
 1 

Interactive comment on “Greenhouse gas emissions from 1 

laboratory-scale fires in wildland fuels depend on fire 2 

spread mode and phase of combustion” by N.C. Surawski 3 

et al. 4 

 5 

N.C. Surawski et al. 6 

Correspondence to: Nic Surawski (Nicholas.Surawski@csiro.au) 7 

 8 

Our responses to the second reviewer’s comments are detailed below.  9 

Major comment 1 on sampling methodology: The reviewer states: “the experimental setup 10 

of plume sampling (only at one point) is probably not representative of the average emission 11 

composition as result of in-homogeneity of the plume in tunnel effluent as result low 12 

turbulence and temperature gradient.” 13 

Response: We have added a new section to the discussion section of this article called  14 

“Representativeness of combustion wind tunnel emissions measurements” (section 4.1 in 15 

revised version of manuscript) and a new Table of supporting data (Table 3 in revised 16 

manuscript) which together provide further analysis supporting our measurement approach.  17 

In this new section, we calculate the reaction Damköhler number (Da) which is the ratio of 18 

the flow time scale to the chemical reaction time scale (Law, 2006).  We calculate Da at two 19 

flame heights and axial positions within the flow with Da exceeding 10
6
 in all cases.  20 

Therefore, for the species we measure in this experimental effort, the timescale required for 21 

chemical reaction is very short relative to the flow timescale in our combustion wind tunnel.  22 

Therefore, the chemical reactions are at equilibrium (or are “frozen”) by the time our 23 

sampling manifold is reached and furthermore do not depend on sampling height. 24 

 25 

The new section in the discussion (section 4.1) reads: “Since emissions sampling was 26 

conducted at a single fixed height above the wind tunnel floor (see section 2.1), further 27 

analysis needs to be conducted to ensure the representativeness of measurements. If chemical 28 

reactions were still occurring at the axial position of sampling, and if those reactions had a 29 

dependence on sampling height, then the emissions measurements obtained would not be 30 

representative of the entire plume. Here we calculate the reaction Damköhler number (Da) 31 
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(Law, 2006, p. 189) which characterises the ratio of the flow time scale ( ) to the chemical 1 

reaction time scale ( ). The reaction Damköhler number is given by: 2 

 

 

      

(11) 

where  is given by the characteristic length scale (L) divided by the characteristic velocity 3 

( ) (Law, 2006) and  is the reciprocal of the reaction rate (k). We choose L as the axial 4 

distance from the flame position to the sampling manifold (either 3.6 or 8.4 m),  as the 5 

mean wind speed employed during testing (1.5 m s
-1

) with k given by the lumped kinetic 6 

scheme of Ranzi et al. (2008), which describes the production of CO2, CH4 and CO (plus 7 

other carbon compounds) from biomass pyrolysis. We calculate k at two heights within the 8 

flame, with maximum temperatures at the flame base being based on those recorded by 9 

thermocouples on the CSIRO Pyrotron floor, whilst flame tip temperatures are based on 10 

measurements made in eucalypt shrubs by Wotton et al. (2012). Calculation of the reaction 11 

Damköhler number enables us to assess how close the relevant chemical reactions are to 12 

equilibrium at two flame heights and axial positions within the flow, with the results of this 13 

calculation being shown in Table 3. 14 

 15 

We see that the reaction Damköhler number depends on vertical position within the 16 

flame, with smaller Da being observed at the flame tip (i.e. 3.0 x 10
6
) compared to the 17 

flame base (1.8 x 10
8
–2.9 x 10

8
). There is also variation in the Da observed with different 18 
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fire spread modes which is due to differences in the maximum flame base temperature and 1 

the influence it has on reaction kinetics. Whilst we see variation in Da with respect to fire 2 

spread mode and vertical position within the flame, all of the Da exceed 10
6
 (rounded to the 3 

nearest order of magnitude) which does not change the conclusion that the reactions are 4 

near equilibrium or "frozen" (Jenkins et al., 1993). Hence, we can conclude from this analysis 5 

that our emissions sampling is representative of the entire plume since the timescale 6 

required for the relevant chemical reactions to occur is very short relative to the flow 7 

timescale. 8 

Table 3 in the revised manuscript reads: 9 

 10 

 11 

 12 

 13 

 14 

 15 

Major comments 2a-b on EF’s. 16 

Comment 2a: The reviewer states that “the data treatment and presented formulation is given 17 

in a very confusing way with a unnecessary long discussion of equations for Emission Ratios 18 

and Emission Factors that in several cases are inaccurate, using unclear symbology.”  19 

Response 2a: As discussed in detail in the next paragraph, given that we report emission 20 

factors in two equally valid ways (either as a percentage of the burnt carbon or nitrogen and 21 

on a mass per unit of dry fuel consumed basis) we thought it would be good scientific practice 22 

to clearly describe and cite the calculation methods used.  We thought this would add 23 

transparency to our analysis, but regrettably, the reviewers have correctly identified one 24 

typographical error in both equations (3) and (7) which we have now corrected.  With these 25 

two errors rectified we believe that sufficient detail (and no more) has been provided for 26 

readers to understand our methods.  As for unclear symbology, we have used the 27 

nomenclature present in the papers we have cited which involve terms commonly used in 28 
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wildfire emissions science.  As such equations (2-4) are based on Hurst et al. (1994b), (5-6) 1 

on Yokelson et al. (1999), whilst (7) is based on Andreae and Merlet (2001). 2 

Comment 2b: The reviewer then states: “Emission Factors are given as a fraction of 3 

burned/fired carbon, as a fraction (g/Kg) of burned biomass and in Section 4.2 as an un-4 

specified percentage of something.” 5 

Response 2b: In this article we have reported emissions factors two ways; namely: 1) as a 6 

percentage of the burnt carbon or nitrogen, or 2) on a per unit dry fuel consumed basis.  We 7 

have modified the sentence on page 23133 (line 17) to make it clear that when we report 8 

emission factors as a percentage, it is a percentage of the total carbon or nitrogen burnt and 9 

not some “unspecified percentage” as claimed by both reviewers (please see also major 10 

comments 2a-d by reviewer 1).  Furthermore, we have furnished this revised sentence with 11 

several references to indicate that reporting emission factors this way has occurred widely in 12 

the emissions literature since the method was developed by Radke et al. in 1988. 13 

 14 

This revised sentence now reads: “A carbon mass balance approach developed by Radke et al. 15 

(1988), and applied (for example) by Lobert et al. (1990), Hurst et al. (1994a), Hurst et al. 16 

(1994b), and more recently by Meyer et al. (2012), was used to calculate emissions factors for 17 

different carbon- and nitrogen-based pollutants on a per unit element burnt basis.” 18 

Major comment 3 on representativeness of experiments: My doubts are that these 19 

laboratory experiments with quite uniform and low litter sizes and humidity conditions, can 20 

be representative of prescribed fires that are done in less extreme dried conditions with winds 21 

that produce a mixture of processes (heading/flank/back). 22 

Response: We selected the fuel load, fuel moisture content and wind speed to obtain Byram 23 

fireline intensities which are representative of that which occurs during many prescribed 24 

burning operations.  We have now added a sentence at the end of section 2.2 (last sentence) 25 

explaining why these various parameters were chosen.  This new sentence reads: “Altogether, 26 

the selection of fuel loads, fuel moisture content and wind speed were selected to achieve 27 

Byram fireline intensities (Byram, 1959) (which is the product of the lower heating value of 28 

the fuel, fuel consumed and the forward rate of spread) indicative of those during prescribed 29 

burning conditions in temperate eucalypt forest in Australia (i.e. approximately < 500 kW m
-1

 30 

(Cheney, 1981) or approximately < 345 kW m
-1

 (McArthur, 1962))” 31 
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The comment the reviewer makes about having a mix of fire spread modes was also raised by 1 

the first reviewer (please see major comment 3 by reviewer 1 on application of results).  2 

Whilst we agree that a single or universal fire spread mode cannot be achieved in a prescribed 3 

fire situation; in practice, a variety of ignition patterns are commonly employed in such 4 

operations that enable the fire spread modes we considered (i.e. heading, flanking and 5 

backing) to predominate in different fuel, weather and topographical conditions.  We add a 6 

sentence to the 1
st
 paragraph in section 4.5 (page 21of revised manuscript) stating that ignition 7 

patterns exist which enable a single fire spread mode to predominate.  This new sentence 8 

reads: “Whilst it would not be possible to apply a single fire spread mode to a forested 9 

landscape in a prescribed fire situation, ignition patterns are practised in Victoria which 10 

enable a single fire spread mode to predominate (Tolhurst and Cheney, 1999), such as the 11 

three investigated in this study. 12 

Comment 1: Line 25, page 23129- develop experiments positioning the tube at different 13 

heights above the floor of combustion to access the homogeneity of the plume. 14 

Response: The new section we added to the revised manuscript (section 4.1: 15 

Representativeness of combustion wind tunnel emissions measurements) has addressed this 16 

comment. 17 

Comment 2: Line 13, page 23130- removal of fragmented material will not produce a 18 

combustible less representative of natural conditions? 19 

Response: The comment made by the reviewer is correct but adding a duff layer to the fuel 20 

bed would have added an extra level of complexity that we did not want in our first set of 21 

emissions experiments.  It was beyond the scope of the current set of experiments to include 22 

another fuel stratum in our experiments. 23 

Comment 3: Line 1-2, page 23131- To dry the combustible to this low humidity is 24 

representative of conditions of burning in prescribed fires? Usually prescribed fires are taken 25 

during periods of lower fire hazard, therefore more humid. 26 

Response: Prescribed burns in Victoria are usually conducted between 9-16% (Tolhurst and 27 

Cheney, 1999) but in the current work we dried the fuel to give Byram fireline intensities 28 

indicative of those at the higher-end of prescribed fire.  We have added a sentence at the end 29 

of section 2.2 to explain why the fuel moisture was dried to such a low level (please see major 30 

comment 3 by reviewer 2 on the representativeness of results).   31 
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Comment 4: What means dilution with zero air? Is it normal external air, with usual CO2 1 

content, or air without CO2? Clarify.  If it is air with normal ambient CO2 (and CH4, etc) 2 

which is the imprecision resulting from the subtraction for conditions when burning is 3 

producing less emissions (in the end of experiments)? 4 

Response: We have used air consisting of 20.5% O2 in N2.  Hence there are no additional 5 

sources of carbon that need to be accounted for when correcting for the dilution ratio.  We 6 

have modified line 7 on page 23132 to add this compositional information on what we mean 7 

by zero air. 8 

Comment 5: Lines 13-15, page 23132- Unclear 9 

Response: All we are saying is that the initial dilution ratio applied was increased during the 10 

heading fire experiments, but this did not happen for backing and flanking fires.  We thought 11 

it was written clearly so have not modified this sentence. 12 

Comment 6: Pages 23132-23133- I think that this discussion about ER is probably not 13 

necessary. It is only a methodology to calculate emission factors from concentration 14 

measurements. The associated figure 4 is also not very enlightening. Is it for heading, 15 

flanking or backfires? 16 

Response: We have decided to keep the discussion on emission ratios as a choice needs to be 17 

made about which reference gas to use for calculating emission factors.  The associated figure 18 

(i.e. Figure 4) is enlightening as it indicates that CO2, CO and CH4 would all be good choices 19 

as a reference gas for calculating emissions factors based on the quality of the linear fits.  The 20 

caption for Figure 4 has been modified to make it clearer that the results from all 18 21 

experimental fires appear in each panel.   22 

 23 

The new caption for Figure 4 reads (with a modified first sentence in the caption): “Linear fits 24 

of excess mixing ratios for all 18 experimental fires (not corrected for the overall dilution 25 

ratio) using either CO2, CO or CH4 as a reference gas. 26 

Comment 7: Equation 2- This equation is not exact. With basis in in concentration molar 27 

ratios (ppm) the values for NMHC should take into account that all hydrocarbons have more 28 

than a C atom. Also molar ratio for PC is not well defined. 29 
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Response: The fact that non-methane hydrocarbons have more than one carbon atom is 1 

addressed explicitly by the parameter n in the next equation (i.e. equation 3).  Whilst the 2 

emissions factor for particulate carbon is not well defined it nonetheless contributes to the 3 

carbon being emitted to the atmosphere and hence should be in the equation. 4 

Comment 8: Equation 3- lacks a delta before CO2 5 

Response: Change made and thanks for spotting this typographical error.  6 

Comment 9: Lines 16-18, page 23134. To adapt equation 3 to N2O it needs also to substitute 7 

in for the ratio between N2O and CO2 number of atoms in the molecule (that is- 2). The 8 

consequent emission factor is in fraction of N emission per N present in the combustible 9 

burned? Clarify. 10 

Response: There is no need to do this (as described in Hurst et al. (1994b) and Meyer et al. 11 

(2012)) as the molar nitrogen-to-carbon ratio (which we divide equation 3 by) takes into 12 

account the fact that N2O has two nitrogen atoms.  13 

 14 

To alleviate this potential confusion for readers, the sentence on page 10 of the revised 15 

manuscript (lines 15-17) has been modified to read: “To estimate emissions factors for N2O, 16 

the excess mixing ratio for N2O is substituted into the numerator of equation (3) and is then 17 

divided by the molar nitrogen-to-carbon ratio of the fuel to account for the fact that every 18 

mole of N2O has two moles of N. 19 

Comment 10: Equation 5- to use the same symbol EF for this and equation 3 is confusing. Fc 20 

needs to be in fraction in the equation and not in % as it is suggested. In the equation there 21 

is confusion between molecules and atoms of carbon. 22 

Response: We’ve made many changes to the manuscript (please see major comment 2 by 23 

both reviewers and comments 16 and 17 by reviewer 2) articulating how we’ve used two 24 

methods of reporting emissions factors in this paper.  The context of which of the two 25 

approaches and where it’s used is now clear in the revised manuscript. 26 

 27 

We’ve changed the part of line 4 page 23135 which refers to FC to read “FC is the fractional 28 

fuel carbon content (measured before burning: 0.516).”  Given our nomenclature follows that 29 
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of Yokelson et al. (1999) we don’t see any confusion between molecules and atoms of carbon 1 

in equation (5) as suggested by the reviewer. 2 

Comment 11: Equation 6- The symbol NCj is used to specify the same than the symbol n in 3 

equation 3. Equation 6 is unnecessary to explain the evaluation methodology. 4 

Response: We believe that equation (6) is necessary to explain how the calculations are 5 

performed as it shows, explicitly, that CO2 is selected as the reference gas for calculations; 6 

which is not the only choice.  For example, Figure 4 in our manuscript shows that CO or CH4 7 

would have been acceptable choices for the reference gas as well.  Besides, as stated in the 8 

previous response, our nomenclature follows that of Yokelson et al. (1999) who reported this 9 

equation in their paper and we think it is necessary for transparently communicating the 10 

methods we chose. 11 

Comment 12: Equation 7- What is the meaning of EFN2O/CO2? 12 

Response: This should read ERN2O/CO2.  This typographical error has been corrected. 13 

Comment 13: Table1- No specification about which data corresponds to which fire process 14 

(heading/flanking/back). Define Byram fire line intensity. 15 

Response: We added fire spread mode and fuel moisture content as two extra columns to this 16 

table.  We have also defined Byram fireline intensity in the caption to Table 1. 17 

Comment 14: Figure 5- The colors for lines representing flanking and backfires are difficult 18 

to discriminate. 19 

Response: We have halved the font size of each experimental fire to make it more readable. 20 

Comment 15: Lines 19-25, page 23138- I did not understand this discussion. As far as I 21 

understood from the experimental part, the humidity of the combustible was always the same. 22 

So no influence of humidity variability on emissions could be detected because there was no 23 

humidity variability. 24 

Response:  It is the moisture content of the fuel and not the atmospheric humidity which we 25 

were trying to control.  If we had significant variation in the fuel moisture content this would 26 

have added extra (unwanted) variability to our data.  As stated on lines 1-2 page 23131 (and 27 

from column two in the revised version of Table 1) we achieved fuel moisture contents 28 

between 4.6-6.8% after oven drying.  As a result, there was still some variability in fuel 29 

moisture for different experimental fires.  Therefore, fuel moisture was not a “fixed” quantity 30 
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as suggested by the reviewer.   The fact that there was still some residual variation in fuel 1 

moisture content motivated us to statistically test for whether this subtle variation in fuel 2 

moisture content influenced emissions factors.  On lines 19-25 page 23138 we merely state 3 

that the covariate (i.e. fuel moisture content) did not affect emission factors with a p value of 4 

0.60 (a highly non-significant result).  In summary, we thought it would be better scientific 5 

practice to measure fuel moisture content for every burn and to statistically test for its impact 6 

on emissions factors, rather than to assume it was not a source of variation. 7 

Comment 16: Section 4.1 is confusing because it is not clear which definition of EF is being 8 

discussed at each moment. 9 

Response: We have added three extra sentences to the start of section 4.2 (in the revised 10 

manuscript) to remedy any potential confusion as to which emissions factor reporting method 11 

we are referring to.  These three new sentences read: “In this section, we discuss a comparison 12 

between the two methods for reporting emission factors which are both based on a carbon 13 

mass balance approach (see section 2.4.1).  As such, we switch interchangeably between 14 

reporting on a per unit element burnt basis (i.e. either carbon or nitrogen) or a per unit dry fuel 15 

consumed basis. The relevant equation number or associated units are provided to make it 16 

clear which emissions factor reporting method we are using.” 17 

 18 

As stated in the last of these three sentences we provide equation numbers or units to make it 19 

clear which method of reporting emission factors we are using. 20 

Comment 17: Section 4.2- I could not understand and follow most of this discussion that now 21 

uses Emission Factors in percentages, mixed with the previous definitions of EFs. 22 

Response: Several changes to this section have been made to make it clearer which emissions 23 

factor reporting method we are using.  In all four paragraphs of section 4.3 (in revised version 24 

of the manuscript), when the term “emissions factors” appears we have added extra detail in 25 

parentheses following this term to indicate which emissions factor reporting method we are 26 

using.  In addition, on line 1 page 23143 the emissions factors (per unit element burnt) have 27 

been changed from ratios to percentages to provide a consistent method of reporting them 28 

throughout the manuscript. 29 
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