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Abstract

This thesis describes work aimed at improving our knowledge of emissions
to the atmosphere from Australian vegetation fires. The thesis contains three main
parts. First there is a study to characterise the emissions from forest fires in
southeast Australia. This uses ground-based Fourier transform infrared solar
absorption spectroscopy, coupled with ultra-violet/visible spectroscopy, to explore
the properties of smoke plumes from Australian forest fires that passed over the
observation site at Wollongong, in New South Wales, Australia (34.4°S, 150.9°E).
The particulate loading in the smoke plumes is characterised by the aerosol optical
depth, measured at visible wavelengths. Vertically integrated amounts of a several
emitted trace gases are also determined, (limited to those detectable by solar
absorption spectroscopy in the infrared). Enhanced trace gas amounts of carbon
monoxide, hydrogen cyanide, formaldehyde, ammonia, acetylene, ethylene, ethane,
formic acid and methanol were measured in the smoke plumes and quantified via
the use of emission ratios. The emission ratios determined in this study indicate that
emissions from fires in southeastern Australian forests (which are predominantly
eucalypts) are broadly similar to those from other geographical regions except for

comparatively low emissions of ethane.

The second part of this thesis describes a new method of making estimates
of gaseous emissions from fires. Strong correlations between trace gases and
aerosol optical depth (AOD) in smoke plumes are used in conjunction with
satellite-based measurements of AOD to estimate the total amounts of carbon
monoxide and other gases emitted from the Canberra fires of 2003. There are
significant difficulties with the new method, in particular the interruption of the
satellite record due to clouds or technical problems with the satellite. Nevertheless
the estimated emissions of carbon monoxide from the Canberra fires (4.9 — 9.6 Tg),
is in agreement with an estimate made by existing techniques. The addition of
another tool for making estimates of gaseous emissions from biomass burning is

useful for corroborating existing techniques, especially since the sources of
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uncertainties inherent in the different techniques are largely independent of one

another.

The third part of the thesis is a study to characterise the emissions from
savanna fires in the tropical north of Australia. Again ground-based Fourier
transform infrared solar absorption spectroscopy is used with automated
measurements in the near infrared from a site in Darwin, Northern Territory,
Australia, (12.4°S, 130.9°E). Alternatively measurements in the mid infrared can be
made by overriding the automated system, and this has been done when there is
evidence of significant smoke plumes in the area. Total column amounts of carbon
monoxide from Darwin from 2005-2008 show a very clear annual cycle, with
evidence of transported pollution from Indonesian fires in 2006. The time series
agrees within the expected uncertainties with measurements of carbon monoxide
derived from the MOPITT satellite instrument, giving greater confidence to
MOPITT retrievals in the tropics. Mid infrared spectra have been recorded through
smoke plumes over Darwin on 20 separate days, yielding column amounts of
carbon monoxide, formaldehyde, acetylene, ethane and hydrogen cyanide and
emission ratios with respect to carbon monoxide for the four latter gases from
tropical north Australian savanna fires. Emission ratios for acetylene and ethane
from this work are in broad agreement with other literature values, whilst emission
ratios for formaldehyde and hydrogen cyanide are significantly higher than the only
previous field measurements from Australian savannas (but in agreement with

laboratory studies) suggesting storage losses in the earlier study.

v



Acknowledgements

I would like to acknowledge with deep gratitude the support of my husband
Doug and my children Anna, Catherine and Antony, all of whom have coped well
with less wifely or motherly input in their lives as this document was being
prepared. I also acknowledge the helpful comments, support and guidance provided
by all three of my supervisors Nicholas Jones, Steve Wilson and David Griffith and
many other colleagues including David Edwards, Di Jolley and Nicholas
Deutscher.

I thank Arndt Meier for coming into work over Christmas and New Year in
2001/2002 and running the spectrometer at Wollongong to collect the first of the
smoke affected spectra upon which this work is based. I also acknowledge Nicholas
Jones and all other colleagues with the Centre of Atmospheric Chemistry who have
run the spectrometer in Wollongong and captured smoke plumes as a result.

The spectrometer operating at Darwin is designed to operate automatically
for the collection of near-infrared data. The system was designed and installed by
the efforts of Paul Wennberg, Jean-Francois Blavier, Geoff Toon, Yael Yavin,
Rebecca Washenfelder, Gretchen Keppel-Aleks, Nicholas Deutscher, David
Griffith, Glenn Bryant, Brian Connor, Charles Miller and Ross Salawitch. The
automated collection of near infrared data at Darwin is kept running, despite
frequent glitches, by the efforts of Nicholas Deutscher. Nicholas occasionally has
also taken data for me in the mid infrared and has been tirelessly patient in
providing advice on how to run the system at Darwin. Technical assistance on site
in Darwin (including cooling of the detector with liquid nitrogen) has been
provided by John Glowacki, Rex Pearson, Troy Culgan, Mike Alsop, Krzysztof
Krzton and Maciej Ryczek, many of whom have also alerted me when there were
signs of smoke in Darwin. On other occasions the very useful Geosciences

Australia “Sentinel” website (http://sentinel.ga.gov.au/acres/sentinel/) was used in

conjunction with wind forecasts for the Darwin region from the Bureaux of
Meteorology as a crude fire alert system. Aerosol Optical Depth measurements
from Darwin were provided by Bruce Forgan.

The TAPM model was developed at CSIRO and purchased by the

University of Wollongong for use in this and other projects. Advice was offered for


http://sentinel.ga.gov.au/acres/sentinel/�

its correct use by Martin Cope, Peter Hurley and Bronwyn Dunse. The programs to
derive aerosol optical depth from measurements at Wollongong were written by
Stephen Wilson. Some aspects of the uncertainty in retrieving total column
amounts using the SFIT2 algorithm were estimated using Matlab scripts written by
Vanessa Haverd.

Satellite image courtesy of MODIS Rapid Response Project at
NASA/GSFC was used in many of the maps showing the location of fires. Some of
the maps produced in the software ArcMap used Spatial Analysis Laboratories
products OSDM_GMA2001 coastt and OSDM_GMA2001 builtupp that
incorporate data which is Copyright Commonwealth of Australia 2001. Back
trajectories were generated by the European Centre for Medium-Range Weather
Forecasts, (ECMWF) Trajectories, via the website
http://badc.nerc.ac.uk/data/ecmwf-trj/ run by the British Atmospheric Data Centre,
2006-2008.

Finally, I would like to acknowledge the financial support of the Australian
Research Council in the form of the research grant “Biomass Burning Emissions-
An Innovative Technique for Assessing Global Climate Impacts — DP0557407”

that made possible a large proportion of the work described in this thesis.

List of Acronyms used in this Thesis
AQOD = aerosol optical depth
VMR = volume mixing ratio
InSb = indium antimonide
CO = carbon monoxide
H,CO = formaldehyde

HCN = hydrogen cyanide
NH; = ammonia

HCOOH = formic acid

C,H; = acetylene

C,H,4 = ethylene

C,Hg = ethane

CH;0H = methanol

vi


http://badc.nerc.ac.uk/data/ecmwf-trj/�

Contents

Chapter 1 : INtroduction.......ceeeeeenseecsennsnensensssensensssesssnssssesssnesssesssssssassssssssssssanes -1-
1.1 Biomass Burning EMisS1ONS........ccceeiiieiiiiiiiiniieiiee et -1-
1.2 Traditional Methods of Estimating Emissions from Biomass Burning....... -2-
Area BUurned ..........oooiiiiiiiiii e -3-
Fuel Load & Burning Efficiency..............cc.ccoooiiiiiiiieceeee, -3-
Emission Factors & Emission Ratios ...............c.ccooiiiiiiiceee, -5-
1.3 Remote Sensing using Fourier Transform Spectrometry and the
Network for the Detection of Atmospheric Composition & Change.......... -8-
1.4 Background to the Work described in this Thesis..........ccceevvieeiiieenneens -11 -
1.5 Objectives 0f the TReSIS ....cccveriiiiieiiieiieeeeeeeee e -11 -
Chapter 2 : Measurement and Modelling ToolS.........ccocceeervuricrvricscercscnercscnenenes -13 -
2.1 Fourier Transform SpPectroSCOPY ......ccvveeruieriieniieeiierieeieeeie et -13 -
2.2 Remote sensing of the Atmosphere by Solar FTIR Spectroscopy ............ -16 -
Atmospheric Absorption Line Positions .................cccoooiiiiiiiniiiiniiiee -19 -
Line Broadening and Line Shapes................ccoocoiiiiiiiiiiiniiiiccee e -21-
Atmospheric Absorption Line Intensities................cccccccoeiiiiniiiiniiiiniiecee e, -22-
Calculating Synthetic Atmospheric Spectra................ccooooiiiiiiiiiiiii e, -24 -
23 Deriving Trace Gas Amounts from Solar FTIR Spectra..........cccccveenennee. -27 -
Analysis AIOrithms .............ccoooiiiiiiiii e -27 -
Inverse Modelling and Optimal Estimation .....................cc.cccooiiiiiiiniiiiin e, -28 -
The averaging kernel and uncertainties.................ccccccooiiiniiiiniiiniicnceee -30 -
USing SFIT2 in PractiCe.........coccooiiiiiiiiiiieiiieeiie ettt e -31-
2.4 Measurements of Aerosol Optical Depth ..........cccoeveviiiiiiiiieiiiieieeees -33-
Ground-based Measurements of Aerosol Optical Depth using Ultraviolet and
Visible SPeCtroSCOPY .....cccvvvviiiiiiiiieeeeee e -33-
Satellite-based Measurements of AOD ..., -37 -
2.5 Atmospheric Modelling using “TAPM” ........ccccoeviiiiiiiienieeieeieeee e -37-

vii



Chapter 3 : FTIR Spectra Recorded through Smoke Plumes from South

Eastern Australian Forest Fires & Analysis for Trace Gas Amounts - 40 -

3.1 Spectra Recorded through Smoke Plumes from South Eastern Australian
Forest Fires 2001 —2003.........ooiiiiiiiieiee e -40 -
3.2 Analysis of Smoke affected FTIR Spectra for Trace Gas Amounts ......... -44 -
Analysis for CO using SFIT2 ..........ccoooiiiiiiieeee e -44 -
SFIT2 Analysis of Spectra for H,CO, HCN, NH;, HCOOH, C;H;, C;H4 and
(6] 5 1SRRI - 49 -
Uncertainty Analysis for Derived Column Amounts using SFIT2..................... -49 -
CH;3;O0H Amounts derived using GFIT...............coocoiiiiicee -59-
33 Variability of the Sampled Smoke Plumes Illustrated with Time series of
CO Vertical Column AMOUNES.........eereeriieriienieeriieeie e -62 -
34 Correlation between AOD and Trace Gases in Smoke Plumes from
Southeast Australian Forest FIres ..........ccooovevieniiiiiiiniieiiieieieeeeee - 66 -
3.5 JANUATY 1% 2002 ... -74 -
3.7 Emission ratios of trace gases using AOD as a proxy for CO .................. =75 -
3.8 Emission Factors Extrapolated from Emission Ratios to CO ................... -76 -
3.9 A Potential Method for Estimating Biomass Burning Emissions ............. -79 -
3.10 Summary and CONCIUSIONS ..........c.cecveriieiiieriieiieeie et -81 -
Chapter 4 : Modeling Emissions from the Canberra Wildfires of 2003.......... -83 -
4.1 The Canberra Wildfires 0f 2003 ..........cooieiiiiinieieieeeeeeeee e -83 -
4.2 Outline of a Method to Estimate Emissions Using AOD............cccc....... -85-
4.3 MODIS Satellite Measurements of AOD during the Canberra Fires........ - 86 -
4.4 Estimating Gaseous Emissions using MODIS AOD Measurements......... -94 -
4.5 Difficulties in Modelling the dispersion of smoke plumes ....................... -97 -
4.6 Emissions Calculations including corrections for double counting using
TAPM dispersion modelling -98 -
4.7 Results and Uncertainties ..........oeveeeueerieeriienieeiieeieesiee e -113 -
4.8 Total emissions estimates of trace gases from the Canberra fires of 2003.
................................................................................................................. - 118 -
4.9 SUMMATY ...ttt e e et e e b e e st eessaeesabeeenanes -119 -

viil



Chapter 5 : CO and AOD Measurements from Darwin........ccccceceevceeecscnnccsnnces -121 -

5.1 Near-Infrared Spectra Recorded from Darwin 2005-2008...................... - 121 -
52 Analysis of Near Infrared Spectra for CO........ccoovevirieniiiiniiniciee - 123 -
53 Comparison With MOPITT........cccoviriiiiiiieceeeecee e 131
54 Measurements of AOD from Darwin .........ccccoeceevieienienenienieneneseeeeen 133
5.5 AOD and Column amounts of CO measured from Darwin 138

Chapter 6 : Emissions from Tropical North Australian Savanna Fires

Derived from Ground-based Mid Infrared FTIR Spectra from

DArWill.oooiecniiiiiiieniiicnninsninnennnecsiinseisessseessesssesssesssssesssssssssssesssssssasses 141
6.1 Recording of Mid infrared Spectra from Darwin...........cccceeevveveveencveennnenn. 141
6.2 Technical Details of the Analysis of Mid infrared Spectra............c..cc......... 143
Analysis of Mid infrared Spectra for CO & HyCO..........ccooovviviiiiniiieeiieeeeee, 144
Analysis of Mid infrared Spectra for HCN, C;H; and C;Hg.........cooevevvviinnnnennn. 150
6.3 Distinguishing between local and transported smoke .............cccceeevveenenennnen. 155
6.4 Correlations between derived columns of Hy,CO and CO.....ccoevvvvvneeeeeeennn. 164
6.5 Emissions Ratios for H,CO, HCN, C,H; and C,H¢ from Tropical North

Australian Savanna Fires .........ccoooiiiiiiiiiiiiieeecee e 171
6.6 Correlations between trace gases and AOD ..........ccceeciieiiieiieniecnieeeeee, 178
Chapter 7 : Summary and Conclusions 182
7.1 Overview of Main ConcluSIONS.........c.eevieiiieriiiiienieeie e 182
7.2 Outcomes for Specific Objectives of the Thesis ........cccceevevierierciienieeieenee. 184
7.3 Recommendations for future Worki..........cocoooiiiiiii, 189
7.4 Concluding COMMENES .......ccueeriieriieeiieiie ettt seee et e b e sereeneees 189

iX



List of Tables

Table 3-1: Spectra intervals and interfering gases fitted for each species retrieved
using SFIT2 along with uncertainties in the derived column amounts. ........ -51-
Table 3-2 : The results of generalised least squares regression analysis on the
column amounts of each trace gas and the coincident AOD measurements. - 73 -
Table 3-3: Emission factors calculated in this study alongside emission factors from
[Andreae and Merlet, 2001] .....ccoviieiniiiiiiieeeeee e -78 -
Table 4-1: Satellite overpasses with a clear image of enhanced AOD from smoke
plumes from the Canberra fires during January 2003. ...........ccceevveeirennnnnne. -92-
Table 4-2: Satellite overpasses with a clear image of enhanced AOD from smoke
plumes from the Canberra fires during February 2003. ..........cc.covveevvennnnne. -93 -
Table 4-3: Estimated total emissions from the Canberra fires for all of the
MEASUTEA tTACE ZASES. voeuvvreevrieeirieeiiieerieeenreeeseteeensreeeeseesssseeensseesssseesnsseens - 120 -
Table 5-1: Summarises the results of a survey of possible microwindows to use for
retrieving atmospheric CO total column amounts. All the major CO lines in the
overtone band from approximately 4200cm™ to 4300cm™ are included but only
two microwindows were chosen. These are shown in bold. .............ccccoeeee. 125
Table 6-1: Spectral intervals and interfering gases fitted for CO and H,CO

retrieved using SFIT2 along with uncertainties in the derived column amounts

Table 6-2: Spectral intervals and interfering gases fitted for C;Hs, C,H, and HCN
retrieved using SFIT2 along with uncertainties in the derived column amounts. .-
152 -

Table 6-3: Results of regressions analyses on H,CO and CO retrievals from each of
the 20 individual days when significant smoke plumes were sampled with the
InSb detector from Darwin. The gradient, intercept and value for the square of
the correlation coefficient (r*) are shown. Days with strong correlations are
shown in bold, and mean values for the daily gradients and intercepts are given
for spectra recorded between May and September and spectra recorded during
October and NOVEMDET. .......c.cooiuieiiiiiiiiieeiieeie ettt 166

Table 6-4: Emission ratios with respect to CO for this work compared to other

measurements 1N the TEETATUIE......cceeeeeeeeeeeeee et eee e e e eeaeaeee s 177



List of Figures

Figure 1-1: Photograph of the Bomem DAS8 Spectrometer used at the
Wollongong NDSC/NDACC complementary site from 1995 until 2008. - 9 -

Figure 1-2: Photograph of solar tracker used at the Wollongong NDSC/NDACC
complementary site from 1995 until 2008. -10 -

Figure 2-1: Time is shown on the x-axis and intensity on the y-axis. Two cosine
waves of different frequency are shown at the bottom of the figure, whilst
the top of the figure illustrates the sum of the two waves — the “beat
frequency”. -13 -

Figure 2-2: The basic components of a Fourier transform spectrometer — in
essence a Michelson interferometer. -15-

Figure 2-3: An example spectrum recorded by a ground-based solar Fourier
transform spectrometer. -17 -

Figure 2-4: Schematic showing how radiation from the sun passes through
different regions of the atmosphere and molecular vibrational/rotational
transitions produce characteristic absorption features in the solar spectrum. -
18 -

Figure 2-5: From the spectroscopic atlas by Meier et al [2004]: the infrared
transmission spectrum of water (top panel), carbon dioxide (middle panel)
and methane (bottom panel) in the atmosphere from 500 cm™ to 4400 cm™
as simulated using the HITRAN 2000 database for a solar zenith angle of
70° and concentration profiles taken from US standard atmosphere. - 26 -

Figure 2-6: Photograph showing the Optical fibres used with the Ocean Optics
0OD2000 grating spectrometer -33-

Figure 2-7: Photograph showing the Ocean Optics OD2000 grating
spectrometer -34 -

Figure 2-8: Example of a Langley plot. The x=0 intercept give V(L) and the
gradient gives T. From
http://seawifs.gsfc.nasa.gov/staff/sunphoto/principle.html#Langley section

for illustration purposes only, data not from this thesis. -36 -

xi



Figure 3-1: Plots showing enhanced amounts of (a) CO (top panel), (b) HCN
(middle panel) and (c) H,CO (bottom panel) in smoke plumes sampled on 1*
January 2002. -42 -

Figure 3-2: Plots showing enhanced amounts of (a) NH; (top panel), (b) C,H4
(middle panel) and (c) C,Hs (bottom panel) in smoke plumes sampled on 1%
January 2002. -43 -

Figure 3-3: a priori covariance matrix and VMR used in retrieval of CO. -46 -

Figure 3-4: Averaging kernel for the retrieval of CO. -47 -

Figure 3-5: Example fits achieved in the SFIT2 retrieval of CO in all 3
microwindows used: (a) 2057.684 — 2058.000cm™ fitting the P10 line of
B0, (b) 2069.55 — 2069.76cm™ fitting the P7 line of C'"®0 and (c)
2012.00 —2012.20cm’ fitting solar CO -48 -

Figure 3-6: a priori covariance matrices and VMR profiles used in the retrieval
of (a) H,CO, (b) HCN, (c) NH3 and (d) HCOOH. -52-

Figure 3-7: a priori covariance matrices and VMR profiles used in the retrieval
of (a) C,H», (b) C,Hy4 and (c) C,Hg. Panel (d) shows the initial VMR profile
for GFIT analysis of CH;OH. -53-

Figure 3-8: Example fits achieved in the SFIT2 retrieval of H>,CO in both
microwindows used: (a) 2778.12 — 2778.80cm™ fitting the H,CO lines
around 2778.48 cm” and (b) 2780.60 — 2781.17cm™ encompassing the
manifold of H,CO lines around 2780.9 cm’! -54 -

Figure 3-9: Example fits achieved in the SFIT2 retrieval of HCN in both
microwindows used: (a) 3268.00 — 3268.38 cm™' fitting the P14 HCN line
and (b) 3287.00 — 3287.48 cm™ fitting the P8 HCN line at 3287.25 cm™ .- 55

Figure 3-10: Example fits for the SFIT2 retrievals of (a) NH; and (b) HCOOH. -
56 -

Figure 3-11: Example fits for the SFIT2 retrievals of (a) C;H; and (b) C,H4.- 57

Figure 3-12: Example fits achieved in the SFIT2 retrieval of C;He in all 3
microwindows used: (a) 2976.60 — 2977.10cm™ (b) 2996.70 — 2997.10cm’™
and (c) 3000.10 — 3000.60cm . - 58 -

Xii



Figure 3-13 Simulated absorptions of methanol, carbon dioxide, water,
ammonia and ozone produced by the GFIT algorithm’s best fit to an
example spectrum for the 1014 cm™ to 1038 cm™ region. The simulations
have been offset vertically for clarity. - 60 -

Figure 3-14 Residuals of the best fits that resulted (1) from the analysis
described in the text and illustrated in Figure 3-13 and (2) when the
methanol was not adjusted in the analysis but left at background levels
whilst the NH; was fixed at the enhanced amount found from the original
GFIT analysis. Also plotted in this figure is a methanol spectrum scaled and
offset for comparison. -61 -

Figure 3-15: Time series of CO column amounts from December 2001 to
January 2002. -63 -

Figure 3-16 Time series of CO column amounts from September 2002 to
January 2003. -63 -

Figure 3-17: Time series of CO column amounts from January 21% 2003. - 64 -

Figure 3-18: Time series of CO column amounts from January 26" 2003. - 65 -

Figure 3-19 Vertical column amounts of CO derived from smoke affected
spectra plotted against coincident measurements of AOD. The * symbol
indicates the two spectra that were recorded just before the arrival of a
distinctive, thick smoke plume on January 1% 2002. Typical smoke-free
values are less than 0.1 for AOD and 1.6 + 0.5 x10'® for CO column. A
generalised least squares linear regression excluding data from January 1%
2002 gave an R” value of 0.87. -67-

Figure 3-20: Vertical column amounts of HCN (upper panel) and H,CO (lower
panel) derived from smoke affected spectra plotted against coincident
measurements of AOD at 500nm. - 69 -

Figure 3-21: Vertical column amounts of NH; (upper panel) and C,H, (lower
panel) derived from smoke affected spectra plotted against coincident
measurements of AOD at 500nm. The * symbol indicates the two spectra
that were recorded just before the arrival of a distinctive, thick smoke plume

on January 1* 2002. -70 -

xiii



Figure 3-22: Vertical column amounts of C,H4 (upper panel) and C,Hg (lower
panel) derived from smoke affected spectra plotted against coincident
measurements of AOD at 500nm. -71 -

Figure 3-23: Vertical column amounts of HCOOH (upper panel) and CH;0H
(lower panel) derived from smoke affected spectra plotted against coincident
measurements of AOD at 500nm. -72 -

Figure 3-24: MODIS true colour image of South Eastern Australia on January
1* 2002. The red spots show MODIS hotspots — where a thermal anomaly
has been detected. Image courtesy of MODIS Rapid Response Project at
NASA/GSFC. -74 -

Figure 3-25: Back trajectories showing projected origin and age of parcels of air
arriving over Wollongong at different pressure levels: 950 hPa (pink), 750
hPa (red), 550 hPa (green) and 350 hPa (light blue). The crosses are half
hour intervals back in time from noon on the 1* of January 2002. The back
trajectories were generated by the European Centre for Medium-Range
Weather Forecasts, (ECMWF) Trajectories, via the British Atmospheric
Data Centre, 2006-, 2008. Available from
http://badc.nerc.ac.uk/data/ecmwit-trj/ . -75-

Figure 3-26: Distribution of AOD at 500 nm over the Southeast coast of
Australia on January 26™ 2003 obtained from the MODIS aerosol product
(MODO04), as observed from the Terra (left panel) and Aqua (right panel)
platforms. The AOD scale has been converted to column amounts of CO,
HCN or H,CO by applying the relationships derived from the regression
equations shown in Table 3-2. (Figure generated by Susan Campbell,
CSIRO, Canberra.) -79 -

Figure 4-1: Images of the Canberra fires, courtesy of the NSW fire service.- 84 -

Figure 4-2: A selection of MODIS AOD images of the Canberra fires of 2003. -
89 -

Figure 4-3: Further MODIS AOD images of the Canberra fires of 2003. - 90 -

Figure 4-4: Smoke plumes from the Canberra fires as seen from MODIS

onboard the Aqua satellite on the 18" January 2003. -91 -
Figure 4-5: Enhanced MODIS AOD from the Canberra fires recorded from the
Aqua satellite at 03:35 UT on 9th January 2003. -95 -

Xiv



Figure 4-6: Enhanced AOD as seen by the MODIS instrument on Aqua at
04:20UT 10" January 2003. The black area is not covered by the swaths
used to make up the image. -97 -

Figure 4-7: MODIS false-colour image taken on the 7™ February 2003 (left
hand panel) TAPM grid with area sources shown in grey (right hand panel) -
100 -

Figure 4-8: Typical distribution of emissions chosen for a 24 hour period given
in UT. - 101 -

Figure 4-9: Schematic diagram illustrating the method used to estimate the
amount of emissions that may be double-counted each day. -102 -

Figure 4-10: An example where examining the predicted smoke remaining from
earlier emissions and the enhancements detected by MODIS AOD shows no
overlap and the correction factor C; is set to zero- (a) TAPM prediction of
location of smoke plume from Canberra fires at 1km from the model run for
the 15™ January 2003, (b) corresponding MODIS AOD image at this time
and (c) TAPM prediction of location of smoke plume at 1km from previous
emissions taken from the model run for the 14" January 2003. Comparing
(a) and (b) shows whether the location of new emissions predicted by the
model coincide with the actual enhancements detected by MODIS,
(comparison of the total mass in each yields the correction factor, C;), whilst
(b) and (c) are compared to decide whether the detected enhancements
include smoke emitted previously and already counted in the emissions
estimate. Here the conclusion is that there is no obvious overlap and C,=0
and so nothing is subtracted from the emissions calculated from the MODIS
AQOD image in panel (b). - 105 -

Figure 4-11: An example where the overlap of the predicted smoke remaining
from earlier emissions and the enhancements detected by MODIS AOD is
not clear. (a) TAPM prediction of location of smoke plume from Canberra
fires at 1km taken from the model run for the 22™ January 2003, (b)
corresponding MODIS AOD image and (c) TAPM prediction of location of
smoke plume at 1km from previous emissions taken from the model run
from the 21* January 2003. In this case the correction factor, C; is the

percentage of non-white pixels in the image shown in (b). - 106 -
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Figure 4-12: The proportion of previous emissions that remain in the TAPM
modelled area (R%) and the normalisation factors C; and C, for each day of
the fires. - 108 -

Figure 4-13: The estimated emissions of CO for each day alongside the previous
emissions still remaining in the area as predicted by TAPM modelling. The
sum of these two terms is Mco, the mass of enhanced CO derived from the
MODIS AOD data for the day. The accumulated total mass of CO emitted
by the fires is also shown on a separate right-hand axis. - 109 -

Figure 4-14: The correction factor C, for the larger region calculations. Note
that the estimated proportion of previous emissions that remain in the area
(Ry,) and the correction factors C; are taken from TAPM results for the
smaller area (Figure 4-12). - 111 -

Figure 4-15: The estimated emissions of CO for each day taken from the large
region alongside the previous emissions still remaining in the area as
predicted by TAPM modelling. (The sum of these two terms is Mco.The
accumulated total mass of CO emitted by the fires is also shown on a
separate right-hand axis. -112 -

Figure 4-16: Comparison of ground-based AOD measurements (small grey
squares) with MODIS AOD measurements for the single 1° by 1° grid space
over Wollongong (small black triangles) and the 9 closest 1° by 1° grid
spaces around Wollongong (open triangles). -115-

Figure 4-17: Comparison of ground-based FTIR measurements of column CO
(grey squares) with MODIS AOD inferred CO columns using the 9 closest
1° by 1° grid spaces around Wollongong (black triangles). The 1o standard
deviations are shown as error bars. The number of spectra used to calculate
the average column CO from the FTIR are given above each point. - 115 -

Figure 5-1: Photograph of the TCCON observatory at Darwin showing the
container, tracker dome and weather station. - 122 -

Figure 5-2 shows an example InGaAs spectrum extending from 4000cm™ to
12000cm™. The CO overtone band is around 4200cm™. -123 -

Figure 5-3: The a priori CO VMR profile used in GFIT analysis of NIR spectra

from Darwin. -124 -
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Figure 5-4 : An example fit to the microwindow from 4226.5 cm™ to 4228.3 cm’
! fitting CO and CH, including the CO line at 4227.36 cm™. The red line is
the measured spectrum, the blue is the simulated spectrum and the green line
above shows the difference between the two (the residual). 126

Figure 5-5: An example fit to the microwindow from 4231.5 cm™ to 4232.1 cm’
! fitting CO, H,O, HDO and CHy including the CO line at 4231.69 cm’. 127

Figure 5-6: Shows daily averaged CO column amounts derived from InGaAs
spectra recorded at Darwin. Points are the daily average CO column and the
error bars are the 16 standard deviation. 128

Figure 5-7: MODIS true colour image showing an Indonesian smoke plume
extending towards Northern Australia on 14™ November 2006. 129

Figure 5-8. (Prepared by D.P. Edwards). Monthly averaged CO VMRs (ppbv) at
700 hPa retrieved from MOPITT for November 2005 (upper panel) and
November 2006 (lower panel). 130

Figure 5-9. (Produced by D.P. Edwards). MOPITT CO measurements over
Darwin (D.P. Edwards) are shown in green and CO from NIR ground-based
FTIR measurements (this study) are shown in red. The upper plot shows
daily averages as dots and weekly averaged values are plotted as a solid line.
The lower plot represents the weekly mean anomaly as differences from the
mean value for that week of the year determined from the entire MOPITT
time series. 131

Figure 5-10. MOPITT CO columns plotted against FTIR CO columns measured
at Lauder, New Zealand and Wollongong and Darwin, Australia. (Produced
by D.P. Edwards). 132

Figure 5-11: Photograph of a Middleton Solar SP02 Sunphotometer as used in
Darwin. (Photograph reproduced with kind permission of David Mathias of
Middleton  Solar — see the  Middleton  Solar  website:
http://www.middletonsolar.com/products/product1 1.htm) 134

Figure 5-12. Time series of hourly averaged AOD values from Darwin. The
error bars are the 16 standard deviation of the mean for each hour. 134

Figure 5-13. Time series of daily average CO column amounts plotted alongside
time series of daily average AOD at 500nm. The left-hand axis is for CO

column amounts and the right hand axis is for AOD at 500 nm. Error-bars
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are the 1o standard deviation of the mean for both CO column amounts and
AOQOD at 500 nm. 135
Figure 5-14: MODIS true colour image from the AQUA satellite with detected
thermal anomalies shown as red spots, indicating local fires near Darwin on
31" May 2006. The map was generated in ArcMap using satellite image
courtesy of MODIS Rapid Response Project at NASA/GSFC, and coastline
and town locations from Spatial Analysis Laboratories (see
Acknowledgements. ) 137
Figure 5-15: MODIS true colour image from the TERRA satellite with detected
thermal anomalies shown as red spots, indicating local fires near Darwin on
27™ April 2008. 137
Figure 5-16. Total column amounts of CO derived from near-infrared spectra
plotted against coincident sunphotometer measurements of AOD at 500 nm
taken from Darwin. 138
Figure 5-17 Total column amounts of CO plotted alongside coincident
measurements of AOD at 500nm. The dataset has been cut to remove all
AOD values in excess of 0.75. 139
Figure 6-1: Sentinel website showing MODIS thermal anomalies (hotspots)
from the afternoon of June 6™ 2008 and the MODIS raster (visible image).
142

Figure 6-2: Image from the webcam on top of the container housing the
spectrometer at Darwin taken on June 2" 2008 at 13.50 local time. A large
smoke plume is visible to the East behind the hurricane cage and the solar
tracker’s dome. 143
Figure 6-3: An example InSb spectra recorded from Darwin. 144
Figure 6-4: VMRs and a priori covariances plotted against altitude (km) for the
44 modelled layers used in the SFIT2 retrieval of CO (upper panel) and
H,CO (lower panel) 146
Figure 6-5: Example fits to a measured spectrum achieved in the SFIT2 retrieval
of CO in all 3 microwindows used: (a) 4226.50 — 4228.30cm™’, (b) 4231.50
—4232.10cm™ and (c) 4274.00 — 4275.00cm™. 148
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Figure 6-6: Example fits to a measured spectrum achieved in the SFIT2 retrieval
of H,CO in both microwindows used: (a) 2777.88 — 2778.92 cm’™ and (b)
2869.435 —2870.325 cm™, 149

Figure 6-7: : VMRs and a priori covariances plotted against altitude (km) for
the 44 modelled layers used in the SFIT2 retrieval of (a) C;Hg (b) C,H; and
(c) and HCN 151

Figure 6-8: Example fits to a measured spectrum achieved in the SFIT2 retrieval
of C,H, in all 3 microwindows used: (a) 2976.60 — 2977.10cm™ (b) 2996.70
—2997.10cm™ and (c) 3000.10 — 3000.60cm™. - 153 -

Figure 6-9: Example fits for the SFIT2 retrievals of (a) C,H, from 3304.70 —
3305.40 cm’l, (b)HCN from 3268.00 — 3268.38 cm™ and (c) HCN from
3331.40 - 3331.80 cm’. - 154 -

Figure 6-10: MODIS true colour image from the Aqua satellite with detected
thermal anomalies shown as red spots, indicating widespread fires near
Darwin on 4™ October 2006. In the image cloud appears as bright white and
smoke as white/grey plumes emanating from the fires. 156

Figure 6-11: Back trajectories showing projected origin and age of parcels of air
arriving over Darwin at different pressure levels: 950 hPa (pink), 750 hPa
(red), 550 hPa (green) and 350 hPa (light blue). The crosses represent hour
intervals back in time from 18:00 on the 4™ October 2006. The back
trajectories were generated by the European Centre for Medium-Range
Weather Forecasts, (ECMWF) Trajectories, via the British Atmospheric
Data Centre, 2006 - 2008. Available from
http://badc.nerc.ac.uk/data/ecmwit-trj/ . 157

Figure 6-12: MODIS true colour image from the Terra satellite on 27™ June
2007 with detected thermal anomalies shown as red spots, indicating intense
fires approximately 150km southeast of Darwin. (For details of map
generation please see Acknowledgements. ) 158

Figure 6-13: MODIS true colour image from the Aqua satellite on 27™ June
2007 with detected thermal anomalies shown as red spots. One swath is
missing but the smoke plumes from the fires detected by the instrument on
the Terra satellite approximately 3 hours earlier are clearly seen. (For

details of map generation please see Acknowledgements.) 158
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Figure 6-14: Back trajectories showing projected origin and age of parcels of air
arriving over Darwin at different pressure levels: 950 hPa (pink), 750 hPa
(red), 550 hPa (green) and 350 hPa (light blue). The crosses represent hour
intervals back in time from 18:00 on 27" June 2007. 159

Figure 6-15: MODIS true colour image from the Aqua satellite on 9th August
2007 with detected thermal anomalies shown as red spots. Smoke plumes
are visible from several fires at distances in excess of 200 km from Darwin.
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Figure 6-16: Back trajectories showing projected origin and age of parcels of air
arriving over Darwin at different pressure levels: 950 hPa (pink), 750 hPa
(red), 550 hPa (green) and 350 hPa (light blue). The crosses represent hour
intervals back in time from 18:00 on 9™ August 2007. 160

Figure 6-17: MODIS true colour image from the Terra satellite on 2nd
November 2006 with detected thermal anomalies shown as red spots.
Scattered fires are detected and clearly visible is a large diffuse smoke
plume apparently coming from the north. 161

Figure 6-18: MODIS true colour image from the Aqua satellite on 30™
November 2006 with detected thermal anomalies shown as red spots.
Scattered fires are detected to the southeast of the region and clearly visible
is a large diffuse smoke plume apparently coming from the northwest. 162

Figure 6-19: MODIS true colour image from the Aqua satellite on 20"
September 2007 with detected thermal anomalies shown as red spots.
Widespread fires are seen in the east and a general build-up of smoke is
visible across the region. 163

Figure 6-20: Back trajectories showing projected origin and age of parcels of air
arriving over Darwin at different pressure levels: 950 hPa (pink), 750 hPa
(red), 550 hPa (green) and 350 hPa (light blue). The crosses represent hour
intervals back in time from 18:00 on 20™ September 2007. 163

Figure 6-21 Column amounts of H,CO plotted against column amounts of CO
measured simultaneously from Darwin from 2006-2008. The results are
shown for each of 20 individual days when smoke was sampled. The plot is

colour coded to distinguish measurements made in different times of the
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year; orange/red for May/June, green for August, pink for September and
blue for October/November. 164
Figure 6-22: MODIS true colour image from the Aqua satellite on 3™ October
2007 with detected thermal anomalies shown as red spots. 167
Figure 6-23: Back trajectories showing projected origin and age of parcels of air
arriving over Darwin at different pressure levels: 950 hPa (pink), 750 hPa
(red), 550 hPa (green) and 350 hPa (light blue). The crosses represent hour

intervals back in time from 18:00 on 3™ October 2007. 168
Figure 6-24. Excess HCN column plotted against excess CO column. 173
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Figure 6-27: Plot of Column CO against AOD at 500 nm colour coded by
month, for all InSb spectra taken during 2006-2008. 178
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