectance occurred in Band 7 due to temperature sensitivity (NASA, 2020). Brighter
or darker red is correlated with burned vegetation type, residue amount, and severity of the fire.
To determine the vegetation type of burned areas, the Terra and Aqua – MODIS Land Cover Type
(MCD12Q1) product is used. This product gives us yearly coverage of land throughout the globe.
It has a 500-meter spatial resolution. Globe is divided into various sections for selecting specific
regional datasets. For representing Australia burned land coverage, two sections were used in this
study (h30-v12 and h29-v12). FAO-Land Cover Classification System land cover (LCCS1) legend
defines 17 different classes for land coverage type (Friedl & Sulla-Menashe, 2019). In this study,
13 different land covers are determined. Land coverage types, values, and descriptions are
provided in Table 4.

33

Table 4. Land cover classification and class definitions in MODIS Land Cover Type
(MCD12Q1)
(Source: Friedl & Sulla-Menashe, 2019).
Name

Value Description

Barren

1

At least of area 60% is non-vegetated barren (sand,
rock, soil) or permanent snow/ice with less than 10%
vegetation.

Water Bodies

3

At least 60% of the area is covered by permanent
water bodies.

Evergreen Needleleaf Forests

11

Dominated by evergreen conifer trees (>2m). Tree
cover >60%.

Evergreen Broadleaf Forests

12

Dominated by evergreen broadleaf and palmate trees
(>2m). Tree cover >60%.

Deciduous Broadleaf Forests

14

Dominated by deciduous broadleaf trees (>2m). Tree
cover >60%.

Mixed Broadleaf

16

Evergreen/Deciduous Forests

Co-dominated (40-60%) by broadleaf evergreen and
deciduous tree (>2m) types. Tree cover >60%.

Open Forests

21

Tree coverage 30-60% (canopy >2m).

Sparse Forests

22

Tree coverage 10-30% (canopy >2m).

Dense Herbaceous

31

Dominated by herbaceous annuals (<2m) at least
60% cover.

Sparse Herbaceous

32

Dominated by herbaceous annuals (<2m) 10-60%
cover.

Dense Shrublands

41

Dominated by woody perennials (1-2m) >60%
cover.

Shrubland/Grassland Mosaics

42

Dominated by woody perennials (1-2m) 10-60%
cover with dense herbaceous annual understory.

Sparse Shrublands

43

Dominated by woody perennials (1-2m) 10-60%
cover with minimal herbaceous understory.
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Both fire and land coverage MODIS products are appropriate for application to ArcGIS
pro. To be more accurate on the map representation, the map coordinate system is converted to
AGD_1966_AMG_Zone_55, which is one of the specific coordinate regions for Australia. As
mentioned above land coverage datasets are divided into sections. To determine specific land
coverage for burned areas, two-section merged, and datasets are converted to polygon from raster
format. In this way, the same area coverage is located under the same polygon. With this procedure,
grid code, length (m), and area (m2) were created.
For representing fire areas in near-real-time (NRT) using MODIS, a server connection is
added into ArcGIS pro. In the server connection, the MODIS product is selected and downloaded.
To represent the burned scar, MODIS_Terra_CorrectedReflectance_Bands721 under the
‘Definition Query’ tool was selected. FIRM MODIS dataset is downloaded into ArcGIS pro and
is utilized in order to define fire pixels. MODIS and fire pixels are correlated with each other and
represent a global scale. Required time and area can be organized in ArcGIS. For this study,
simulation dates are between 29th of December 2019 and 4th of January 2020. Fire pixels area is
narrowed down in the southeast of Australia. To obtain burned areas as m2 and land coverage of
the burned area, ArcGIS pro tools were used. Representation of burned area as m2 and land
coverage were used for PM2.5 and NH3 calculations as mentioned under the biomass burning
emission section.
HYSPLIT model has two different sections, which are trajectory and concentration. In the
trajectory section, starting time, location of fires, the number of fire locations, total run time as an
hour, the meteorological dataset(s) are required. Therefore, trajectory only represents a direction
of air parcels with respect to the meteorological dataset(s). In the concentration section, in addition
to defined parameters for trajectory, pollutant definitions are required. For that part, the emission
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rate as hr-1, hours of emission, and release starting time (yy/mm/dd/hh/min) are specified. Emission
rates for the HYSPLIT model are defined as calculated PM2.5 and NH3. Finally, for PM2.5,
HYSPLIT model outputs and ground measurement datasets are compared.
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CHAPTER 3. RESULTS
3.1.Burned Area
The distribution of burned areas for seven days is shown in Figure 9. In the figure, each
color represents different days.
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Figure 9. Daily wildfire burned area on the Southeast shore of Australia. On December 29, 2019,
a wildfire started on the Southeast shore of Australia. The wildfire spread throughout the east
shore of Australia until January 4, 2020. Daily burned areas in Australia are represented with a
different color.
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The calculation of burned areas for seven days and thirteen land cover types are shown in
Table 5. As seen in Table 5, evergreen broadleaf forests (grid code 12) are the most affected type
among burned areas. In total, approximately 5.7 billion m2 burned area, which is 40.3% of the total
burned area, consists of evergreen broadleaf forests. Evergreen needleleaf forests followed
evergreen broadleaf forests. In total, approximately 4.1 billion m2 burned area, which is 28.7% of
the total burned area, consists of evergreen needleleaf forests.
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Table 5. Burned areas in Australia calculates as km2 from December 29, 2019, to January 4,
2020. Based on day and land cover type (grid code) burned areas are classified under 91 classes.
Burned Areas (km2)

Grid

Code 12/29/2019 12/30/2019 12/31/2019 1/1/2020 1/2/2020 1/3/2020 1/4/2020
1

0

0

0

0

0

0

0.43

3

2.24

0

0.16

0.27

0

0

12.31

11

52.34

779.25

344.43

137.90

564.91

302.99

1908.10

12

417.08

2481.14

23.10

27.21

26.98

19.63

2736.99

14

0.17

12.23

1.47

2.27

0.25

0

6.77

16

0.27

54.87

40.78

15.85

98.53

286.21

22.57

21

11.37

120.50

153.03

80.71

117.40

695.59

234.05

22

0.86

141.27

40.75

61.86

35.66

27.04

93.62

31

7.72

277.68

458.07

652.97

137.74

108.26

260.77

32

0.64

0

0

0

0

0

0.65

41

0

0.35

3.56

33.70

0.39

0.07

1.70

42

0

3.73

18.78

6.28

29.34

25.52

8.57

43

0

0

0

0

0

0

0.05
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In determining the distribution and calculation of burned areas, MODIS and FIRM datasets
were used. The maximum burned area in Southeast Australia is 5 billion m2, which occurred on
the 4th of January and is represented by light green color. The minimum burned area is 492 million
m2, which occurred on the 29th of December and was designated by red color. The total burned
area for seven days is 14 billion m2. It is essential to determine the burned area and center of the
area for HYSLIT simulation to show the transport and distribution of emitted species.
3.2.Calculated PM2.5 and NH3 concentration
As mentioned before, species’ emissions were calculated based on Equation 2 under
biomass burning. Calculated PM2.5 and NH3 emissions and fluxes are shown in Table 6.
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Table 6. According to the daily total burned area, daily PM2.5 and NH3 emission and fluxes
calculated with equation 2.
Total
Burned

PM2.5

PM2.5

PM2.5

NH3

NH3

NH3

Area

(Gg/day)

(Gg/hour)

(g/m2)

(Gg/day)

(Gg/hour)

(g/m2)

Date
(km2/day)
12/29/2019

492.7

25

1

49.749

2

0.1

3.547

12/30/2019

3,871.0

200

8

51.550

14

0.6

3.726

12/31/2019

1,084.1

38

2

35.328

3

0.1

2.699

1/1/2020

1,019.0

28

1

27.184

1

0.1

1.396

1/2/2020

1,011.2

48

2

47.537

4

0.1

3.537

1/3/2020

1,465.3

72

3

48.854

5

0.2

3.608

1/4/2020

5,286.6

266

11

50.268

19

0.8

3.652

Total

14,230

675.5

28.1

310

48.7

2

22
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As expected, burned area and emission of species are directly correlated with each other.
Although the burned area is important for emission determination, it is not the only parameter. The
maximum emissions of PM2.5 and NH3 are, 265.7 billion g/day and 19.3 billion g/day, respectively.
The maximum emissions occurred on the day when the largest area burned. The minimum
emissions of PM2.5 and NH3 1 billion g/day and 1.4 billion g/day, respectively. Contrary to
maximum emissions, the minimum emissions of species are observed on different days. Burned
area distribution, daily PM2.5, and NH3 emission, and the flux of species are shown in Figure 10,
Figure 11, Figure 12, Figure 13, and Figure 14, respectively.
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Figure 10. Daily total burned area in Australia. The red circles represent the burned area as m2.
The gray lines represent the changes between days. Black vertical bars in figure represent ±1SD.
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Figure 11. Daily PM2.5 emissions in Australia. The red circles represent the PM2.5 emissions as
g/day. The gray lines represent the changes between days. Black vertical bars in figure represent
±1SD.
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Figure 12. Daily NH3 emissions in Australia. The red circles represent the NH3 emissions as
g/day. The gray lines represent the changes between days. Black vertical bars in figure represent
±1SD.
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As seen in Figure 10, Figure 11, and Figure 12, daily trends demonstrate similar changes.
However, they have some differences from each other. Although burned areas are the same on 31st
of December 1st, and 2nd of January, daily PM2.5 and NH3 emissions vary. Even though the area
burned on the 1st of January is nearly two times the area burned on the 29th of December, the daily
emissions of those two days are similar. The underlying reason for this behavior is the different
land cover of the burned area.
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Figure 13. Daily PM2.5 flux according to the burned area in Australia. The red circles represent
the PM2.5 fluxes as g/day*m2. The gray lines represent the changes between days. Black vertical
bars in figure represent ±1SD.
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Figure 14. Daily NH3 flux according to the burned area in Australia. The red circles represent the
NH3 fluxes as g/day*m2. The gray lines represent the changes between days. Black vertical bars
in figure represent ±1SD.
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In the PM2.5 flux figures (Figure 13, and Figure 14), the effect of land coverage change can
be noticed more clearly. Emissions fluxes on the 29th of December are 1.8 times higher than the
ones experienced on the 1st of January. The highest fluxes for both species are observed on the 30th
of December which is 51. 5 g/m2/day and 3.7 g/m2/day for PM2.5 and NH3, respectively. The PM2.5
and NH3 fluxes are 50.3 g/m2/day and 3.65 g/m2/day, respectively on the 4th of January, which is
the day the highest burned area was experienced.
3.3.Trajectory maps
Forward trajectories for 48 hours represent air movement on a specific day. To better
understanding species distribution, trajectory maps were created by the HYSPLIT model. For
model setup, starting time (year/month/day/hour/min), number of starting locations, latitude, and
longitude of starting locations, and meteorology datasets are used. Map for trajectories through the
29th of December 2019 to the 4th of January 2020 is shown in Figure 15. All daily trajectory maps
are available in Appendix A.
As can be seen in Figure 15, each trajectory has a unique path according to the
meteorological database. On the first and second day, trajectories moved from Australia shore to
New Zealand. However, on the other days, trajectories moved to the inner part of Australia.
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Figure 15. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run
between 29th of December 2019 and 4th of January 2020. The Center of the burned area is set as
the started location of trajectories.
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According to Figure 15, Australia Capital Territory (ACT)-measurement sites are located
under trajectory pathways. Consequently, ACT sites are directly affected by the wildfire plume for
seven days. On the other hand, New Zealand measurement sites are not located on the trajectory
paths. Therefore, these sites are affected by plume dispersion/diffusion rather than the direct
impact of the plume.
3.4.Plume Transport, Dispersion/Diffusion, and Arrival
In this study, the movement of the plume and distribution of concentration is examined to
compare ground measured PM2.5. In Figure 16, plume arrival times are shown. These plume arrival
maps show 6-hour periods of changes of the plume. Because HYSPLIT modal is set as 48 hours
run time, there is no representation for after 48 hours.
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Figure 16. 6-hour periods of wildfire plume distribution. Wildfire plume distribution plotted the 48-hour forward trajectory (500
m) from December 29, 2019 (upper left image) to January 4, 2020 (bottom image). Images show which region-affected plume
blanked during a wildfire event.
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On the first day, the plume is close to the New Zealand shore. The plume affects the
southeast shore of Australia and Tasmania Island. During the second and sixth days, the plume
reached New Zealand's southwest shore between 42 and 48 hours. During those hours, the
concentration of the plume decreased to initial levels due to the large distance between fire centers.
In the other four days, plumes affected the inner Australia region.
For more detailed representation, 12-hour distribution and concentration maps are
available in Appendix-B. 12-hour distribution and concentration maps show plume distribution,
concentration range for PM2.5 and NH3, and ground measurement sites.
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CHAPTER 4. DISCUSSION
Hourly PM2.5 concentration from ground measurement sites was examined from 29th of
December 2019 through 6th of January 2020. Hourly PM2.5 concentrations reached ~2,496 μg/m3
in Australia. For New Zealand, hourly maximum PM2.5 concentrations reached ~49 μg/m3.
According to the National Environment Protection Measure for Ambient Air Quality, the national
air quality standard for daily PM2.5 is 25 μg/m3 for daily (Australia State of the Environment,
2016). On the other hand there is no air quality standard for daily PM2.5 in New Zealand (Ministriy
for the Environment, 2021). During the 2019-2020 wildfire, ground measurement sites measured
numerous exceedance events for PM2.5 concentration.
Because of their locations i.e., proximity to wildfires, ACT sites are more affected by
wildfires than other locations. As seen in Figure 58, the PM2.5 standard was exceeded until the
6th of January. Even during the 6th of January, an exceedance occurred. In Figure 58, we observe
that the exceedance of the PM2.5 standard reached 60 times higher (1,500 μg/m3), and 100 times
higher (2,500 μg/m3) on the 1st of January and 5th of January, respectively. As seen in Figure 59,
although PM2.5 concentration is different in the Monash monitoring site, peaks are experienced on
the same days. The reason for this is Florey and Monash monitoring sites are located close to each
other. These both monitoring sites observe the same plume distribution configuration. However,
the range of concentration during the observance of the plume is different for both. In Figure 59,
the exceedance of the standard reached 80 times higher (2,000 μg/m3) and 60 times higher (1,500
μg/m3) on the 1st of January and 5th of January, respectively. HYSPLIT output concentration
ranges for January 1 and 5, 2020 from 12 AM to 12 PM are shown in Figure 40 and Figure 56.
The PM2.5 concentrations range between 1,000 μg/m3 and 100,000 μg/m3 for both days. HYSPLIT
output ranges cover the measured concentration of PM2.5. To compare between modeled and
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measured PM2.5, the lower and higher value of modeled concentration range are determined for
each day. Additionally, daily maximum and average PM2.5 measurements are determined for 12
hours. The 12-hour period trends for the four-parameters (measured maximum concentration,
measured average concentration, HYSPLIT modeled lower concentration, and HYSPLIT modeled
higher concentration) are shown in Figure 17. There are two important observations that may be
drawn from Figure 17:
(1) The structure of both the measured PM2.5 and modeled PM2.5 are similar.
(2) The maximum and average measured PM2.5 concentration compare well with
HYSPLIT modeled PM2.5 concentration and fall between the maximum and average
PM2.5 HYSPLIT concentration.
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Figure 17. The 12-hour period trends for measured and modeled PM2.5 concentration for Florey
Monitoring site. HYSPLIT outputs are represented as ranges for plume areas. For each day upper
boundary and lower boundary of that region are represented as higher and lower concentration.
During some days PM2.5 concentration is elevated up to 100,000 μg/m3. To better present those
days, the upper boundary for those days was represented as outliers and re-organized for
maximum PM2.5 concentration. Black vertical bars in figure represent ±1SD.
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As mentioned before, the highest temperature was also recorded in December 2019. For
NSW and Victoria regions, anomalies were recorded as +4.31 0C and +3.13 0C, respectively.
Accompanying temperature anomalies, low rainfall events caused a massive number of wildfire
events (Australian Government Bureau of Meteorology, 2020b). For the NSW region, exceedance
events vary between different locations. As seen in Figure 60, peaks are shown on the 2nd of
January and the 5th of January. On the 5th of January, exceedance reached 72 times higher than the
standards. However, for other measurement sites exceedance ranged between 24 times and 3.2
times. Randwick monitoring site located close to Sydney and Wagga Wagga North monitoring site
located southwest of NSW region. As seen in Figure 63, the standard was exceeded in the
Randwick monitoring site until the 6th of January. In Figure 63, the exceedance of the standard
reached ~3 times higher (77 μg/m3) and ~4.17 times higher (104 μg/m3) on the 1st of January and
5th of January, respectively. As seen in Figure 60, PM2.5 concentration is different in the Wagga
Wagga North monitoring site. Peaks are experienced on the closer days. In this figure, the
exceedance of the standard reached ~26 times higher (654 μg/m3) and ~70 times higher (1,747
μg/m3) on the 2nd of January and 5th of January, respectively. HYSPLIT output concentration
ranges for January 2 and 5, 2020 from 12 AM to 12 PM shown in Figure 44 and Figure 57. The
PM2.5 concentrations reached up to 100 μg/m3 and 1,000 μg/m3, respectively in the Randwick
monitoring site for these two days. The PM2.5 concentrations same days for the Wagga Wagga
North monitoring site reached up to 1,000 μg/m3 and 10,000 μg/m3, respectively. HYSPLIT output
ranges cover the measured concentration of PM2.5. To compare modeled and measured PM2.5,
lower and higher value of HYSPLIT modeled concentration range was determined for each day.
Additionally, daily maximum and average PM2.5 measurements were determined for 12 hours. 12hour period trends over time for these four-parameters shown in Figure 18 for both Randwick and
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Wagga Wagga North monitoring site. In this figure, the maximum and average measured PM2.5
concentration compare with PM2.5 concentration range comes from HYSPLIT output as highest
and lowest output range. Maximum and average PM2.5 concentration founded between lower and
higher HYSPLIT concentration.
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Figure 18. 12-hour period trends for measured and modeled PM2.5 concentration for Randwick
and Wagga Wagga North monitoring sites. HYSLIT outputs are represented as ranges for plume
areas. For each day upper boundary and lower boundary of that region are represented as higher
and lower concentration. During some days range up to 100,000 μg/m3. To better representation,
the upper boundary for those days was represented as outliers and re-organized for maximum
PM2.5 concentration. Black vertical bars in figure represent ±1SD.
60

For better comparison, one monitoring site outside of the wildfire plume transport area was
examined. As shown in Figure 73, the Lismore monitoring site was not affected by wildfire plume
during biomass burning. Therefore, the PM2.5 standard was not exceeded at this location during
the wildfire event.
For the VIC region, fewer standard exceedance events were recorded. As seen in Figure
74, the peak for Footscray monitoring sites is shown between the 3rd and 4th of January.
Exceedance of PM2.5 reached 6.4 times higher than the standards. For the Melbourne monitoring
site, the peak observed on the 1st of January is correlated with HYSPIT outputs. For the VIC region,
there are two other monitoring sites observed. These sites only have a measurement between the
29th and 31st of December. In Figure 76 and Figure 77, it is seen that without the effect of wildfire
plume, the standard was not exceeded. On the other hand, the only exceedance of PM2.5 reached
~160 μg/m3 in the Footscray monitoring site on January 3, 2020. HYSPLIT output concentration
ranges for January 3, 2020, from 12 AM to 12 PM shown in Figure 48 and Figure 49. The PM2.5
concentrations reached up to 100 μg/m3 and 10,000 μg/m3. HYSPLIT output ranges cover the
measured concentration of PM2.5. The reason for less impact on the VIC region is due to
meteorological conditions (i.e., wind direction) during this period. As shown in trajectory figures
in Appendix A, the VIC region is mostly located out of the trajectory path.
For New Zealand, only exceedance occurred on the 1st of January 2020 at three
measurement sites. Exceedance of PM2.5 ranged between 1.54 times and 2 times. On the other
hand, Mosgiel and Dunedin monitoring sites were not affected by the concentrated plume.
Therefore, the PM2.5 concentration standard barely exceeded these monitoring sites. According to
Figure 53, the maximum concentration contribution of wildfire plume on these two monitoring
sites was 10 μg/m3.
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On a global scale, emission factors for land cover types were comparable with emission
factor inventories (Figure 19). The Fire Inventory from NCAR (FINN) (C. Wiedinmyer et al.,
2006, 2011) determined as average emission factors. The highest and lowest end of emission factor
( Andreae & Metlet, 2001; Akagi et al., 2011;Andreae, 2019) compared with average emission
factors. For PM2.5, emissions factors used in this study as average emission factors from FINN
ranged between 0.0121 g species/ g biomass burned and 0.0057 g species/ g biomass burned. The
highest and lowest end for emission factor is 0.0329 g species/ g biomass burned and 0.0034 g
species/ g biomass burned, respectively. For NH3, emissions factors used in this study as average
emission factors from FINN ranged between 0.0015 g species/ g biomass burned and 0.0006 g
species/ g biomass burned. The highest and lowest end for emission factor is 0.0025 g species/ g
biomass burned and 0.00012 g species/ g biomass burned, respectively.
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Figure 19. Selected emission factors of NH3, and PM2.5 with highest and lowest end. Selected
emission factor represented as blue bar. Blue bars located the between the highest (orange bars) and
lowest (grey bars) ends. Each land cover named as their code.
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Figure 20 shows daily emissions of NH3, and PM2.5 from biomass burning during timeline
(December 29, 2019 – January 4, 2020). In addition to creating an emission inventory, average
emission factors also determined from literature with highest and lowest end of the emission
factors. Using these highest and lowest end of emission factors, total PM2.5 emissions from
biomass burning in Southeast Australia during timeline were 519 to 11 Gg PM2.5/day. The NH3
emissions from biomass burning in Southeast Australia during timeline were 53 to 0.34 Gg
NH3/day.
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Figure 20. Daily total emissions of NH3, and PM2.5 from biomass burning during timeline,
calculated using both the average emission factors and the highest and lowest end of emission factors
from the literature.
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As expected, the PM2.5 and NH3 emissions calculated using the highest/lowest end of emission
factors were higher/lower than the emissions calculated by average emission factors (FINN).

Ammonia (NH3) emissions from biomass burning also were examined for December 2019January 2020; and examine its relationship to PM2.5. Calculated NH3 emission from biomass
burning ranges between 1.4 million kg/day and 19.3 million kg/day during the timeline (December
29, 2019 -January 4, 2020). Ammonia concentration in Australia is not measured by the
government at any of the sites. To compare calculated NH3 emission, biomass burning inventory
in China from 2003 to 2017 was examined (Yin et al., 2019). Yin et al (2019) examined yearly
NH3 emissions. To calculate yearly NH3 emission for 15 years, radiative energy of fire was used.
The yearly emissions of PM2.5 and NH3 as Tg (Yin et al., 2019) are reflected as kg/day and shown
in Table 7 from 2003 to 2017. Moreover, for comparison with NH3 emission calculated from
Equation 2 is also provided in Table 8.
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Table 7. Daily NH3 and PM2.5 emissions in China as kg/day for 15 years
(Source: Yin et al., 2019).
Year

NH3 (kg/day)

PM2.5 (kg/day)

2003

246,575

2,054,795

2004

273,973

1,808,219

2005

191,781

1,150,685

2006

219,178

1,452,055

2007

219,178

1,315,068

2008

219,178

1,616,438

2009

246,575

1,643,836

2010

219,178

1,369,863

2011

191,781

1,150,685

2012

219,178

1,123,288

2013

246,575

1,369,863

2014

328,767

1,671,233

2015

273,973

1,260,274

2016

164,384

821,918

2017

219,178

986,301
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Linear trendline created with relationship between daily NH3 and PM2.5 emissions come
from inventory. x-axis represents PM2.5 emission (g/day). y-axis represents NH3 emission
(g/day). Linear trendline equation was shown in Figure 21 and was determined as “y = 0.077x +
1*108”
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Figure 21. A linear relationship between NH3 and PM2.5 emissions in China. NH3 and PM2.5
emissions units converted to g/day from China biomass burning emission inventory. Black
vertical bars in figure represent ±1SD. The blue dash line is the best linear fit (y=0.077x+10^8).
(Source: Yin et al., 2019).
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In Table 6, PM2.5 and NH3 emissions are calculated by Equation 2. Calculated PM2.5 and
NH3 emissions as g/day used in HYSPLIT model as an input data. PM2.5 and NH3 concentration
ranges were generated from calculated PM2.5 and NH3 emissions by the HYSPLIT model. As
mentioned above, measured PM2.5 and modeled PM2.5 concentrate correlated with each other.
According to this corrolation, trendline equation (Equation 4) is developed. Therefore, to generate
a correlation between PM2.5 and NH3, NH3 emissions are calculated from PM2.5 with the trendline
equation by using a linear regression approach (Figure 22 and/or Table 8).
Equation 4. Trendline equation between PM2.5 and NH3 by using a linear regression approach
for China
𝑦 = 0.077𝑥 + 1 ∗ 108 (4)
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Table 8. The daily PM2.5 and NH3 emissions for SE Australia calculated from biomass burning
(Equation 2) and NH3 emission calculated from PM2.5 trendline equation for China (Equation 4)
NH3 (Gg/day) calculated

NH3 (Gg/day)

from PM2.5 with trendline

calculated by

Equation 4

Equation 2

PM2.5 (Gg/day) calculated
Date
by Equation 2

12/29/2019

24.5

2.0

1.7

12/30/2019

199.6

15.5

14.4

12/31/2019

38.3

3.0

2.9

1/1/2020

27.7

2.2

1.4

1/2/2020

48.1

3.8

3.6

1/3/2020

71.6

5.6

5.3

1/4/2020

265.7

20.6

19.3

Total

675.5

52.7

48.7
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Due to NH3 emission data sets are resembled in a straight line, the linear trendline is the
best option to use. As shown in Figure 22, the r2 value is 0.99 which is NH3 emission calculated
from PM2.5 emission with trendline good fit NH3 emission calculated by Equation 2.
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Figure 22. Comparison between NH3 emissions calculated from Equation 2 and NH3 emissions
calculated from trendline (Equation 4) as g/day. Black vertical bars in figure represent ±1SD.
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CHAPTER 5. CONCLUSION AND FUTURE WORK
PM2.5 concentration was measured in SE Australia and New Zealand for eight days by the
Australia and New Zealand governments (29th of December 2019 -5th of January 2020). This is the
period of intense wildfire of the season. The concentration of PM2.5 reached 2,496.1 μg/m3 in
Australia. For New Zealand, the maximum PM2.5 concentration was 48.8 μg/m3. During these eight
days, the national standard of PM2.5 (25 μg/m3) was exceeded in both the countries. Maximum
exceedance of standard was 100 and 2 times in Australia and New Zealand respectively. As
expected, the highest PM2.5 concentration exceedance was observed during the wildfire plume
impact. From December 29, 2019, to January 6, 2020, the highest exceedance of the national
standard for PM2.5 concentration was observed in the ACT region. The maximum increase of PM2.5
concentration was observed in Florey monitoring site (~2,500 μg/m3). This exceedance followed
in Monash monitoring site (~2,000 μg/m3). In the NSW region, the exceedance of national standard
way lower than ACT region except for the Wagga Wagga North monitoring site. The highest
exceedance of concentration was ~1,800 μg/m3. For the rest of the NSW, monitoring sites the
exceedance of concentration ranges between ~530 μg/m3 and ~75 μg/m3. The reason for that,
Wagga Wagga North monitoring site is located South of the NSW which is closer to the ACT
region. Other monitoring sites are located north of the NSW region. Victoria region is mostly
isolated from wildfire plumes due to location. There are only two monitoring sites that provided
measurements which are Footscray and Melbourne. The exceedance of PM2.5 reached ~160 μg/m3
in the Footscray monitoring site on January 3, 2020. In New Zealand exceedance much less than
Victoria region, because of plume transport; and owing to dispersion, diffusion and deposition the
PM2.5 concentration in the plume was diluted by the time the plume of wildfire reached New
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Zealand. The maximum increase of PM2.5 concentration in New Zealand was observed in
Alexandra monitoring site (~50 μg/m3).
The broadleaved evergreen forest burning contributed to PM2.5 and NH3 species emissions
larger than other burning land cover types. Observing plume distribution and concentration on the
center of the wildfire, January 1 and 5, 2020 in the Florey monitoring site were examined. During
January 1, 2020, the first 12-hour period (from 12 AM to 12 PM) averaged measured PM2.5
concentration was 1195.7 μg/m3. The national standard of PM2.5 exceedance was approximately
48 times in the Florey monitoring site. The 48-h forward trajectory for this day shows that the
wildfire plume trajectory passes through the Florey monitoring site. During January 5, 2020, the
first 12-hour period averaged measured PM2.5 concentration was 1358.1 μg/m3. The national
standard of PM2.5 exceedance was approximately 55 times in the Florey monitoring site. The 48h forward trajectory for this day shows that the wildfire plume trajectory comes from the southeast
and moves forward to the northwest part of Australia. HYSPLIT output concentration ranges for
January 1 and 5, 2020 from 12 AM to 12 PM are shown in Figure 40 and Figure 56. The PM2.5
concentrations range between 1,000 μg/m3 and 100,000 μg/m3 for both days. HYSPLIT output
ranges cover the measured concentration of PM2.5. Similar results are observed for different
monitoring sites on different days. According to HYSPLIT output, the first and second 12-hour
period averaged calculated PM2.5 concentrations were ranged between 100,000 μg/m3 and 100
μg/m3 during January 1 and 5, 2020.
Reactive nitrogen species are emitted during biomass burning, including NH3. For
secondary PM2.5 formation, NH3 is an important precursor gas. NH3 emission from biomass
burning during the wildfire event is also calculated and modeled with HYSPLIT. As mentioned in
discussion part, biomass burning emission inventory examined for relationship between NH3 and
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PM2.5. Linear trendline equation (Equation 4) was created on Excel. Good fit was observed
between NH3 emission calculated from PM2.5 emission with trendline and NH3 emission calculated
by Equation 2. Although good fit was observed for NH3 emissions, NH3 concentrations ranges
comes from HYSPLIT output assumed as correlated with actual NH3 concentration.
For future studies, CMAQ modeling framework should be interfaced with HYSPLIT
modeling. Ground measurement of NH3 in the Australia and New Zealand region may be
investigated. With measuring NH3 concentration, the correction of NH3 concentrations ranges can
be observed. Since only PM2.5 concentration measured in these countries, there is no direct
comparison between modeled and measured NH3 concentrations. Additionally, for comparison
between measured and modeled NH3 concentration may be examined based on recent advances in
satellite ammonia observation. Furthermore, the wildfire chosen in Australia occurred on the
southeast shore. Lastly, only Australia's southeast shore is chosen for this study. The whole of
Australia during wildfire events can be tested to show the combined influence of emission and
transport on air quality in Australia.
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APPENDIX A: Trajectories

Figure 23. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on December 29, 2019. There were 8
different burned locations on that day. Center of the burned areas set as the started location of trajectories.
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Figure 24. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on December 30, 2019. There were 11
different burned locations on that day. Center of the burned areas set as the started location of trajectories.
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Figure 25. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on December 31, 2019. There were 10
different burned locations on that day. Center of the burned areas set as the started location of trajectories.
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Figure 26. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on January 01, 2020. There were 10 different
burned locations on that day. Center of the burned areas set as the started location of trajectories.
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Figure 27. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on January 02, 2020. There were 12 different
burned locations on that day. Center of the burned areas set as the started location of trajectories.
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Figure 28. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on January 03, 2020. There were 12 different
burned locations on that day. Center of the burned areas set as the started location of trajectories.

91

Figure 29. Daily forward trajectories plotted the 48-hour forward trajectory at 500 m run on January 04, 2020. There were 11 different
burned locations on that day. Center of the burned areas set as the started location of trajectories.
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APPENDIX B: Concentration and Distribution Graphs
B.1. Distribution and Transportation of Wildfire Plume Created on 29th of December 2019.
PM2.5 concentration range

NH3 concentration range

Figure 30. 12-hour period distribution and concentration of Wildfire Plume on 29th of December 2019 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 31. 12-hour period distribution and concentration of Wildfire Plume between 29th of December 2019 12.00 UCT and 30th of
December 2019 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 32. 12-hour period distribution and concentration of Wildfire Plume on 30th of December 2019 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 33. 12-hour period distribution and concentration of Wildfire Plume between 30th of December 2019 12.00 UCT and 31st of
December 2019 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)
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B.2. Distribution and Transportation of Wildfire Plume Created on 30th of December 2019.
PM2.5 concentration range

NH3 concentration range

Figure 34. 12-hour period distribution and concentration of Wildfire Plume on 30th of December 2019 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 35. 12-hour period distribution and concentration of Wildfire Plume between 30th of December 2019 12.00 UCT and 31st of
December 2019 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is
no other external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 36. 12-hour period distribution and concentration of Wildfire Plume on 31st of December 2019 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 37. 12-hour period distribution and concentration of Wildfire Plume between 31st of December 2019 12.00 UCT and 1st of
January 2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no
other external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)
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B.3. Distribution and Transportation of Wildfire Plume Created on 31st of December 2019.
PM2.5 concentration range

NH3 concentration range

Figure 38. 12-hour period distribution and concentration of Wildfire Plume on 31st of December 2019 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 39. 12-hour period distribution and concentration of Wildfire Plume between 31st of December 2019 12.00 UCT and 1st of
January 2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no
other external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration
changes due to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 40. 12-hour period distribution and concentration of Wildfire Plume on 1st of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 41. 12-hour period distribution and concentration of Wildfire Plume between 1st of January 2020 12.00 UCT and 2nd of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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B.4. Distribution and Transportation of Wildfire Plume Created on 1st of January 2020.
PM2.5 concentration range

NH3 concentration range

Figure 42. 12-hour period distribution and concentration of Wildfire Plume on 1st of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 43. 12-hour period distribution and concentration of Wildfire Plume between 1st of January 2020 12.00 UCT and 2nd of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 44. 12-hour period distribution and concentration of Wildfire Plume on 2nd of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 45. 12-hour period distribution and concentration of Wildfire Plume between 2nd of January 2020 12.00 UCT and 3rd of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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B.5. Distribution and Transportation of Wildfire Plume Created on 2nd of January 2020.
PM2.5 concentration range

NH3 concentration range

Figure 46. 12-hour period distribution and concentration of Wildfire Plume on 2nd of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 47. 12-hour period distribution and concentration of Wildfire Plume between 2nd of January 2020 12.00 UCT and 3rd of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 48. 12-hour period distribution and concentration of Wildfire Plume on 3rd of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 49. 12-hour period distribution and concentration of Wildfire Plume between 3rd of January 2020 12.00 UCT and 4th of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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B.5. Distribution and Transportation of Wildfire Plume Created on 3rd of January 2020.
PM2.5 concentration range

NH3 concentration range

Figure 50. 12-hour period distribution and concentration of Wildfire Plume on 3rd of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 51. 12-hour period distribution and concentration of Wildfire Plume between 3rd of January 2020 12.00 UCT and 4th of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 52. 12-hour period distribution and concentration of Wildfire Plume on 4th of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 53. 12-hour period distribution and concentration of Wildfire Plume between 4th of January 2020 12.00 UCT and 5th of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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B.6. Distribution and Transportation of Wildfire Plume Created on 4th of January 2020.
PM2.5 concentration range

NH3 concentration range

Figure 54. 12-hour period distribution and concentration of Wildfire Plume on 4th of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 55.12-hour period distribution and concentration of Wildfire Plume between 4th of January 2020 12.00 UCT and 5th of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 56. 12-hour period distribution and concentration of Wildfire Plume on 5th of January 2020 between 00.00-12.00 UCT in
Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other external source).
Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due to the Emission
Factor (g species g-1 biomass burned)
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PM2.5 concentration range

NH3 concentration range

Figure 57. 12-hour period distribution and concentration of Wildfire Plume between 5th of January 2020 12.00 UCT and 6th of January
2020 00.00 UCT in Australia. PM2.5 and NH3 distribution and concentration come from the only wildfire sources (there is no other
external source). Therefore, distributions of PM2.5 and NH3 are the same. The scales of the PM2.5 and NH3 concentration changes due
to the Emission Factor (g species g-1 biomass burned)
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APPENDIX C: Ground Measurement PM2.5 Concentration
C.1. PM2.5 Concentration from ACT Measurement Sites

Figure 58. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the ACT region. Ambient PM2.5 concentration
measurements were done in the Florey monitoring site by Australia Government.

Figure 59. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the ACT region. Ambient PM2.5 concentration
measurements were done in the Monash monitoring site by Australia Government.
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C.2. PM2.5 Concentration from NSW Measurement Sites

Figure 60. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in Wagga Wagga North monitoring site by Australia Government.

Figure 61. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Orange monitoring site by Australia Government.

122

Figure 62. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Bathurst monitoring site by Australia Government.

Figure 63. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Randwick monitoring site by Australia Government.
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Figure 64. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Rozelle monitoring site by Australia Government.

Figure 65. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Wyong monitoring site by Australia Government. Although
there are some gaps in measurements, the exceedance of the national daily PM2.5 concentration
observes.
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Figure 66. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Mayfield monitoring site by Australia Government. Although
there are some gaps in measurements, the exceedance of the national daily PM2.5 concentration
observes.

Figure 67. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Singleton monitoring site by Australia Government.
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Figure 68. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Narrabri monitoring site by Australia Government.

Figure 69. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Gunnedah monitoring site by Australia Government. Although
there are some gaps in measurements, the exceedance of the national daily PM2.5 concentration
observes.
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Figure 70. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Tamworth monitoring site by Australia Government. Although
there are some gaps in measurements, the exceedance of the national daily PM2.5 concentration
observes.

Figure 71. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Armidale monitoring site by Australia Government.
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Figure 72. Hourly PM2.5 concentration changes as μg/m3 with represented for nine days (from
December 29, 2019, to January 6, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Port Macquarie monitoring site by Australia Government.

Figure 73. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days (from
December 29, 2019, to January 5, 2020) for the NSW region. Ambient PM2.5 concentration
measurements were done in the Lismore monitoring site by Australia Government. Although
there are some gaps in measurements, the exceedance of the national daily PM2.5 concentration
observes.
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C.3. PM2.5 Concentration from VIC Measurement Sites

Figure 74. Hourly PM2.5 concentration changes as μg/m3 with represented for seven days (from
December 29, 2019, to January 4, 2020) for the VIC region. Ambient PM2.5 concentration
measurements were done in the Footscray monitoring site by Australia Government.

Figure 75. Hourly PM2.5 concentration changes as μg/m3 with represented for five days (from
December 29, 2019, to January 2, 2020) for the VIC region. Ambient PM2.5 concentration
measurements were done in the Melbourne monitoring site by Australia Government.
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Figure 76. Hourly PM2.5 concentration changes as μg/m3 with represented for three days (from
December 29, 2019, to December 31, 2021) for the VIC region. Ambient PM2.5 concentration
measurements were done in the Churchill monitoring site by Australia Government.

Figure 77. Hourly PM2.5 concentration changes as μg/m3 with represented for three days (from
December 29, 2019, to December 31, 2021) for the VIC region. Ambient PM2.5 concentration
measurements were done in the Moe monitoring site by Australia Government.
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C.4. PM2.5 Concentration from New Zealand Measurement Sites

Figure 78. Hourly PM2.5 concentration changes as μg/m3 with represented for six days (from
December 29, 2019, to January 3, 2020) for Southwest shore of New Zealand. Ambient PM2.5
concentration measurements were done in the Gore monitoring site by New Zealand
Government.

Figure 79. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days (from
December 29, 2019, to January 5, 2020) for Southwest shore of New Zealand. Ambient PM2.5
concentration measurements were done in the Invercargill monitoring site by New Zealand
Government.
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Figure 80. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days (from
December 29, 2019, to January 5, 2020) for Southwest shore of New Zealand. Ambient PM2.5
concentration measurements were done in the Alexandra monitoring site by New Zealand
Government.

Figure 81. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days (from
December 29, 2019, to January 5, 2020) for Southwest shore of New Zealand. Ambient PM2.5
concentration measurements were done in the Mosgiel monitoring site by New Zealand
Government.
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Figure 82. Hourly PM2.5 concentration changes as μg/m3 with represented for eight days (from
December 29, 2019, to January 5, 2020) for Southwest shore of New Zealand. Ambient PM2.5
concentration measurements were done in the Dunedin monitoring site by New Zealand
Government.
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APPENDIX D: Abstracts

Australia Forest Wildfire Plume Transport: Integrated Ground Based
Measurement and Satellite Analysis
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* Corresponding Author: eari@ncsu.edu
Abstract
Wildfires (bushfires) are connected with Australia’s ecology and culture. This is due to the
highly flammable biota and shortfall of precipitation in Australia. These wildfires affect air quality
and emit PM2.5. In the past century, the occurrence of wildfires has increased. From November
2019 to January 2020 Southeast Australia faced devastating wildfires. This study analyzes the air
quality impact associated with Australia wildfires that occurred from 29th December 2019 to 4th of
January 2020. The emission of PM2.5 was analyzed using satellite products from the Moderate
Resolution Imaging Spectroradiometer (MODIS) and Fire Information for Resource Management
System and the WORLDVIEW system. Daily calculated PM2.5 emissions range from 24*106
kg/day to 265*106 kg/day. Using HYSPLIT model evaluation determined the impact of PM2.5 in
Tasmania, New Zealand, and inner Australia during this time.

for presentation at:
The 19th Annual CMAS Conference
Chapel Hill, NC
October 26 - 30, 2020.
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Impact of Wildland Fire Plume Transport on Air Quality in Australia:
Integrated Ground Based Measurement and Satellite Analysis
Ece Ari*, William. H. Battye, and Viney P. Aneja
Department of Marine, Earth, and Atmospheric Sciences
North Carolina State University, Raleigh, NC, USA

* Corresponding Author: eari@ncsu.edu
Abstract
Wildland fires are a persistent and pervasive multimedia issue. Wildland fires affect air
and water quality in and around the locations of fires, as well as climate. A changing environment
e.g., climate also increases the likelihood and severity of wildfires. Due to the highly flammable
biota and a shortfall of precipitation in Australia, wildland fires relate to Australia’s ecology and
culture. These wildland fires affect air quality, emit ammonia (NH3) and contribute to the
formation of fine particulate matter (PM2.5). Wildland fire led to environmental (air, water, and
soil) damage and visibility degradation. The objective of this study is to analyze the air quality
impact on Australia and New Zealand associated with Australia's wildland fires that occurred from
29th December 2019 to 4th of January 2020. The emission of NH3 and PM2.5 were analyzed using
satellite products from the Moderate Resolution Imaging Spectroradiometer (MODIS), Fire
Information for Resource Management System, and the WORLDVIEW system. Daily calculated
NH3 emission ranged from 1.4*106 kg/day to 19.3*106 kg/day. Moreover, daily calculated PM2.5
emission varied between 27.7*106 kg/day and 265.7*106 kg/day. National Oceanic and
Atmospheric Administration (NOAA) HYSPLIT model was used to examine the transport and
distribution of wildland fire plumes impacting Southwest shore of New Zealand and the Southeast
shore of Australia. The HYSPLIT model output results were consistent with measured
concentration of PM2.5. For example, on 1st January 2020 the HYSPLIT model simulations around
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Australian Capital Territory (ACT) region predicted PM2.5 concentration higher than 1,000 μg/m3;
while on the same day, measured PM2.5 in monitoring sites located on ACT reached 1500 μg/m3
and 2500 μg/m3. To compare calculated NH3 emission, biomass burning inventory in Chine from
2003 to 2017 was examined. Linear trendline created between daily NH3 and PM2.5 emissions. The
r2 value is 0.99 which is NH3 emission calculated from PM2.5 emission with trendline good fit
NH3 emission calculated by biomass burning formula.

for presentation at:
NC BREATHE 2021 Conference
Clean Air Carolina, NC
April 6 - 7, 2021.
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