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Abstract. Biomass burning releases trace gases and aerosoff ammonia; 0.153-0.09gkg?! of nitrous oxide and

particles that significantly affect the composition and chem-0.5+0.2 g kg ! of ethane.

istry of the atmosphere. Australia contributes approximately

8 % of gross global carbon emissions from biomass burning,

yet there are few previous measurements of emissions from

Australian forest fires available in the literature. This paperl Introduction

describes the results of field measurements of trace gases

emitted during hazard reduction burns in Australian temper-Vegetation fires are a huge source of trace gases to the atmo-

ate forests using open-path Fourier transform infrared specsphere, second only to fossil fuel combustion in their gross

troscopy. In a companion paper, similar techniques are usegontribution to total global carbon emissions, with major im-

to characterise the emissions from hazard reduction burns iplications for atmospheric chemistry on a global scale. On

the savanna regions of the Northern Territory. Details of thelocal to regional scales, the emissions from biomass burn-

experimental methods are explained, including both the meaing can degrade air quality and impact negatively on human

surement set-up and the analysis techniques employed. THeealth. In Australia, average annual gross emissions of car-

advantages and disadvantages of different ways to estimateon from fires (127 TgC yrt) actually exceeds that emitted

whole-fire emission factors are discussed and a measuremehy burning of fossil fuels (95 TgC y*) although net emis-

uncertainty budget is developed. sions from fires are only 26 TgCyt due to the rapid re-
Emission factors for Australian temperate forest firesgrowth that occurs, especially in savanna regions (Haverd et

are measured locally for the first time for many trace al., 2013).

gases. Where ecosystem-relevant data are required, we The total quantity of emissions from vegetation fires varies

recommend the following emission factors for Australian enormously from year to year and, for this reason, fires are

temperate forest fires (in grams of gas emitted per kilogramd major driver of variability in the composition of the tropo-

of dry fuel burned) which are our mean measured valuessphere. Accurate quantification of the emissions from vege-

16204+ 160gkg? of carbon dioxide; 128-20gkg?t tation fires is therefore crucial to realistic modelling of atmo-

of carbon monoxide; 3.41.1gkg! of methane; spheric composition on regional and global scales.

1.3+ 0.3gkg?! of ethylene; 1.2 0.4gkg ! of formalde- Emissions from fires are most commonly estimated using

hyde; 2.4+1.2gkg?! of methanol; 3.8c1.3gkg? of the algorithm of Seiler and Crutzen (1980), which multi-

acetic acid; 0.4:0.2 gkg* of formic acid; 1.6-0.6 gkg plies together the total area burned in each fire and the as-

sumed fuel loads, combustion efficiencies (the mass of dry
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11314 C. Paton-Walsh et al.: New emission factors for Australian forest fires

vegetation burned per kilogram of fuel load) and emissiona ground-based technique, it has the potential to operate in
factors (the mass of each species emitted per unit of dry veggeometries that capture flaming emissions as they are lofted
etation burned). The availability of satellite-based measure-above the fire and continue to measure the emissions through
ments to define burned areas (Giglio et al., 2009) makes ithe smouldering stages of the burn. Open-path FTIR spec-
possible to estimate fire emissions on a global scale usingroscopy was first used to measure mole fractions of gas-
this technique, and thereby construct emissions inventoriephase species in open biomass burning smoke in the USA by
that serve as inputs to global models used to understand th@riffith et al. (1991). It has been used in several subsequent
atmospheric impacts of fires, e.g. Giglio et al. (2013) and vanstudies (e.g. Akagi et al., 2013, 2014; Goode et al., 1999,
der Werf et al. (2006, 2010). Variations on the method for es-2000; Wooster et al., 2011; Yokelson et al., 1996, 1997), but
timating burned area are used for fire emissions in Australia’shas not been used before for field measurements of trace gas
National Greenhouse Gas Inventory (Australian Greenhousemissions from Australian forest fires.
Office, 2006), whilst the Fire INventory from NCAR (FINN) The type of combustion that occurs, and hence the mix-
uses daily thermal hotspots detected by satellite-based semdre of trace gases that are released, is heavily dependent
sors to estimate area burned (Wiedinmyer et al., 2011). Al-on factors such as the fuel type, load, moisture and arrange-
ternative methods for estimating emissions include modeiment and on environmental conditions such as temperature
inversions constrained by satellite measurements of carboand humidity. Fire intensity, which is in part governed by
monoxide (e.g. Pfister et al., 2005), fire radiative power (e.gthese prior factors, also plays a significant role in influenc-
Wooster et al., 2003, 2005) or aerosol optical depth (e.ging emissions (Andreae and Merlet, 2001; Yokelson et al.,
Paton-Walsh et al., 2010a, 2012). In order to characterisd999). These factors have considerable spatial and temporal
the major emissions from vegetation fires, all these methodsariability. For this reason, emission factors may differ sig-
require knowledge of the emission factors for the relevantnificantly from one ecosystem to another.
ecosystem. It has been estimated that Australia contribute® % of

The critical importance of emission factors for estimating the total global carbon emissions from biomass burning (Ito
fire emissions is problematic because there is a large rangand Penner, 2004), and yet there have been relatively few
in the emission factors of most gases that are reported imeasurements made of emissions from Australian fires. In-
reviews of the literature (e.g. Akagi et al., 2011; Andreaeterest has focused predominantly on the northern savanna re-
and Merlet, 2001). Andreae and Merlet (2001) produced thegions where large areas burn every year (Hurst et al., 1994a,
first compilation of emission factors measured from differentb; Meyer et al., 2012; Shirai et al., 2003). There are some
ecosystems. They included as many measurements as weother measurements in the literature that report emission ra-
available at the time, converting measurements of ratios ofios or enhancement ratios measured in fresh and aged Aus-
different gases to equivalent emission factors for these gasesalian savanna fire smoke, respectively. However, these may
where necessary. More recently, Akagi et al. (2011) produceanly be converted to equivalent emission factors by using an
an updated version that only included measurements madassumed emission factor for the reference gas (e.g. Pak et al.,
directly at the fires, excluding “enhancement ratios” mea-2003; Paton-Walsh et al., 2010b).
sured down-wind of the fires. Both compilations reportavery The scarcity of previous measurements in the scientific
wide range of emission factors for individual ecosystems.literature is even more pronounced for Australian forest
This reflects both natural variability (driven by differences fires, where the only directly measured emission factors are
in vegetation cover, moisture content and fire intensity) andfrom aircraft-based samples by Hurst et al. (1996) for a
potential sampling biases from different studies that derivesubset of gases. There are a number of other studies that
from different measurement geometries (see Skez}. present enhancement ratios measured in aged smoke using

At any single location within the fire, combustion can be either ground-based solar remote sensing Fourier transform
thought of as progressing from a flaming stage through to aspectrometry or satellite-based spectroscopic measurements
smouldering stage. Flaming combustion results in larger pro{Glatthor et al., 2013; Paton-Walsh et al., 2004, 2005; Young
portions of highly oxidised species such as £ahd NQ, and Paton-Walsh, 2011). For conversion to an equivalent
whilst emissions from smouldering combustion contain moreemission factor, these measured enhancement ratios require
CO, NH; and volatile organics. For this reason, the emis-an assumed emission factor for CO, which introduces large
sion factors depend on the balance of flaming and smouldemincertainties to the emission factors for these fires. Addition-
ing combustion that occurs throughout the fire (Andreae andhlly, concentrations of gases have been measured in smoke
Merlet, 2001). Species emitted during the rapid and intensdrom Australian forest fires to assess the exposure levels of
flaming stage are lofted by convection, whilst many otherfirefighters and rural populations exposed to bushfire smoke
trace gases are emitted predominantly through the slow an¢Reisen and Brown, 2009; Reisen et al., 2011). A study that
sometimes prolonged smouldering stage. Open-path Fourigdentified emissions from eucalyptus species at high temper-
transform infrared (FTIR) spectroscopy is a ground-basedatures and during combustion produced no quantitative mole
technique that measures the concentration of trace gases ifractions, nor any emission factors (Maleknia et al., 2009).
tegrated over a path length of many metres. Despite being
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a telescope onto the entrance aperture of the spectrometer)
Focusing e because there is no requirement to correct for radiation emit-
M i ted by the surrounding environment (see Bacsik et al., 2004).
calimating PRk This is because the radiation from the surrounding environ-

Mirror ment is not modulated by the interferometer in this arrange-
J A ment and therefore appears only as a direct current signal on

: / tion (where a distant collimated infrared source is imaged by
Optics Plate (above FTIR spectrometer) Mirror
'w

Detector

the detector (and thus has no significant impact on the result-
ing spectrum). Pre-modulation of the radiation source is es-

N pecially important when measuring flaming combustion be-
cause the strong radiation emitted by the flames does not ap-

pear in the Fourier transform spectrum. Our monostatic con-
figuration allows measurement even through flames thereby
avoiding biases that result if spectra that are recorded through
flames need to be discarded. Nevertheless, problems can still
arise with the spectroscopy of very hot gases, if the tempera-

ture is not well defined.

The spectrometer was mounted on a tripod such that the

b line of sight was approximately 1.5 m above the ground and

aligned with a retro-reflector positioned in the field (typi-

Figure 1. Schematic of the instrumental set-up, showing a basiccally between 20 and 40 m from the spectrometer). Single

Fourier transform spectrometer and the optics mounted on the topyeam spectra were recorded approximately every 20's (by co-

plate to steer the modulated radiation from the spectrometer througgdding three scans per spectrum) before and during each burn
the telescope to the distant retro-reflector array and back again to bgt 1.0cnt! resolution.

focused onto the detector.

Source of

Beamsplitter|

Fixed Mirror

FTIR spectrometer (below optics plate)

2.2 Quantitative analysis of infrared spectra

The work described in this paper aims to contribute to théace gas mole fractions were calculated from all open-path
sparse base of knowledge concerning the atmospheric emigTr|r gpectra using the Multiple Atmospheric Layer Trans-
sions from Australian temperate forest fires. Open-path FTIRjjission (MALT) program (Griffith, 1996). MALT calculates

spectroscopy was used for field measurements of trace gase§nihetic” spectra to closely match measured spectra using
emitted during five different hazard reduction burns in Aus- 5 initial estimate of the amount of each gas present in the

tralian temperate forests in 2010 and 2012. In a partner papefeasurement path, as well as a combination of absorption

similar techniques are employed to provide new emissionine parameters (from the 2008 HITRAN database for this
factors from Australian savanna fires (Smith et al., 2014). work) (Rothman et al., 2009). The synthetic spectra are iter-
atively recalculated (using a non-linear least squares method
that adjusts the estimated amount of each species present) un-
til the difference between the measured spectra and the syn-
thetic spectra is minimised (the best fit is achieved). A more
comprehensive description of MALT can be found in Griffith
(1996) and Griffith et al. (2012). The use of synthetic spec-

The open-path FTIR system operated by the University ofira has been proven as an accurate method for quantitative
Wollongong consists of a Bomem MB-100 Series FTIR trace gas analysis over a broad range of mole fractions, rang-

spectrometer (1 cr- resolution), fitted with a Meade 12 N9 from those found in the ambient at_mosphere tq those in
(305mm) LX300 telescope. The spectrometer is equipped“'ghly pollutgd atmospheres such as b|omas§ burning smoke
with a built-in infrared source so that the infrared radiation PIUMes (Smith et al., 2011). In that study Smith et al. (2011)

is modulated within the spectrometer before being sent oufompPared MALT trace gas retrieved amounts from spectra

through the telescope to the distant retro-reflectors, typicallyeC!lected using open-path FTIR spectroscopy to true known

located 20 to 50 m away. It is then returned through the tele-2mounts using calibration gases in a large gas cell. They re-

scope — and the fraction of the radiation that is reflected byPOrted MALT retrievals accurate to within 5% of the true

the external beam splitter is focused onto the liquid-nitrogen-2mounts when the environmental parameters are accurately

cooled Mercury Cadmium Telluride detector (see Fig. 1) specified. MALT also uses the values of pressure, tempera—
(Phillips et al., 2011), ture and path length provided to convert from the retrieved

This “monostatic” configuration, shown in Fig. 1, has sig- path length amounts to mole fraction of each species, usually

: 1
nificant advantages over the often used “bistatic” configura-£XPressed in ymol mot (ppm) or nmol mot* (ppb).

2 Open-path Fourier transform infrared spectroscopic
measurement techniques

2.1 The open-path FTIR system

www.atmos-chem-phys.net/14/11313/2014/ Atmos. Chem. Phys., 14, 1131333 2014
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2.3 Spectral regions and parameters for quantitative A brief overview of each fire attended is given below and
analysis of trace gases in highly polluted the main details are summarised in Table 2.

environments
3.1 Lane Cove hazard reduction burn

As part of this study, we defined a set of standardised spectral

regions that can be used for each of the trace gases of intef-he first hazard reduction burn measurements were made
est. This was done with spectra from the monostatic configon the 31 August 2010 at Max Allen Drive at the NSW
uration described above and spectra from the bistatic instruParks & Wildlife Service's depot at Lane Cove (338
ment configuration used in the savanna fires and described51.15 E). The spectrometer was positioned at the bottom
in our partner paper (Smith et al., 2014). We have choser?f a steep slope at the depot itself, with the telescope point-
spectral windows and fitting parameters that optimise the staing up the hill towards the retro-reflector array positioned
bility of the retrieval and minimise the residuals to the fits ~ 53 m away at the edge of the access road. The total optical
(the differences between the measured and the best fitted syRath length from infrared source to detector was estimated
thetic spectra) for these two very different instrumental set-to be 107£2m. The geometric arrangement was such that
ups. Optimised spectral windows are dependent upon manfpoth smoke and flames passed through the line of sight, mak-
factors, including path length, spectral resolution, humidity ing the pre-modulated source essential for this set-up (see
and the concentration range of the species retrieved and arfyig. 3).

interfering species. The spectral regions and fitting parame- i
ters presented here would be a useful starting point for new?-2 Turramurra hazard reduction bum

groups employing open-path FTIR spectrometry to MEaSUIShe second of the burns attended was at Gibberagong, North

in similar highly polluted atmospheric environments. Turramurra in Ku-Ring-Gai Chase National Park on the 28

. The spectrgl regions are chosen to contain th.e most se rEeptember 2010. This was the largest of all the hazard reduc-
sitive absorption features of the trace gases of interest (I'et"on burns attended in this study, with a total of 148.5 hectares
neither too weak to be detected above the spectral noise Oo#f banksia and hakea heath ,and sclerophyll sﬁrub forest

the continuum level, nor too saturated to change with theburned. Over 50 firefighters, 3 fire engines and two heli-

further addition of more absorbing molecules). The Chosencopters were deployed for the fire with one helicopter drop-

regions are similar but not identical to those used in Akagi ing incendiary bombs and the other water bombing to bre-
et al. (2014). Any unavoidable interfering species that wereP"9 y gtop

absorbing in the specified spectral region were accounted fo\ﬁlﬁggﬁ‘rismead of the fire beyond the intended boundaries of

by fitting them at the same time. The standardised spectra ,
. : L The spectrometer’s telescope and retro-reflectors were set
regions chosen for each trace gas of interest in this work are

described in detail in Appendix A and summarised in Table 1,Ljp ~42m apart on a f|ref tLa" f?t the penmetgr of the T'Le'
with typical fits achieved shown in Fig. 2. ground and downwind of the flames (see Fig. 3b), with a

total path length of 84-2m. This geometry required the

smoke to be blown into the measurement path nearby and as

3 Hazard reduction burns such may be biased towards smouldering combustion since
some of the emissions from flaming stages of the burn may

In total, five hazard reduction burns were attended in thishave been lofted by convection above the line of sight of the

study, with two fires in 2010 and three in 2012. All fires spectrometer. However, for a significant part of the measure-

were located in New South Wales (NSW) and were con-ment period, there was flaming combustion of vegetation on

ducted by the NSW National Parks & Wildlife Service, of- the edge of the fire trail where the spectrometer and retro-

ten with the assistance of volunteer rural fire services. 201Xeflector were positioned such that some flaming combustion

was a year with unusually high rainfall (Cottrill, 2012; To- emissions were sampled.

bin and Skinner, 2012) and, despite several burns planned

in the region, no fires were successfully sampled. Vegetatio-3 Abaroo Creek hazard reduction burn

types burned in this study included eucalypt woodland forest

banksia/hakea heath and sclerophyll forest, shrub and woo {The Abaroo Creek hazard reduction burn took place over
land. Estimated fuel loadings (before the fires) varied from{WO consecutive days (11-12 May 2012) in Heathcote Na-

8-10 tonnes per hectare (tHa to 20-25tha? and the to- tional Park. The northern end of the fireground (34.30

tal area burned varied from 4.8 ha to as much as 148.5h&50-99 E) was ignited on the 11 May, and the spectrome-

(S. Evans, personal communication, 2012). In all instancester and retro-reflectors were set up 43 m apart{&m path

only a subset of the total fuel burned could be sampled b)jength) on the side of the main road into Sydney from the

the methods described here, with measurements made ov&PUth that bounded the fireground downwind of and adjacent

several hours and in one case spanning two days of burnin to the fires (see Fig. 3c). Further ignition was achieved by the
use of incendiary devices dropped from a helicopter flying

overhead. Smoke and flames from nearby tea trees crossed

Atmos. Chem. Phys., 14, 113134333 2014 www.atmos-chem-phys.net/14/11313/2014/
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Table 1. Spectral regions used for trace gas retrievals and trace gas species fitted.

Trace gas(es) of interest Interfering species fitted ~ Spectral region fitted- fcmFit to continuum-level, instrument line shape

COand CQ (and bO)!  H,0 2080-2270 Second-order polynomial fit phase, eff. apodisation
CHgy H>0 2980-3105 Second-order polynomial fit phase, eff. apodisation
CyH4 and NH H,0 920-1000 Second-order polynomial fit phase, eff. apodisation
H>CO HO 2730-2800 Second-order polynomial fit phase, fix eff. apodisation
CH30H HoO, NH3 1020-1055 Second-order polynomial fit phase, fix eff. apodisation
HCOOH HO, NH3 1060-1150 Second-order polynomial fit phase, eff. apodisation
CH3COOH H20, NH3, HCOOH 1130-1230 Slope only (1st order) fit phase, eff. apodisation
CzHg H50, CHy, CoHg 2971-3002 Second-order polynomial fit phase, fix eff. apodisation
CoHy and HCN H>0, CO, 710-760 Second-order polynomial fit phase, fix eff. apodisation

1 Accurate NO retrievals are difficult as the features lie under the stronger bands of C&any.

2 Uses a library spectrum as HITRAN lines are not available.

3 CoHg features are very weak and can only be retrieved accurately at higher concentrations than were usual at these burns.

4 C,H» and HCN - this window was used for spectra recorded with the bi-static instrumentation used at the savanna burns only. The mono-static instrumentation described in this paper
used a detector with insufficient sensitivity at these longer wavelengths for this retrieval.

Table 2. Summary of hazard reduction burns where measurements were made, including location, date, vegetation type, burned area, fuel
loading before burn along with the hours of burning sampled, the total number of fire-influenced spectra collected and the peak mole fractions
of CO, and CO measured.

Fire name, location (latitude, longitude)  Date Vegetation/fuel Area  Fuelloading  Number of Hours of burn- Peak path-averaged

description burned (tha™1) fire spectra ing samplefl CO and CO
(ha) measured

Max Allen Drive, Lane Cove National 31 Aug 2010 Dry sclerophyll open 4.8 18-26 270 2h, 31 min ~800ppmCQ

Park, NSW (33.79S, 151.15E) woodland ~30ppm CO

Gibberagong, North Turramurra, Ku-28 Sep 2010  Banksia/Hakea heatt148.5 20-25 232 2h, 6min ~900ppmCQ

Ring-Gai Chase National Park, NSW and Sclerophyll ~55ppm CO

(33.67 S, 151.18E) shrub forest

Abaroo Creek, Heathcote National 11 May 2012 Shrubby dry 1157 12.5 344 2h, 3min ~800ppmCQ

Park, NSW: North end (34.25, and schlerophyll and and ~ 40 ppm CO

150.99 E) and 12 May 2012 forest/heathland 278 2h, 22min

South end: (34.13S, 150.99 E)

Gulguer Nature Reserve, NSW 16 May 2012  Open eucalypt 32 8-10 333 2h, 6min ~ 2200 ppm CQ

(33.95 S, 150.62E) woodland forest with ~140ppm CO
grassy understorey

Alfords Point, Georges River National 23 May 2012  Shrubby dry 18 14-18 496 3h, 6min ~ 3400 ppm CQ

Park, NSW, (33.99S, 151.02 E) schlerophyll forest ~180ppm CO

2 Total area burned in Heathcote National Park, NSW, over the two days.
b Hours of burning sampled is the difference between the time that the first and last smoke-affected spectra were recorded. In some cases spectra were lost during this time due to fire trucks or fire fighters obscuring the
measurement path or excluded due to temperature errors or insufficient enhancements over background values.

the measurement path fanned by winds from the northwestso our line of path was not ideally located downwind of the

The proximity to the road could also have produced some in-burning vegetation (see Fig. 3d). Nevertheless, significant en-
terfering pollution from cars slowed by traffic controllers and hanced mole fractions were measured along the optical path
the smoke blowing across the road. allowing emission factors to be calculated, but we suspect

The southern end of the Abaroo Creek firegrounda bias towards smouldering combustion. Results from both
(34.13 S, 150.99E) was ignited on the 12 May. The spec- days of burning at Abaroo Creek have been combined in an
trometer and retro-reflectors were set up 31 m apar{82n attempt to yield a more representative sample of flaming and
path length) at the muster point on the fire trail close to thesmouldering combustion.
ignition point. The muster point was an open area of approx-
imately 100m length and 30 m width with the fires being 3.4 Gulguer Nature Reserve hazard reduction burn
burned either side.

Vegetation to the east of our measurement path was igGulguer Nature Reserve (3395, 150.62 E) is an area of
nited first and, at the time of ignition, there was a slight west-gpen eucalypt woodland forest with a grassy understorey.
erly breeze so that little of the emissions from this area wererhe hazard reduction burn took place on the 16 May 2012,
sampled by the spectrometer. Unfortunately, the breeze hagith the spectrometer and telescope located on a fire trail and
dropped away by the time the area to our west was ignitedihe retro-reflectors placed 19 m away (8@ m path length)

www.atmos-chem-phys.net/14/11313/2014/ Atmos. Chem. Phys., 14, 1131333 2014
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Figure 2. Plots of MALT fits of simulated to measured spectra. The main gases contributing to the absorption features in each spectral region
are also shown.

within the woodland area being burned (see Fig. 3e). In this3.5 Alfords Point hazard reduction burn
geometry, flaming and smouldering emissions are sampled

together, with less potential for bias towards the smouIderingThe Alfords Point burn occurred in somewhat unusual cir-

emlssmnsi The t;]urn took hold easnyhand plenty of smokeg mstances for a hazard reduction burn, with a strong breeze
was sampled in the measurement path. blowing towards the face of a steep escarpment, and the fire
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4 Methods for calculating emission factors

4.1 Calculating emission factors and modified
combustion efficiency

The emission factor (EFis the mass of a gaseous specigs (
emitted per unit of dry fuel consumed, usually expressed in
units of g kg 1. When the measurements include the species
that contain the majority of the carbon that is emitted by the
fires, then approximate emission factors for each of the trace
gases of interest can be calculated using the method previ-
ously used by Ward and Radke (1993):

MM; G

EF, = F; x 1000x 1 XC—T,

@)

where EF is the mass in grams of speciesmitted per kilo-
gram of dry fuel burned (gkg'), F¢ is the fractional car-
bon content of the fuel (assumed here to be &B005 for

all hazard reduction burns (Yokelson et al., 1999), Misl
the molecular mass of specigswvith 12 the atomic mass of
carbon and”; / Ct is the number of moles of speciesmit-
Figure 3. The instrumental set-up for open-path FTIR measure- ted. divided by the total number of moles of carbon emlt.tEd’
ments of smoke at the different burns is shoay Max Allen which may be calgulated directly from excess mole fractions
Drive; (b) Gibberagongi(c) Abaroo Creek (Day 1)(d) Abaroo ~ Measured according to

Creek (Day 2){e) Gulguer Nature Reserve a(i) Alfords Point.

Ci Ali]

e R— @
being first ignited near the top. The firefighters worked by ;(NCJX AL
igniting the fire in approximately 15 m strips and allowing it =
to burn upwards towards a fire trail at the top, in front of a hereAlil and Al th le fracti ¢ .
number of residential buildings. The spectrometer, telescopé(v ere. [i]an .[J] are the excess mole fractions o spgmes
and retro-reflectors were set upd2 m apart (84- 2 m path i and j res'pectlvely (defmgd as the mole fraction, ed. [
length) immediately leeward of the steep escarpment an ea;_sured n thedsrtr;c;ke, rtr;:nl;_s.the meﬁlrépgcrr?round mole
away from any of the nearby homes. The strength of the win rac |(;n mgasurf etore the 'm]*_{kg”dzj' h j 15 the nufm-”
was sufficient to push the flames towards the measureme er of carbon atoms in compoungdand the sum is of a

path, ensuring an excellent geometry to capture a good mixgarbon—containing specit_as emi_tted t.)y the fire. Only those car-
ture of emissions representative of all states of burning OC_(b:oEacaOl(J:sos;():eugsHriré:e(\)/gdH|n tg'(s: V\gcr)koég?]o CbH"
curring in the fire. This is illustrated in the photograph taken ~2 '4 "2~ FgOH, and Ch ) have been

at the site shown in Fig. 3f included in the emission factor calculations. While these do

Fanned by the wind, the fire burned well and the geometr)pOt represent all of the carbon-containing species emitted by

of the measurement set-up resulted in very high mole frac? fire, they account for the vast majority of carbon emissions

tions of trace gases being sampled in the measurement patfft; 9? %). “?%St of tf(]jeccgrbg)on (;rg:)t/ted pi/hbtlr? mass b.ur('jnlng 'S
Despite personal protective equipment (goggles and masksgH € orm N ?ﬁn (. B b 6), wi € roelzmalrc; er ?s
the smoke and heat became too intense for us to stay with the' or other volatl'e organic carbon compounds and partic-

spectrometer throughout the measurement period; howevetluate matter (Akagi et al., 2011). Use of only thase carbona-

once set up, the open-path spectrometer ran autonomousyous species detected by FTIR spectrometry in this mass
L ; alance equation has been estimated to artificially inflate the

and continued to record spectra through the thick smoke. o

P g emission factors by 1-2 % (Yokelson et al., 2007).

C; / Ct may also be calculated using emission ratios with
respect to a reference species (usually,@OCO) via

C_ _ FRico 3)
=— :
cT NC; x ER}/co,
j=1

www.atmos-chem-phys.net/14/11313/2014/ Atmos. Chem. Phys., 14, 1131333 2014



11320 C. Paton-Walsh et al.: New emission factors for Australian forest fires

where ERy, is the emission ratio of specié$o the reference  emissions lofted during the initial stages of the fire but may
species, given by underestimate residual smouldering emissions. Since aircraft
Ali] [1] = [ Tokand sampling captures smoke pre_do_minantly from the inte_:nse
= = gne | 4) burning that consumes the majority of the fuel in forest fires
Aly] [y] — [Vlbkgnd (Akagi et al., 2014), it is more likely to closely resemble a
where A[i] is the excess mole fraction of species(Note true representative sample than a ground-level measurement.
that when the measurements are made downwind of the fir&°r fires that are dominated by smouldering combustion (e.g.
in aged smoke, then these same ratios are commonly referr?fat fires), a ground-level sampling geometry would be su-
to as “enhancement ratios”, to highlight the fact that chemicalP€Mor-
and physical processing may have altered the ratio of species !N this study, the spectrometer and retro-reflectors were
from that which was originally emitted from the fire.) Deriv- €ither placed downwind of the fire so that the wind would
ing the emission ratios via the gradient of the linear best fitPlow Smoke into the measurement path (e.g. at Gibberagong
to a plot of the abundance of speciesgainst the abundance and Abaroo Creek burns), across an area of burning for-
of reference species removes the requirement for accurate €St (€-9- Max Allen Drive and Gulguer Nature Reserve) or
knowledge of the background mole fractions, yet introducesMmediately leeward of a steep escarpment (Alfords Point).

ERi/y

an insignificant degree of error (Wooster et al., 2011). These measurement geometries that sampled across the bgrn-
The emission factor for a particular species may then bdnd aréa were chosen so both flaming and smouldering emis-
calculated via sions would pass through the line of sight. Nevertheless, this
MW does not ensure a representative sample because the flaming
EF = ER;/y x g EF,, (5) emissions may be moving past the line of sight faster than
MW, smouldering emissions as they are driven upwards by con-

vective forces. So for this study, we can postulate a probable
bias towards the smouldering stages of combustion that is
less pronounced that for an in situ ground-based measure-
ment.

where EF is the emission factor of speciegg kg1), MM;
and MM, are the molecular weights of specieand species
y respectively, and EFs the emission factor of the reference
speciesy. _ . . . L
Since a mole fraction for each of the gases is retrievedf_ Different Sdaaggg tl)lasei_;?re likely to rlesult |r(1j_d|ff<ra]rent
from every spectrum recorded during the fire, it is possible Iré-average values. Thus we can also predict that our

to calculate a separate emission factor for each gas from e\)‘_ire-a_\veraged MCE values are likely to.Iie below those typical
ery spectrum. However, emission factors of some gases maggr arcr aft—ba;eq measurements (which are probably blasgd
change as the fire develops depending upon the combustio flaming emissions _anq high MCE) and abov_e those pr"
efficiency of the material being burned. The combustion effi- ¢@l for ground-based in situ measurements (which are biased

ciency is defined as the proportion of total carbon emitted aéﬁ smpuldgrmg emlsspnls and I:_)w “S.CE)' Althgulgh Wel\;ér:z
CO, and is now commonly approximated to a modified com- (neorise about a potential sampling bias towards lower

bustion efficiency (MCE) given by (Hao and Ward, 1993; values in our measurements, we have no mechanism to con-

Yokelson et al., 1996) firm this or to estimate its magnitude. qu this reason, our
measured sample is actually our best estimate of the overall

MCE — A[CO;] (6) fire emissions characteristics. When choosing how to com-
A[COy] + A[COI bine all the measurements to estimate fire-averaged values,

When the fire is dominated by flaming combustion, the com-care must be taken not to introduce any further potential bi-
ases.

bustion efficiency is high. It decreases as smouldering com<

bustion becomes more dominant. 4.3 Obtaining best estimates for fire-averaged emission

4.2 Sampling geometries and potential biases factors

Ideally, sampling techniques should capture a representativgne consequence O.f the .“"’?Ct that many emission factors
change with combustion efficiency as the fire develops is that

amount of flaming and smouldering combustion so that the d fthe fi b
measurements are representative of the fire as a whole. Iy measurement made at one stage of the fire may not be rep-

a laboratory fire it is possible to ensure that all the emis-resentative of the fire as a whole. There are a number of dif-

sions are captured and (if the flow rate is kept constant) be(erent ways |n_wh_|ch whole-fire emissions e_zstlmates can be
sure that measurements sampled truly represent the fire a(Eade’ each with its own advantages and disadvantages, and
a whole (Burling et al., 2010). In the field, ground-based in tnese are outlined below:

situ measurements are likely to be biased towards the smoul- 1. Arithmetic mean: the simplest method is to calculate
dering stage of burning since flaming emissions are trans-  separate emission factors for each spectrum indepen-
ported rapidly to higher altitudes via convection. Aircraft- dently and to take a simple arithmetic mean. The prob-
based measurements capture both flaming and smouldering lem with this approach is that it fails to account for
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the larger rate of biomass consumption during flaming 4.

combustion (Akagi et al., 2011). Thus, weighting all the
spectra equally will result in an unwanted dependence
on the relative time spent measuring during flaming
and smouldering combustion. Since flaming combus-
tion is relatively quick, this will bias the estimated fire-
averaged emission factors towards smouldering emis-
sions compared to the true overall emissions.

. Regression to C@ a different method is to calculate
emission ratios to C®for each species from the rel-
evant regressions. Emission factors may then be cal-
culated using Egs. (1) and (3) that use the data from
all spectra together. This is conceptually straightfor-
ward and has the advantage that the regression process
lends more weight to points with larger enhancements
(thereby weighting the spectra towards flaming combus-
tion). The use of regressions to determine emission ra-
tios also removes the need for accurate knowledge of
background mole fractions of the trace gases. The dif-
ficulty with this method is that it relies on a regression
line that can lie far from most points (between two dis-
tinct correlation lines that represent the emissions due
to flaming and smouldering combustion), as illustrated
in the top left-hand panel of Fig. 4. The calculated emis-
sion factors give greater weight to the flaming combus-
tion than a simple arithmetic mean, but this weighting is
not necessarily directly related to the amount of biomass
that is consumed.

5.

11321

Summation method: a good way to ensure that the fire-
averaged emission factor correctly weights each spec-
trum to the total biomass consumed is to calculate the
total excess amounts of each gas detected by summing
the excess amounts from each spectrum. The emission
factors may then be calculated for the whole fire via
Egs. (1) and (2). This method has the significant ad-
vantage that it correctly weights each spectrum by the
proportion of the total sampled excess carbonaceous
species measured, with the only drawback being that it
relies on accurate knowledge of background mole frac-
tions.

Emission ratio to reference gas: emission factors may
also be calculated via Eq. (5) using the measured emis-
sion ratio of the gas of interest with respect to a ref-
erence species (usually CO or €0Using the gradi-

ent of a regression line between the target gas and the
reference gas will often yield the emission ratio with
very low uncertainty, which is a significant advantage
of this method. This method is sometimes used with
an assumed value for the emission factor of the refer-
ence species (usually taken from a previous study or
mean literature value for the ecosystem) which can in-
troduce large extra uncertainties. However in this case,
the emission factors of CQand CO can be derived di-
rectly from the measurements and so no such disadvan-
tage is present.

In this study, we have chosen to use a combination of meth-

) ) ) _ ods 4 and 5 above to calculate whole-fire emission factors.
- Separate flaming and smouldering via MCE: one way of\ye have used the whole-fire summation method to obtain

accounting for strongly varying emission factors (calcu-

our best estimate for the emission factors of Gid CO,

lated from individual spectra) as the fire progresses is t0,gjng the hackground mole fraction values for these gases

divide the results into those with MCE values typical of
flaming (> 90 %) and those with MCE values typical of
smouldering (<90 %) and to present two separate emis
sion factors (Lobert and Scharffe, 1991; Yokelson et al.

measured before ignition of the fires (which can be mea-
sured relatively easily). For all other gases (where the back-
ground values are often closer to the quantitation limits of the
'measurement technique), we have used emission ratios via

1996). In some previous studies, fire radiative powergq (5) and the emission factors for €@nd CO calculated
measurements have been made simultaneously with thg, e fire via the summation method. This produces lower

measurement of efmission'facyors and sgbsequeptly US€ghcertainties than using the summation method for all gases
to weight the refative contribution of flaming-dominated pecayse it does not rely on poorly defined background val-
emissions and smouldering-dominated emissions from,eq tor many of the trace gases. The reference species used
the fire as a whole. For example, Wooster et al. (2011)¢,r aach of the emission factor calculations was chosen based
usgd the fire radiative power method in a southernupon which species (CO or GDwas more strongly corre-
African savanna and concluded that most of the fuel|5iaqtothe particular trace g&<CoH4, H,CO and NO were

was consumed in the flaming-dominated stages, wherey ot strongly correlated to G@vhereas all other gases were
cumulative fire radiative power was by far the great- ., <t strongly correlated to CO.

est, so much so that fire-averaged emission factors were

close to those measured at hlgh MCE alone. In the ab744 Estimation of measurement uncertainties

sence of fire radiative power measurements, the issue of

what proportion of flaming and smouldering combus- There are a number of difficulties in obtaining a good esti-
tion occurred in the fire as a whole may be left unan- mate of measurement uncertainty for the type of measure-
swered. Without an estimate of the relative amounts ofments described in this paper. Probably the most signif-
fuel consumed within these MCE ranges, an estimate ofcant of these is the fact that it is not possible to know
the whole-fire emission factor cannot be made. whether or not the measurements actually recorded are a
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Figure 4. Example correlation plots with respect to €fom the Alfords Point burn. Upper left-hand panel is CO vs. Capper right-hand
panel is BCO vs. CQ; lower left-hand panel is §H, vs. CGQ and lower right-hand panel isJO vs. CGQ.

good representative sample of the fire as a whole (sedy combining in quadrature uncertainties in the emission ra-
Sect.4.2). Another issue is that the measurements are sentios and in the emission factors of the reference gas CO or
sitive to the assumed temperature in the retrieval algorithmCQO». See Appendix B for further details.

This presents a difficulty because the real temperature may

vary substantially along the line of sight of the measurement,

especially when measuring through flames. An error in thes  Results

assumed temperature has two effects on the retrieved concen-

tration. The first is that it impacts on the density and hences 1 Emission ratios to CO and CQ

the concentration of the gases. This density effect actually

cancels out in the calculation of emission factors becausgmission factors for C@and CO were calculated for all fires

it has no impact on the fraction of carbon emitted as eachpy summing the excess amounts of £@O, CHy, CoHa
trace gas species. The second temperature effect is on thg,co, HCOOH and CHCOOH from all spectra to yield
line strengths of individual absorption lines and the impacttotal excess amounta[CO,], A[CO], A[CH4], A[C2Ha4],

of this will be different for different spectroscopic windows A[H,CO], A[HCOOH] and A[CH3COOH] from each fire
used. Trace gases absorbing at a large range of different temassuming a carbon contenf&” of 50%) and applying
peratures or a large error in the assumed temperature wilEgs. (1) and (2).

also result in a poor fit and thus also impact the spectral fit- Emission factors for all other trace gases were calculated
ting error. Despite these difficulties, it is a useful exerciseysing the emission ratio to either CO or gQiepending

to try to estimate the likely magnitude of the measurementypon which showed the stronger correlation. The reason to
uncertainties. In Appendix B we work through our methods switch methods is that the uncertainties in background con-
for estimating measurement uncertainties, starting with thesentrations have little impact on the emission factors 0p CO
emission factors for Cgind CO. Uncertainties are also esti- and CO but this can become a |arge uncertainty for other
mated for emission ratios by Combining uncertainties in tem'gases_ Know'edge of background concentrations is not re-
perature, spectral fitting (including signal-to-noise ratio), HI- quired if emission factors are calculated via emission ratios
TRAN line parameters and the gradient of the emission ratiqusing the gradients of the correlation plots). Example corre-
plots. Finally, emission factor uncertainties are determinedation plots from the Alfords Point burn for gases that were
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Figure 5. Example correlation plots with respect to CO taken from Alfords Point or Abaroo. Upper left-hand paneg] isCEIO; upper
right-hand panel is CEOH vs. CO; middle left-hand panel is HCOOH vs. CO; middle right-hand panel is WHCO; lower left-hand
panel is CHCOOH vs. CO and lower right-hand panel isk vs. CO.

most strongly correlated to GQCoH4, HoCO and NO) are
shown in Fig. 4 along with the CO versus g@orrelation
plot.

All other gases (Chi NH3, CH3OH, CHCOOH,

x andy axes and is weighted by the uncertainties in both

andy).
Table 3 shows the results of the generalised least squares
regression analysis, with the emission ratio and its uncer-

HCOOH and GHg,) showed stronger correlation to CO. Ex- tainty given. Also shown is the square of the correlation co-
ample correlation plots are shown in Fig. 5, from either Al- efficient to a simple linear regressioR?). This is also pro-
fords Point or Abaroo burns. Emission ratios were derivedvided because it is a more commonly understood measure of
from the gradients of these correlation plots using generthe strength of the correlation.

alised least squares regression. (This is the best fit to the Note that MO to CQ, emission ratios could only be deter-
points that minimises deviations from the line of fit in both mined from the Gulguer Nature Reserve and Alfords Point

www.atmos-chem-phys.net/14/11313/2014/
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Table 3. Results of the generalised least squares regression analysis, with the emission ratio (ER) and its unSggairtis¢ shown is

R?, the square of the correlation coefficient to a simple linear regression. The arithmetic mean and standard deviation of the emission ratios
measured at all of the fires are given. In addition the modified combustion efficiency (MCE) values calculated via the summation method for
each fire are given.

Lane Cove RZ2 Turramurra  R2  Abaroo Creek  R2 Gulguer  R? Alfords Point ~ R2 Mean  Std dev.
CoHyg/COy 0.0016+0.0003 0.83 0.00140.0002 0.96 0.001&0.0002 0.97 0.0014 0.0002 0.95 0.001% 00003 0.98 0.0012 0.0003
H,CO/COy 0.0022+0.0003 0.73 0.001%0.0002 0.89 0.00120.0002 0.90 0.001%0.0002 0.91 0.0014 0.0002 0.98 0.0016 0.0004
N20O/CO, 0.00013+0.00002 0.81 0.0000540.000008 0.87 0.00009 0.00005
CHy/CO 0.062+0.005 0.91 0.0480.004 0.98 0.046:0.003 0.98 0.04%0.003 0.98 0.0630.005* 0.97 0.052 0.010
CH3OH/CO 0.026+£0.002 0.90 0.0130.001 0.95 0.0130.001 0.93 0.0120.001 0.94 0.02£0.002 0.97 0.017 0.006
CH3COOH/CO 0.019:0.003 0.86 0.0120.002 0.85 0.0120.002 0.97 0.0150.002 0.93 0.01£0.002 0.98 0.015 0.003
NH3/CO 0.026+0.004 0.90 0.0150.002 0.85 0.023-0.003 0.93 0.0120.002 0.91 0.038-0.004* 0.93 0.021 0.008
HCOOH/CO 0.0033-0.0006 0.80 0.001%0.0003 0.69 0.001F0.0003 0.88 0.00260.0004 0.92 0.002€ 0.0004 0.96 0.0021 0.0007
CoHg/CO 0.0037£0.0010 0.81 (0.0037)
MCE 0.88 0.91 0.91 0.90 0.88

* Results from the Alfords Point burn showed evidence of excessive spectral temperature errors for some specirarfidrMHj (caused by really hot gases in the line of sight). These spectra were removed before calculating these emission
ratios for Alfords Point.

gases were measured (i@ excess of 1000 ppm and CO in uncertainty is 27 %, and with only a single value it is
excess of 100 ppm). This is becausgNsits under the CO  difficult to know whether this is due to natural variability or
and CQ bands and thus the emission ratio is difficult to mea- measurement biases.
sure unless the enhancements are very large. This is also true The 10-times-lower HCOOH to CO ratio measured in this
for C;Hg because its spectral absorption features are weakstudy (0.002H-0.0008) than the enhancement ratio mea-
Thus, we only managed to determine gHg to CO emission  sured by Paton-Walsh et al. (2005) of 0.G20.010 in smoke
ratio for the Alfords Point burn. aged a few hours, is predominantly due to HCOOH being
chemically produced in the smoke plume as it ages (Goode
5.2 Comparison of emission ratios to previous studies €t al., 2000; Yokelson et al., 2009). Another difference arises
from the fact that the Paton-Walsh et al. (2005) emission

i I 0, —
Most trace gases exhibit very strong correlations with eitherratlo needs to be reduced by approximately 50% to cor

CO or CQ, as can be seen by the largévalues given in Ta- rect for errors in the old HITRAN I|_ne paramfeters (Rgth—
ble 3. Also shown in Table 3 are the mean and standard devi- " et al., 2009). Our emission ratio from this study is in
much better agreement with the Alvarado et al. (2011) mea-

ation values for the emission ratios from all the fires sampled. urement of 0.003% 0.0021 for Canadian forest fires using

For all gases, the natural variability (as seen in the standarﬁne satellite-based sensor TES. Our calculated emission fac-

deviation of emission ratios meagured at dlffere.nt.ﬂres) gx-t%)r for HCOOH of 0.4+ 0.2 g kg * dry fuel consumed falls
ceeds the measurement uncertainty for the emission ratio at. , . :
an individual fire. within the expected range for measurements made in fresh

This study provides the first direct measurements of emis-SmOke and is also in good agreement with the Akagi et al.

1 ; .
sion factors for many gases from Australian forest fires. In(2014) measurement of 0.360.04 gkg™ for pine under

the absence of previous measurements of emission factors,,?_la(_)rey burns in South Carolina, USA measured by open-path
IR spectrometry.

is interesting to compare our measured emission ratios with . .
We may also compare the enhancement ratios with re-

enhancement ratios (measured in aged smoke) from Aus-
tralian forest fires reported in the literature. spect to CO for GH4 and HHCO reported by Paton-Walsh et

Mean CHOH to CO ratios from this stud al. (2005) and Young and Paton-Walsh (2011) from wildfires
(0.017+0.006) are in excellent agreement with t):]e in Australian forests with our emission ratios with respect to

. o . . CO, by assuming the mean emission factors fon@dd CO
only previous reported emission ratio from this ecosystem A . S
measured in this study. (This produces a multiplication fac-

of O.Ql9ﬂ: 0.001 using ground-based solar remote sensmqor of 0.114 to convert an emission ratio with respect to CO
Fourier transform spectrometry (Paton-Walsh et al., 2008).tO an equivalent emission ratio with respect to QOThus

I(\él)e;;lg Bbotgg)cgnzn?o%gg;)o rgg e:i::\?; fr(;rrr; tﬂ:shséfilzanthe GHg to CO enhancement ratio reported by Paton-Walsh
: ' ) P y g et al. (2005) of 0.005% 0.0027 is equivalent to a4 to

those reported by Paton-Walsh _et al. (.2005) (also usmgcoz ratio of 0.00065t 0.00031 or approximately half our
ground-based solar remote sensing Fourier transform spec:

trometry) of 0.0095:0.0035 and 0.002%0.0005. The :geift”;er‘;"%"éfo"f i?]'%zﬂztg'g%)‘:’é{?(l‘:‘g'set:]:'éggi:?fg
discrepancy in NH values is likely due to chemical loss b P b 4 ges.

in the aged smoke sampled in the earlier studies (Akagi Similarly, the HCO to CO enhancement ratios of
et al., 2012; Goode et al., 2000). Our singlgHg to CO 0.023+ 0.007 and 0.016: 0.004 reported by Paton-Walsh et

- . . al. (2005) and Young and Paton-Walsh (2011) respectively
emission ratio is~ 30 % higher than the value reported by ) .
Paton-Walsh et al. (2005) but our estimated measuremerit equivalent to a ¥CO to CQ ratio of 0.0026+0.0008
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and 0.0018t0.0005, in broad agreement with our mean duction burning and for wildfires are significantly different
measured value of 0.00160.0004. is still an unanswered question.

The fire-averaged MCE values that we determined for each
fire are one piece of evidence that we can use as an indication
of how representative our measurements are likely to be of
other fires in this ecosystem. MCE values in this study ranged
from a minimum of 0.88 at the Lane Cove burn to a maxi-
mum of 0.91 at the Abaroo Creek burn. This is a surprisingly
small spread in MCE values given the significantly different

5.3 New emission factors for Australian temperate
forest fires

Emission factors for C@and CO were calculated by the
summation method as described in Sdc3. The results are

shown in Table 4 for each individual fire along with the mean ;
. X . measurement geometries. These MCE values are compara-
and standard deviation from all of the fires sampled. Emis-

. . ble to those calculated from the mean emission factors for
sion factors for all other gases were calculated (via Eq. 5)

from the CQ and CO emission factors for the relevant fires COz and CO presented by Akagi et al. (2011) for temperate

= - . forests of 0.92 and for extratropical forests of 0.89 (where
and the emission ratios in Table 3. The uncertainties were cal- . .

S T extratropical forests represent a weighted average of boreal
culated by combining in quadrature the uncertainties in the

emission ratios with the uncertainty of the emission factor ofand temperate forests based on GFEDS biomass consump-

. ) . tion estimates; van der Werf et al., 2010). Mean MCE val-
the reference gas (CO or QDas outlined in Appendix B. ues reported for laboratory burns by Burling et al. (2010) are
For CO, and CO emission factors, the measurement un-_; .

. S . L slightly higher at 0.93 0.04, but Yokelson et al. (2013) con-
certainty (which is dominated by the uncertainty in the frac- clude that laboratorv fires most orobably vield higher MCE
tional carbon content of the fuel) exceeds the variability be- y b Yy 9

tween fires. For all other gases, the standard deviation of th%:glli?f \?v?ne dtt(:) tgl?;i:illlyslr%v(\;i: dfgrei:]gné)(;sr]:lérjsgg:tent and the

mean is greater than the measurement uncertainty for emis- Thus MCE values that we obtain in this study are similar to

sion factors from individual fires, indicating large true natural . .
L o hat we would expect from a fire-averaged hazard reduction
variability in the emissions of these gases. The most natura!)v

varaity i Seen for CHDH, HCOO and N, i CH 1112005 Cofence it open oty (18 et
and GHg displaying less variability and #CO the least vari- y q 9 P

o - ) tive sample, as long as care is taken to ensure that the line
ability in emission factors from the fires that we sampled. . . L
. of sight chosen captures flaming emissions as well as smoul-
The larger of these two numbers (measurement uncertalnt&erin d .
. PN . g and the results are weighted to the total enhancements
or one-sigma standard deviation) is taken as the uncertam%easured
in the mean emission factor for each trace gas. o .
Despite the caveats of a small sample size and small ge-
ographic spread of sites sampled, the emission factors pro-
5.4 Discussion of the applicability of new emission vided here are the first for many trace gases from Australian
factors in this study forest fires. Therefore, for those wishing to model emissions
using geographical regions, we recommend the use of our
For many trace gases, the new emission factors presentadean emission factors to characterise the emissions from
here are the first provided in the literature for Australian Australian forest fires in fire inventories.
forest fires. The predominance of eucalypt species mean
that the fuels in this ecosystem may vary substantially from5.5 Comparison of emission factors to previous studies
generic “extratropical forest” biomes. Nevertheless, there is
still great uncertainty in the factors that drive the large vari- We can compare our emission factors for 0O and CH
ability in emission factors and thus not all models are drivento those measured previously by Hurst et al. (1996), who
mainly by regional-scale emissions factors (Akagi et al., quoted emission factors in terms of fraction of fuel carbon
2013; van Leeuwen et al., 2013). The emission factors preburned (i.eC;/Cy). If we make the same assumption as
sented here are from a relatively small number of hazard rewe did in this study (that the fractional carbon content is
duction burns all within 100 km of each other. Hazard re- 50 %) and apply this to their quoted values, we get equivalent
duction burns should burn with less intensity then the wild- emission factors of 1560 g G®&g~! of dry fuel consumed,
fires that they are designed to inhibit, and hence lower MCE106 g COkg?! of dry fuel consumed and 3.6 g GHHg !
values and different emission factors might be expectedof dry fuel consumed. Our estimates give a slightly larger
For these reasons, the emission factors measured during tha&snount of total carbon emerging as both £&hd CO than
study may not necessarily be the most applicable for thosehat estimated by Hurst et al. (1996) and a very similar value
wanting to model atmospheric impacts of large-scale wild-for CH4. The small differences in emission factors for £0
fires in Australia. Nevertheless, it is interesting to note thatand CO can be fully accounted for in the different assump-
several trace gases had emission ratios that were in agreéens made about carbon emissions that were not measured
ment with those measured in remotely sensed smoke plumes i.e. in this study we assumed that the total measured car-
from wildfires. Whether the emission factors for hazard re-bon emissions were approximately equal to the total emitted

www.atmos-chem-phys.net/14/11313/2014/ Atmos. Chem. Phys., 14, 1131333 2014



11326 C. Paton-Walsh et al.: New emission factors for Australian forest fires

Table 4.Emission factors (Efag ing kg~1 and uncertainties for each fire along with the mean and standard deviation of the emission factors
from all of the fires sampled. The measurement uncertainty in the mean result is shown in parentheses.

Lane Turramurra Abaroo Gulguer Alfords MearStd dev.  Akagi et al. (2011) Akagi et al. (2011)
Cove Creek Nature Point (Uncertainty) for temperate for extratropical
Reserve from this study forests forests
EFco, 1,580+160 1,640:160 1,650:170 1,64G:160 1,590+160 1,620+ 30 (160) 163771 1509+ 98
EFco 136+ 22 106+ 17 102+ 16 112+18 133t21 118+ 16 (19) 89+ 32 122+ 44
EFcH, 4.8+0.9 2,905 2.7+04 2.7£05 4.8+0.9 3.6+1.1(0.6) 3.9t24 5.7+3.2
EFc,H, 1.6+0.3 1.1£0.2 1.1+£0.2 1.1+£0.2 15+0.3 1.3£0.3(0.25) 1.%04 1.4+0.4
EFn,co 24+0.4 1.5£0.3 1.4£0.2 1.7£0.3 1.8+0.3 1.7£0.4 (0.3) 2311 19+1.1
EFcH;0H 4.0+0.8 1.6+0.3 15+0.3 1.6+0.3 3.2+ 0.6 2.4+1.2(0.4) 1914 2.7+18
EFcH;cooH 55+1.2 2.8+0.6 2.6£0.6 3.6£0.8 4.8+1.0 3.8+£1.3(0.8) 2.0t1.6 4.1+ 3.0
EF4cooH 0.7+£0.2 0.26£.06 0.29+0.07 0.36:0.09 0.43t0.11 0.4£0.2(0.1) 0.35:0.33 0.54+0.47
EFNH, 2.2+0.5 1.0£0.2 1.4+0.3 0.8+0.2 2.4£0.6 1.6+0.6 (0.4) 0.78:0.82 25t2.4
ERn,0 0.21+£0.04 0.09:0.01  0.15+0.09 (0.03) 0.16:0.21 0.38+0.35
EFc,Hg 0.5+0.2 0.5(0.2) 1.%#0.7 1.7+£1.0

carbon, whilst Hurst et al. (1996) assumed 6 % carbon emit- Despite possible sampling biases, the MCE values ob-
ted in ash. tained lend confidence that open-path Fourier transform
There are no previously published emission factors forspectrometry is probably capable of capturing a reasonably
Australian temperate forest fires for any of the other gasesepresentative sample of flaming and smouldering combus-
measured in this study, but for comparison the mean valuetion when a suitable viewing geometry is available. Our sam-
for temperate forest fires and extratropical fires in other partple size is quite small, with all the fires being hazard reduc-
of the world are given in the final columns of Table 4 (Akagi tion burns from a relatively small geographic spread. Nev-
et al., 2011). Very large estimates of the natural variability ertheless, in the absence of any alternative measurements
for many trace gases are presented by Akagi et al. (2011jor many gases in this ecosystem, we recommend our mean
and consequently all our results overlap within the stated unemission factors for use in region-specific biomass burning
certainties and expected ranges. However, our emission fagaventories.
tor for CO is quite a bit higher and closer to their estimated The recommended ecosystem-specific emission factors for
mean value for extratropical forests of 1224 gkg* dry Australian temperate forest fires (in grams of gas emitted per
fuel consumed. kilogram of dry fuel burned) are therefore
Also of note are higher emission factors for gEOOH 1620+ 160gkg?! of COp; 120+20gkg?! of CO;
and NH; (also more typical of extratropical forest estimates) 3.6+ 1.1gkg? of CHs; 1.3+£0.3gkg?! of CoHg;
and significantly lower gHg emissions as reported previ- 1.7+0.4gkg ! of H,CO; 2.4+1.2gkg?! of CH3OH;
ously by Paton-Walsh et al. (2005). 3.8+1.3gkg! of CH3COOH; 0.4+0.2gkg?! of
HCOOH; 1.6+0.6gkg?! of NHs; 0.15+0.09gkg?

_ of N»O and 0.5+ 0.2 gkg ! of CoHs.
6 Summary and conclusions

We present results from open-path FTIR measurements of
emission factors for Australian temperate forest fires from
five hazard reduction burns in New South Wales. A detailed
description of the measurement set-up and analysis proce-
dure is given, including spectral regions used for retriev-
ing several trace gases from highly polluted smoky envi-
ronments. Different methods for deriving best estimates for
fire-averaged emission factors are presented and we conclude
that, for our measurement geometry, it is best to use a whole-
fire integrated method (or “summation method”) to derive
emission factors for C®and CO. For all other trace gases,
we recommend that the emission factor is derived using the
emission ratio to one of these reference gases(@TO),
whichever gives the strongest correlation.
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Appendix A: Details of spectral analysis infrared spectra recorded here. Many spectral regions were
trialled during this study and these tests showed that a poorly
Al Quantitative analysis of infrared spectra chosen spectral region can introduce inaccuracies of up to

20%. In the end, the region from 2080 to 2270¢nwas
The MALT model requires environmental parameters (tem-chosen for the retrieval of GOand CO from the spectra
perature and pressure) along with parameters that describecorded through smoke at the hazard reduction burns. Ni-
the spectrometer and the resulting instrument line shape irous oxide (NO) and water (FHHO) are also fitted as interfer-
order to calculate the synthetic spectrum. Each of these ining absorbers in this window. The phase error and effective
strument parameters may be fixed or fitted during the re-apodisation are adjusted during the non-linear least squares
trieval process. If an instrument parameter is fitted, then thditting retrieval and a second-order polynomial fit to the con-
initially assigned value is also adjusted (along with the tracetinuum level is allowed. This spectral region (from 2080 to
gas mole fractions) such that the final value minimises the2270 cnt?) is reliant on the sensitivity provided by absorp-
difference between the measured and simulated spectra. tion bands of the second most abundant isotdgE@,).

In this study, the Bomem MB-100 Series FTIR spectrom- Photosynthesis results in proportionally 1&3€ in the veg-
eter was modelled using a resolution of 0.96¢nfixed), etation that is burning than in the atmosphere, so reliance on
a field of view of 22 milliradians (fixed), with a Hamming 13CO; is likely to introduce a negative bias of between 0.5
apodisation function applied to match the apodisation ap-and 2% depending on the type of vegetation and its main
plied to the measured spectra. The spectrometer had a fephotosynthetic pathway. These biases are small compared to
imperfections that resulted in a non-ideal instrument linethe total uncertainties (discussed in detail in Appendix B)
shape. An imperfect alignment causes a phase error and shifemmd no attempt is made to correct for them. Comparisons
the wave-number scale from the true line positions that areshow that mole fractions derived from this region are in good
listed in the HITRAN database. The phase error was assignedgreement (always <5 %) with the results given by the re-
an initial value of—2° and the wave-number shift assigned gion from 3520 to 3775cmt, which includes strong fea-
an initial value of 0.1 cm® and both these parameters were tures for botht2CO, and*3C0y. This latter region also has
fitted during the retrieval. An empirical asymmetry function very strong HO absorption and this leads to low signal-to-
was applied to the MALT simulated spectra in order to repli- noise ratio and lower precision. For this reason, the 3520-
cate the actual instrument line shape better (in addition td3775 cnT! window was used only to confirm the accuracy
fitting a phase error). of the chosen region for highly polluted atmospheres.

Imperfect alignment also causes a broadening of the line The accuracy of this retrieval method was tested using a
widths of absorbing gases. This additional broadening isseries of dilutions of a calibration mixture (containing 1%
described by an instrument parameter called the “effectiveof each of CQ, CO, CH;, CoH2, CoHg and GHg,) mea-
apodisation”. This is a trapezoidal apodisation function vary-sured with a White cell with an optical path of 22.2 me-
ing from zero (equivalent to a boxcar function for a perfectly tres, coupled to a Bomem MB-100 Series FTIR spectrom-
aligned instrument) to a value of one (representing a trian-eter similar to that used for the open-path measurements.
gular apodisation function). This parameter was fitted for theThe results showed that the spectral region from 3520 to
retrieval of some trace gases (to obtain the best possible fit3775 cnt ! (with the strong C@ and HO absorptions) pro-
and fixed for others, particularly weak absorbers (in order toduced CQ mole fractions within 1 % of the true known cali-
ensure a stable fit). Finally, in fitting the simulated spectrumbration values. For very low mole fractions of g@Gmbient
to the measured spectrum, MALT can allow different degreedevels and below in the 22.2 m White cell) the chosen region
of freedom in fitting the continuum level (i.e. the intensity (from 2080 to 2270 cm?) failed to retrieve accurate mole
of radiation at each wave number with no absorption linesfractions. This was due to the combination of a short path
present). In most of the spectral regions used in this study, &ngth, low pressure and unusually low mole fractions pro-
second-order polynomial fit to the continuum level was usedducing very weak absorption features. However, within the
(allowing for some non-linear variation of the optical trans- range of absorbances used before and during the fires, the

mission across the wave-number range used). results are consistent between the two regions, demonstrat-
ing accuracy within 5%. CO mole fractions retrieved from
A2 Spectral region for fitting carbon dioxide and the chosen spectral region (from 2080 to 2270 &mwere
carbon monoxide within 2 % of the true known calibration values. It should be

noted that these uncertainties are only one contributor to the
Carbon dioxide exhibits strong infrared absorptions, eventotal uncertainty budget, which is described in detail later in
at ambient mole fractions. Unfortunately, the vibrational— this paper. These results for the calibration of Gdd CO
rotational band for the asymmetric stretch of the main iso-are consistent with the open-path calibration results of Smith
tope of carbon dioxide'fCO,) is saturated at current back- et al. (2011).
ground amounts~ 394 ppm). This makes carbon dioxide
surprisingly difficult to retrieve accurately from the type of
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A3 Spectral regions and parameters for fitting other The region from 2971 to 3002 cm was used to fit weak
trace gases C,Hg absorption features, fitting #0, CH; and GH4 as

interfering species, a second-order polynomial fitted to the
A single standardised region was chosen to fit ethy-packground and allowing only the phase to vary (with the
lene (GHs4) and ammonia (N&) together from 920 to effective apodisation fixed since this produced a more sta-
1000cnT!, with water also retrieved as an interfering ble retrieval for this weak absorber). The absorption features
species. Phase error and effective apodisation were both agvere too weak in most spectra to produce a stable fit and so
justed during the retrieval to optimise the fit, and the contin-results are provided from a single fire where the strongest
uum level was fitted using a second-order polynomial. trace gas enhancements were measured.

Standardised region fitting phase error, effective apodi- Table 1 summarises all the spectral regions and parame-
sation and a second-order polynomial to the continuumters used in this study, along with another region from 710
level were also chosen for methane (§Hrom 2980 to  to 760cnr? used to derive acetylene £§8,) and hydro-
3105cnT?, (with H2O also retrieved) and for formic acid gen cyanide (HCN) in spectra recorded at savanna burns in
(HCOOH) from 1060 to 1150 cnt with HO and NH also  Northern Australia and reported in the partner paper (Smith
retrieved as interfering species. It should be noted that thigt al., 2014). These gases could not be retrieved from the
relatively wide window from 1060 to 1150 cm incorpo-  spectra measured in this study because the particular mer-
rates P, Q and R branches of HCOOH and gave significantlftury cadmium telluride (MCT) detector used had insufficient
better fits to the spectra showing the highest mole fractionssensitivity in this spectral region. (MCT detectors have dif-
(i.e. the smokiest spectra), fitting the Bliihterference and  ferent optical cut-offs and the sensitivity of the MCT used in
the continuum level curvature much better than a narrowekhe savanna fires Study extends to |0nger Wave|engths than
window (1098-1114 cm') trialled first. the one used for the forest fires described in this paper).

Both methanol (CHOH) and formaldehyde (4CO) were Example fits for all of the spectral regions used are given
retrieved fitting only the phase error (with the effective apodi- in Fig. 2.

sation fixed at zero since this produced a more stable fit for
these broad absorbers), and a second-order polynomial fitted
to the continuum level. The spectral region fitted to retrieve
H>CO was 2710-2810cnt with interfering HO also re-
trieved and from 920 to 980 cm for CH3zOH with H,O and

NH3 also fitted as interfering species.

Acetic acid (CHHCOOH) is not available in the HITRAN
database and so a library spectrum was used as the basis
function for the absorption coefficients (Hurst et al., 1996;
Sharpe et al., 2004). Both phase error and effective apodis-
ation were fitted but only a simple slope in continuum level
was permitted in the fit because a second-order polynomial fit
to the continuum level interfered with the correct retrieval of
the shallow absorption of acetic acid. The region chosen was
1130-1230cm?! and HO, NHz and HCOOH were fitted as
interfering species.
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Appendix B: Details of uncertainty estimates Table B1. Totals and component values of the uncertainty budget
for calculatingA[CO»] and A[CQ].

B1 Uncertainties in ACO, and ACO

Gas Background Total Spectral HITRAN Summed

. . mole temperature fitting error in

An uncertainty budget was first calculated #fCO,] and fraction ermor  error quadrature
A[CO] and then applied to the resulting emission fac- 2¢O, 259% 153% % So0 163%

tors calculated. The dominant uncertainty for batfCO;] A CO 250 5.1% 204 204 6.3%
and A[CQ] is the assumed temperature, which causes both
a spectral error (because the wrong line shape and line
strengths are assumed in the fitting algorithm) and a denTable BZ.TotaIs and component values of the uncertainty budget
sity error, due to assuming the wrong air density when conJ°" calculating Eco, and Efco.
verting from the measured concentration in the line of path

to mole fraction. The temperature was measured at a single

Uncertainty  Uncertainty Summed in

point close to the spectrometer but in reality the tempera- inG;/cr In Fe quadrature
ture may vary substantially across the spectrometer’s line of EFco, 1.5% 10% 10%
sight with a significant probability of increased temperatures EFco 15% 10% 16%

where there are enhanced amounts of trace gases absorb-
ing such as in the flaming emissions from the fire. However,

flames are unlikely to cover the whole path length and SOCco,/ C < 1.5%. For CO, the opposite scenario is true be-
we estimated that the temperature error was likely to be apgayse the uncertainties in[CO,] and A[CO] combine to
proximately 20°C. This estimate is meant to account for the roguce an uncertainty in the ratiteo / Ct < 15 %.

possibility that a large temperature error for a fraction of the  jncertainties in the molecular masses are vanishingly
path may be more significant than a smaller temperature errogmga|| put there is a large uncertainty in the carbon con-
over the entire path. Very large errors in the temperature argant of the fuel ¢c) which is not measured but taken to
expected to produce easily identified effects like large errorgye .50+ 0.05. This value of 0.5 is the same as that used
in the spectral fits, or anomalous behaviour in the correlationOy Bennett et al. (2013), and our estimated uncertainties en-
plots. (The latter effect was identified for Gland Ny ina  compasses the value used for the fuel fraction from trees by
subset of spectra from Alfords Point and these spectra wergg|kova and Weston (2013) of 0.47 taken from the IPCC
removed before calculating emission ratios.) The resulting(2004) and the mean values measured by Burling et al. (2010)
density error was calculated assuming ideal gas behaviouss o514 0.03 for fuels from southern USA. The carbon con-
and the spectral errors were taken from the sensitivity studiegant of the fuel turns out to be the dominant uncertainty for
undertaken by Smith et al. (2011). The different temperaturecak:u|a»[ing the emission factor for G@nd a major uncer-
errors are obviously correlated and so the combined uncefginty in the emission factor for CO. The resulting overall
tainty was determined by some basic sensitivity studies. INuncertainty estimates are 10 % for&s and 16 % for EEo,

the case of C@the density and spectral temperature errorsynd the contributions are summarised in Table B2.
are in the same direction giving a combined error of 15.3 %

for an underestimation of the temperature of@)whereas B3 Uncertainties in emission ratios

for CO they partially compensate giving an overall tempera-

ture error of 5.1%. These combined temperature uncertainncertainties in the emission ratios are calculated from the
ties are added in quadrature from those resulting from uncerrelevant uncertainties in the gradient of the correlation plot
tainties in the assumed background mole fractions, spectradf target gas and reference gas. The generalised least squares
fitting errors and errors in the HITRAN lines used in the re- regression yields an uncertainty in the gradient but this value
trieval. The resulting overall uncertainty estimates are 16.3 %contains only random uncertainty and assumes that the un-
for A[CO2] and 6.3 % forA[CO], and the contributions are certainties of each point are uncorrelated. Thus other factors

summarised in Table B1. that contribute to the uncertainty must also be considered. Ta-
ble B3 shows the contributing factors to the uncertainties of
B2 Uncertainties in EFco, and EFco the derived emission ratios, broken into contributions from

the target gasAgas) and the reference gaAréf) — CQ
However, the resulting uncertainty in the emission factor cal-or CO. Component values for the uncertainties arising from
culated for CQ is very different because it depends upon spectral temperature sensitivities are estimated by assuming
the ratioC; / Ct — i.e. the ratio of A[CO2] to the sum of a maximum 20C temperature error and adding sensitivi-
A[COg], A[CO], and the other carbon-containing species.ties of target gas and reference gas in quadrature. (Whilst
Since A[COg] is the dominant term in both the numer- these errors are clearly not uncorrelated, the true correla-
ator and the denominator, uncertainties in this value ardion of the sensitivities of each gas are complicated by strong
largely cancelled out, leaving an uncertainty in the ratio non-linearity and by feedbacks into the spectral fitting errors.
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Table B3. Totals and component values of the uncertainty budget for calculating emission ratios.

Emission Temperature Spectral HITRAN  Uncertainty Agas Aref Total
ratio uncertainty (spectral) fitting  uncertainty in total total emission ratio
for 20°C  uncertainty gradient uncertainty  uncertainty uncertainty
CoHy/COp 12% 5% 5% 1% 14% 10% 17%
H>,CO/CO 6.4% 5% 5% 1.4% 10% 10% 14%
N>O/CQO, 5% 4% 5% 5% 10% 10% 14%
CHy/CO 4.4% 2% 5% 0.8% 7% 3% 8%
CH30OH/CO 4.4% 6% 5% 0.8% 9% 3% 9%
CH3COOH/CO 10 %* 3% 10 %* 0.6% 14% 3% 15%
NH3/CO 10.8% 2% 5% 0.5% 12% 3% 12%
HCOOH/CO 8% 16 % 5% 5.4% 19% 3% 20%
CoHg/CO 9.2% 25% 5% 2.6% 27% 3% 27%

* For CH3COOH values for the spectral temperature sensitivity and the HITRAN uncertainty and are not available or not relevant and instead an estimated value of 10 % is

assigned to both the spectral temperature uncertainty and to the uncertainty in the library spectrum cross sections (equivalent to a HITRAN error) so that an estimate may be
obtained for the overall emission ratio uncertainty.

Thus adding in quadrature provides a very approximate estiB4 Uncertainties in emission factors

mate commensurate with the other difficulties in obtaining a

good estimate of our true measurement uncertainty.) Finally, measurement uncertainties in emission factors were

Relevant spectral sensitivities and uncertainties in the Hi-determined for each trace gas by combining in quadrature the

TRAN database are taken from the literature where availabl@/ncertainties in the emission ratio with the uncertainty in the
(Paton-Walsh et al., 2005; Pinnock and Shine, 1998; Rothemission factor of the relevant reference gas {@0CO).

man et al., 2009; Smith et al., 2011). For §EOOH these  These uncertainties are shown in parentheses in Table 4. For
values are not available and an estimated value of 10% i§£02 and CO, the measurement uncertainty exceeds the fire
assigned to both the spectral temperature uncertainty and @ fire variability and so the uncertainty in the mean emission
the uncertainty in the library spectrum cross sections (equivfactor given is the measurement uncertainty. For all other
alent to a HITRAN error). Uncertainties in the derived gra- 9ases, the fire-to-fire variability dominates and the quoted un-
dients were taken from the generalised least squares regre§ertainty in the emission factor is the standard deviation
sions (using data from the fire that yielded the wat$tval- ~ Of the mean.

ues — so as to provide a worst-case scenario). The spectral

fitting uncertainty estimated during the MALT fitting algo-

rithm is also included because this is often not random but

dominated by errors in the forward model.

Uncertainties in the reference gasas€f) were calculated

using the components in Table B1, but excluding the uncer-

tainties in background mole fractions and the error in den-

sity correction arising from temperature uncertainties. These

components are excluded because the former does not con-

tribute to the gradient and the latter cancels out as it produces
the same error in the target gas and the reference gas. This
yields an uncertainty im\ref of 10% for CQ and 3% for
CO. Finally, all uncertainties are added in quadrature to give
a total uncertainty for each emission ratio (see Table B3).
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