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Response to Reviewer #1 Comments (Bob Yokelson)

The authors monitored three stable trace gases (CO2, CO, and CH4) that were emitted by fires located upwind
of a tower in Alaska. They derived emission ratios and emission factors for two of the gases (not sure why
EFCO?2 was not reported?). The study sampled smoke, when present, 24/7 for a whole fire season so it has a
big effective sample size compared to individual past studies. It was also sensitive to examples of much, if
not most, of the lifecycle of the upwind fires with exceptions including e.g. intense combustion episodes that
lead to free-troposphere injection and long-range transport. In theory, the most important use of this tower
data is to test model predictions of smoke production and transport for the stable species measured. This is
discussed a little and could be very valuable for future model evaluation in other papers. The work is new,
very valuable, and should definitely be published with minor revisions as summarized next and also pointed
out in the specific comments.

Response: We are grateful to Dr. Yokelson for providing additional detailed and valuable feedback on our
manuscript. His suggestions have considerably improved the paper. We now mention in the conclusions the
potential value of the tower data to test model predictions of smoke emissions and transport for CO, CO»,
and CHa.

General Comments
The study has some weaknesses, which need to be recognized in a more balanced discussion. In no particular
order:

Response: We completely revised the discussion to address these reviewer comments.
1. Towers can only monitor upwind fires limiting the range of sampling.

We now include a paragraph in the discussion discussing the limits of ground-based sampling with
towers. We make this point in that new paragraph.

2. Any ground-based site may have some bias to smoldering or miss the type of emissions subject to
long-range transport in the free troposphere. This is a difficult topic to achieve certainty on.

We agree and recognize this in the discussion paragraph by describing the limits to ground based
sampling. We also acknowledge this in the revised conclusions. In the revised discussion, we also
provide arguments that the CRV tower is not highly sensitive to this type of bias, because it is at a
higher elevation than most of the fires and far downwind. We also now make the point to the reader
that analysis of MISR satellite observation suggest most (but not all) fire plumes reside within the
PBL in boreal North America, again suggesting the CRV tower measurements can provide
representative estimates.

3. The uncertainty in the background at the tower is pretty large compared to the observed
enhancements (in 2015) when far downwind and so the tower-based approach may only work in
near-record fire years whose representativeness is unknown.

We agree and make this point now in the discussion paragraph describing the limits of ground-based
sampling.

4. The initial emissions can only be measured for a few stable species but the vast majority of
interesting fire products are reactive.
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We agree and make this point now in the first paragraph in the discussion (final sentence).
In summary, we added the following paragraph in the discussion to address many of these reviewer concerns:

“In the context of these comparisons among ecoregions and sampling strategies, it is important to
recognize that tower-based sampling strategies, including the methodology presented in this study, have
important limits. Ground-based sites may potentially miss some of the emissions injected above the planetary
boundary layer which are subject to long-range transport in the free troposphere. The fixed nature of this
sampling technique also restricts the range of sampling, because towers can only monitor upwind fires.
Although the tower-based sampling strategy allows for integration of emissions from fires across a range of
environmental conditions and at different stages of fire life cycles, it does not allow for emission ratio
measurements of non-conserved species, including particulate matter and many fire-emitted volatile organic
compounds that have short lifetimes. The technique is also subject to higher uncertainty in the definition of
background mole fractions for fire-affected trace gases, because of the dilution and mixing of fire emissions
that occurs during transport, and thus may not be a feasible sampling methodology during years with low fire
activity. ”

The current discussion is written as if the authors discovered potential sampling biases specific to geographic
regions and platforms that have already been major concerns in mainstream thinking for decades. At the same
time, they fail to emphasize the exciting finding, which is that past attempts to overcome the limitations of
any one sampling platform appear to have worked pretty well according to the perspective provided by this
novel, unique study. In other words, past compilations averaged together the results from multiple platforms
in an attempt to overcome the limitations of using just airborne, ground-based, or lab data. The results in
these compilations are virtually indistinguishable from the authors results for the two species they report,
which is pretty remarkable. It inspires more confidence in the previous recommendations for countless other
species reported in those compilations, which is good news from a fresh perspective.

Response: We have fully revised the discussion, carefully considering these reviewer points. The first
paragraph of the revised discussion highlights the agreement of our measurements with past studies and the
validation these measurements provide for non-conserved species that cannot be measured with a tower-
based sampling approach.

The authors miss the mark by instead dwelling on air/ground differences, which are worth pointing out, but
were already well-known. I think the authors deserve credit for recognizing the unique opportunity they had
to evaluate past recommendations, but mistakenly focus their discussion on the limitations of a subset of
previous work. The value of validating previous recommendations is huge because past work was actually
vastly more complete chemically and probed many other fire seasons and geographic areas. Imagine the
millions of dollars it would cost to outfit a tower with instrumentation similar to that on the NASA DC-8 for
just one summer and then maybe have a year like 2012 with no smoke or only downwind fires!

Response: We have considerably revised our discussion with this reviewer concern in mind. Again, we note
that we emphasize the agreement between our measurements and the mean reported in past syntheses in the
first paragraph of our discussion. We specifically note the point that this validation is important because it
confirms estimates made for short-lived species that cannot be measured by a remote tower-sampling
approach.

However, we have not previously seen a breakdown and synthesis of ground-based versus aircraft-based
sampling approaches for northern boreal forests. While we make it clear in the revised text that its been well
appreciated in the literature for quite some time that aircraft-based and ground-based sampling approaches
are known to yield different outcomes, the magnitude of these differences and comparison with our new
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measurements is a new finding that we think is important for readers, and advances the field. We are more
careful in our comparisons in the revised discussion, making it clear our measurements have a mean that is
39% higher than the mean solely derived from aircraft sampling in North America. We also show that
emission ratios for Eurasian forests are quite a bit higher than those from North America. We also more
forcefully make the case for why our remote tower-based sampling approach is likely to yield a more
representative estimate of emission ratios than one might expect in other places.

In addition, the study makes speculative, unsupported tangential claims about the particles from boreal fires
despite the lack of any PM data. Despite validating previous recommendations, it is guessed that EFPM, and
therefore health and climate effects, might be underestimated in models. However, the authors a) did not
sample PM, b) may not have sampled the type of combustion that leads to long-range transport and wider
impacts, c¢) did not consider secondary aerosol processes such as evaporation (see detailed comments), and
d) fail to recognize that a PM network is in place that constrains the amount of PM in populated areas.

Response: We have removed this paragraph and discussion of implications for PM and organic aerosols,
following the reviewer’s suggestion.

A brief warning, compared to other journals, ACP has pretty lax quality control and rarely sends papers back
to the Referees for a second look. Thus the authors will be well advised to proofread future versions more
carefully. There are typos that could be recycled or should have been caught by a spell-checker that I note
along with other specific comments below by page and line number.

Response: We have carefully revised the manuscript following the reviewers detailed suggestions below,
making changes for most (but not all) of the reviewer’s specific comments. We have carefully spell-checked
and proof read the revised manuscript.

Specific Comments (format is page, line number: “comment”)

1, 18: example typo, see page 6, line 35 EFCH4 is 5.3+/-11.8

Response: We apologize for the typo and have corrected it. The mean and standard deviation for the CH4
emission factor should be 5.3 + 1.8.

1,22-24: How does smoke age impact sampling times? L.e. can’t you measure 24/7 from anywhere?

Response: We modified the sentence to make it clear we are describing the transit times between combustion
within a fire perimeter and downwind measurement at the tower. We describe carefully in the main text what
we mean by transit times. The new sentence reads: “The model also indicated that typical mean transit times
between trace gas emission within a fire perimeter and tower measurement were 1-3 days, indicating that the
time series sampled combustion across day and night burning phases (Figure 3).”

1, 24: high compared to what? not recommendations. How does “variable” inform a comparison? delete “high
and variable”

Response: We deleted “variable” from the sentence. We retained “high” because this is a major point of our
analysis and paper, that emission factors from our tower observations are higher than the mean of past aircraft
sampling from boreal North America.

(LY

1, 25: more prominent than what? Keep “prominent”, delete “more”, “continuously” > “continuous”

Response: We agree with the reviewer and have removed “more” and changed “continuously” to
“continuous.” The new sentence reads: “The high CO emission ratio estimates reported here provide evidence
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for a prominent role of smoldering combustion, and illustrate the importance of continuously sampling fires
across time-varying environmental conditions that are representative of a range of fire season.”

1, 26: change “typical” to “a range of” since 2015 not a typical year according to authors.
Response: As noted in the response above, we changed “typical” to “a range of”.

1, 29: could add albedo and aerosol for completeness of overview here

Response: We added aerosols to this first sentence, following the reviewer’s suggestion. The Johnson book
we cite is a classic and we wanted to open the paper with this reference. However, this book does not describe
the complex relationship between boreal forest fires and planetary albedo changes (Randerson et al., 2006),
so we did not add albedo to the overview.

1,32 -2,2 -2, 7: Exactly, but these “many” fires are forgotten about in the rest of the paper as it stands
now.

Response: We respectfully disagree with the reviewer on this point. We are directly reporting on an extreme
wildfire season in Alaska. It is in our title. Trace gases and aerosols from the very large complex of 2015
wildfires did get transported widely across the North American continent, in a way that is similar to the
examples we provide of other fire events in the introduction.

2, 9: delete “future”

Response: We deleted “future” from in front of projections. Thank you.
2, 11: delete “feedbacks”

Response: We deleted “feedbacks” following the reviewer suggestion.

2, 13: add “emissions of” before “specific” or it makes no sense.

Response: We added “emissions of” before “specific.” The sentence now reads: “Emission factors provide
a straightforward way to convert fire consumption of dry biomass into emissions of specific trace gas species,
such as CO, CH4, and CO».”

2, 19: “have sometimes been” ... Recommendations from Andreae weight all studies included equally, but
the Akagi recommendations often consider amount of sampling, representativeness, quality of technique, etc.
in recommendation as explained for each fire type in Sect 2. Users are encouraged to change the averaging
formulas in the supplemental tables if justified for their application.

Response: We added “sometimes” in the place recommended by the reviewer.

2,22: “near and within” or “through” or “across”
Response: We changed the sentence to “...fly aircraft through plumes.”

2,23:not just IR and WAS, other instruments include diode lasers, mass spec, and many others too, especially
in ARCTAS.

Response: We removed “infrared” following the reviewer’s suggestion.
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2, 24: I’'m not checking this number of fires, but note past work coves a variety of places and years, which is
good.

Response: We believe this number represents all fires measured in previous studies, and agree with the
reviewer that the synthesis should cover a representative sampling of location and years.

2, 22-30: This is a nice overview of limitations of aircraft sampling, but equal attention is needed on
limitations of fixed surface sites as noted in general comment.

Response: We added a sentence to the end of this paragraph to briefly describe limits to surface sampling.
The final sentence of this paragraph reads: “Surface sampling near or within fire perimeters may have an
advantage with respect to providing measurements during intervals when aircraft are unable to fly, but are
also more likely to under sample emissions injected above the boundary layer by fire plumes and within pyro-
cumulus clouds.”

2, 31: I would change “surface tower” to “fixed surface site” to make it more general and include the work
by Collier, Gilman, Selimovic et al cited just below. Selimovic et al., 2019a is now just
“2019” and “2019b” is now “2020.”

Response: We changed “surface tower” to “fixed surface site” and modified the references as suggested.

Selimovic, V., Yokelson, R. J., McMeeking, G. R., and Coefield, S.: Aerosol mass and optical properties,
smoke influence on O3, and high NO3 production rates in a western US city impacted by wildfires, J.
Geophys. Res., 125, €2020JD032791, 2020.

2, 34: delete “].”

Response: We removed the typo.

2,37: add “of” before “smoldering”

Response: We added “of” before “smoldering”

2, 40: “fromfrom”

Response: We removed the typo following the reviewer suggestion.

3, 3: fyi, smoldering converts solid biomass to gases, flaming oxidizes some of those gases. Yokelson et al.,
1996, 1997

Response: We changed the sentence to “Smoldering combustion converts solid biomass to gases and
aerosols, while flaming oxidizes some emissions [ Yokelson et al., 1996, 1997].”

3, 6-7: Actually no way to have an open fire with low oxygen so delete “in a high oxygen environment.”
Response: We deleted “in a high oxygen environment.”
3,3-3,13 and 3, 14 -3, - 21: good overviews.

Response: We appreciate the reviewer’s comment that our text here in the introduction is clear summary of
past work on this topic.
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3, 24: 5,858,000 30 s samples would be almost 3 million minutes, >48,000 hours, or >2000 days all within a
~90 day period! 58,000 samples is only 20 days....?

Response: This is a typo. We updated the text to ““59,800.” The datastream from June 9 — August 13% (65
days based on figure 3) had 59824 individual 30s long samples. This excludes 13 mins out of every hour as
the Picarro cycles through the lower levels (10 mins of sampling lower levels + 3 mins to flush the lines) and
~ 8 mins out of every 8 hours when the Picarro samples reference gases (5 mins) + 3 mins to flush. We had
4362 total individual 30s long samples used to calculate the emission ratios.

3, 26-28: “Analysis of these data indicate that smoldering processes may have a higher contribution to total
wildfire emissions from North American boreal forests than previous estimates derived from aircraft
measurements.” Out of place as a result in the intro and also comes across as a random change of subject.

Response: We appreciate the reviewer’s perspective, but wish to note there are many different possible
stylistic approaches for writing the last paragraph in the introduction. It is not uncommon to provide the
reader with an overview statement of a main finding at the end of the introduction, and in this context, we
would respectfully request to keep this sentence in its present form, changing “measurements” to “sampling”.

4,4 move sentence till after next one or rephrase as “... data stream we used ...”
Response: We rephrased this sentence as ... data stream we used ...”

4,1-17: Take a few sentences to explain the data collection and analysis better and refer to tables. Clarify the
following:

1) If you shifted to make continuous data, the time base would get further and further off or have jumps
making it harder to compare to model?

2) The instrument sampled for 30 s then did something else for “<15s” then repeated until 50 minutes was
up?

3) If 30 or more of the 30 s samples within one 50 min interval each had CO > 0.5 ppm the series was denoted
as an emission factor event as shown in tables?

4) elevated CO for less than 30 of the 30s samples was ignored?

5) no emission factor events were allowed to span two different 50 min intervals?

6) How does the sample size criteria impact continuity?

More important than justifying any choice as the best choice is to explain once clearly what was done in
section 2.1, how the instrument sampled and how data was reduced and tie that explanation to the Tables —
making sure tables are called out in right order.

Response: We considerably revised and clarified the sampling protocol of the spectrometer at CRV tower:

In section 2.1:

“Atmospheric CO, CH4, and CO> mole fractions were measured using a cavity ring-down
spectrometer (CRDS, Picarro models 2401 and 2401m) [Karion et al.,2016] at the CRV tower in Fox, Alaska
(64.986°N, 147.598°W, ground elevation 61 1m above sea level). The tower is located about 20 km northeast
of Fairbanks Alaska on top of a hill in hilly terrain (Figure 1), and within the interior lowland and upland
forested ecoregion in interior Alaska [Cooper et al., 2006]. There are three separate inlets on CRV tower at
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different heights above ground level from which the spectrometer draws air for sampling. The spectrometer
samples air from the highest level for 50 minutes out of every hour, and then draws air from the other two
levels for 5 minutes at each level [Karion et al., 2016]. Standard reference gases are sampled every 8 hours
for 5 minutes, and measurements are removed for a time equivalent to three flushing volumes of the line,
approximately 3 minutes, after a level change or switch to or from a calibration tank. All raw 30 s average
measurements were calibrated according to Karion et al. [2016].

We used observations from air drawn from the top intake height at a height of 32 m above ground
level in our analysis because this level had the highest measurement density and the smallest sensitivity to
local ecosystem COs fluxes near the tower [Karion et al., 2016]. We used gaps in this time series, created
when the spectrometer cycled to the lower inlets and following calibration, to separate the time series into
discrete time intervals for the calculation of emission ratios. Each 30 s average measurement within a 47-
minute sampling interval served as an individual point in our calculation of an emission ratio described below
(Table 2).”

We also modified the text to better explain our data screening methodology. It now reads:

“We isolated intervals when fire had a dominant influence on trace gas variability observed at CRV
to calculate emission ratios. An interval with dominant fire influence was defined as a continuous 47-minute
measurement period that had: 1) a minimum of at least 30 trace gas measurements (with each measurement
representing a mean over 30 seconds), 2) a mean CO over the entire interval exceeding 0.5 ppm, and 3)
significant correlations between CO and CO., and between CH4 and CO,, with r? values for both relationships
exceeding 0.80.

For each interval, we required a sample size of at least 30 individual 30 s measurements. For each
interval meeting this criterion, we calculated the mean CO mole fraction and discarded intervals that had a
mean CO less than 0.5 ppm. For each of the intervals with mean CO that exceeded the 0.5 ppm threshold,
we then extracted the 30 s measurement time series of CO, CHs, and CO, mole fractions and calculated
correlation coefficients between the trace gas time series. Only intervals with high and significant correlations
between CO and CO; and between CH4 and CO> (r> > 0.80; p < 0.01, n > 30) were retained, because
covariance among these co-emitted species is a typical signature of combustion [Urbanski, 2014]. Data from
each of the intervals that met the three criteria described above were used to compute emission ratios,
emission factors, and MCE. These intervals are reported in chronological order in Table 2.”

4,21: Correlation among these species occurs for all combustion, including traffic in Fairbanks, but hopefully
low anthropogenic influence at tower.

Response: We agree that there can be a significant CO:CO; correlation generated from traffic, but the CHa
levels emitted from this activity are quite small compared to fire emissions based on measurements we have
made in Los Angeles and other cities [Hopkins et al., 2016], and so our requirement for a significant CH4:CO>
correlation reduces our sensitivity to an influence from this source. Especially since during summer, CO>
fluxes from the terrestrial biosphere are large relative to anthropogenic emissions [Commane et al., 2017].
This site was selected to be 20 km outside of Fairbanks to provide a background station for interior Alaska
[Karion et al., 2016]. Finally, in other work, we surveyed Fairbanks for methane leaks using a portable Picarro
cavity ringdown spectrometer. The city does not have substantial natural gas infrastructure (and leaks), which
was somewhat surprising to us. Thus, we believe our criteria of simultaneous high correlations between CO
and CO» and between CH4 and CO» are likely to screen out any periods with anthropogenic influence. We
also note that our modeling analysis confirms fires were a dominant driver of CO variability at the Fox during
the summer of 2015.
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4,23-24: So assumed a flat background for CO and CH4 for the whole summer regardless of wind direction,
etc. rather than fitting a baseline from before to after each peak? Aren’t ecosystem CH4 fluxes potentially
variable?

Response: As shown in Figure 4, fires were burning continuously from DOY 165 through DOY 220. This
made it impossible to fit a baseline before or after each 47-minute interval we used to compute an emission
ratio. CHy levels in interior Alaska at this tower were more variable during the summer 2015 than in other
years because of large fire source. As described below in response to the reviewer comment on page 4, 34-
36, because we use a linear regression to compute a slope using up to 95 30-second points during each 47-
minute interval, our approach is insensitive to background variability on longer timescales.

4, 24-26: So the model reproduced 2012 when few fires occurred and then was run with 2015 input to get a
2015 calculated background?

Response: That is correct. We changed the ordering of the text in this paragraph and added the following
sentence to clarify: “After training on data from the summer of 2012, the model was then run using 2015
input variables to calculate time evolving CO> background mole fractions during our analysis period.”

4, 34-36: Even if the calculated background level changes slowly it could be the wrong level. Fractional
uncertainty in the fire excess CO2 is roughly the uncertainty in the background (~3 ppm from Fig. 2a) divided
by the size of the enhancement (~15 ppm from Fig 2b) for about 20% uncertainty on average? Or, if you just
want one ER for the whole season you could just integrate the excess over the whole summer or do regression
on the whole summer and get uncertainty from the uncertainty in the slope. Computing integrals for the whole
summer might be a step closer toward a flux-based EF? Could be interesting to see how the result of that
approach differs?

Response: We have changed the text in the paragraph to clarify how we computed the emission ratio for
each 50-minute measurement interval. Specifically, we first compute the excess mole fractions for CO (or
CH4) and for CO,. We do this by removing the background value for CO (or CH4) (this step removes the
same value from each 30s mean observation within a measurement interval). We then remove the background
level for CO», which evolves slowly over time during the 47-minute interval. Once we have the 30s time
series of excess mole fractions, we then perform a linear regression with CO (or CH4) molar excess serving
as the y variable and CO2 molar excess serving as the x variable. The slope of this linear regression is the
emission ratio. In this context, a bias in the background subtracted from CO or CH4 that remains the same
over the sampling interval will have no effect on the slope of the regression line. An offset in the baseline
will influence the intercept but not the slope.

So this approach is different from what might occur when the CO; excess mole fraction is computed using a
background from an out-of-plume air sample from an aircraft. In this latter approach, a bias in the CO»
background translates directly to a bias in the reported emission ratio. This is not the case for our approach
because the regression line slope is derived from the covariation of CO and CO; within the measurement
interval (the variability shown in Figure 7).

The new text reads:

“We estimated an emission ratio (ERyx; equation 1) by calculating the slope from a type II linear regression
of CO or CH4 excess mole fractions (AX) relative to the CO; excess mole fraction (ACO>) using all of the 30
s observations available within a single 47-minute sampling interval when fire had a dominant influence on
tower trace gas variability (up to 95 pairs of measurements). To estimate excess mole fractions (denoted with
a A), we first removed background mole fractions (described above) before performing the regression
analysis and obtaining the slope. The assumed background levels for CO and CHs did not influence this
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emission ratio estimate because they were assumed to remain constant throughout the duration of each 47-
minute interval (i.e., they influenced the intercept but not the slope of the regression). In a sensitivity analysis
we found that the removal of the CO, background, which did evolve within each 47-minute interval, had only
a negligible effect, because the CO; background did not change rapidly over time.”

4, 37: did you get a slope for each 30 data-point+ “interval” and are “intervals” individual peaks or could
they be partial or multiple peaks? Are intervals typically associated mainly with one fire?

Response: To answer the first part of this reviewer comment, the answer is yes, we got a single emission
ratio for each 47-minute interval (with at least 30 30-s samples) from the linear regression slope. We believe
the trace gas variability within a single 47-minute measurement interval used to compute an emission ratio
often contained a composition of emissions from multiple fires.

We added the following text to clarify that multiple fires can contribute to excess mole fractions during a
single measurement interval.

“Since multiple fires were often burning simultaneously during the 2015 fire season, the emission ratios we
report in Table 2 for each interval likely represent a composite of emissions from several fires.”

5, 1-9: 1 did not check formulas, but got same EF results for CO and CH4 from reported ER so probably no
typos? Also, why not report EFCO2?

Response: Thank you for checking the ER to EF step. We also doubled checked this using equation 2 and
equation 3 and confirmed the numbers in Table 2. The emission factor for CO» is fundamentally different,
having a high degree of sensitivity to the carbon content of fuels. Since we did not make any direct
measurement of fuel consumption of different tree, litter, and surface duff pools (and their carbon content)
we prefer not to report CO> emission factors. These, of course, can be computed directly from Table 2 for
anyone who really needs this information.

5, 17: “the sampled combustion processes”
Response: We added “sampled” to this sentence following the reviewer suggestion.

5, 24-26: Varying plume injection height within the boundary layer may not impact result at tower a lot if
PBL well-mixed, but it excludes injection into the free troposphere during intense combustions and arguably
would reduce the importance of long range transport, which is highlighted in the intro and conclusions.

Response: We included more text in the introduction and in the discussion sections describing the limitation
of using a stationary surface sampling location.

5, 28: “isis” hacked your paper:)

Response: We apologize for the typo and removed it.

5, 33: It’s not dark yet at 6 pm in summer in AK? But with this definition, 10% at night seems low, is there
GOES FRP to back that up?

Response: Correct, it’s not dark at 6 pm or even 1 am at 64°N in late June, but the human eye is very sensitive
to low light levels. Eddy covariance tower observations of the diurnal cycles of net radiation and sensible
heat fluxes from interior Alaska collected by our group [Liu et al., 2005] show a very clear diurnal cycle and
a very much reduced nighttime flux during summer (JJA). This is clearly shown in Figure 8 of that paper.
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The collapse of the boundary layer at night, even in Alaska, lowers surface air temperatures and increases
relative humidity levels, thus reducing fire activity.

We used FRP to support our partitioning, and we reported on this directly in the previous round of review
(and integrated these results from MODIS fire radiative power into the current draft). GOES is not appropriate
to use for several reasons: 1) at high northern latitudes with the very large pixel sizes (more than 15 km on a
side), threshold fire sizes (and temperatures) for detection are considerable, and may change over the course
of a diurnal cycle; 2) there is not a robust FRP product for the GOES-R time series yet.

5, 35: “83% of detected fire activity”
Response: We added “detected” to this sentence following the reviewer’s suggestion.

6, 2: “roughly consistent” i.e. almost a factor of two different

Response: We added “broadly” to the sentence, following the reviewer’s suggestion. The model
parameterization is a 90:10 split of emissions between day and night intervals, whereas the integral of FRP
from MODIS satellite observations suggests an 83:17% split. These are similar given uncertainties and
incomplete diurnal coverage of the satellite data.

6, 3-13: Nice modeling application here. Were the individual fire contributions too mixed-fire events at the
tower computed on a whole season daily, hourly, or interval basis? Some large fires may not have grown
much on the day they impacted the tower?

Response: The individual fire contributions were calculated over the 2015 fire season. We modified the
following sentence in the methods section to clarify: “The difference between the original model and the
updated coupling was equal to an individual fire’s contribution to CO at the CRV tower, when integrated
over the 2015 fire season.”

6, 14: units are not immediately understandable, maybe explain in a bit more detail?

Response: We explain the “footprints” in more detail in a later sentence that reads: “These functions provide
an estimate of the impact of upwind surface fluxes at different times in the past on CRV tower trace gas mole
fraction measurements at a given time.”

We also included more information in our model description: “For this application, STILT [Lin et al., 2007]
was used to estimate the adjoint of PWRF [Skamarock et al., 2005; Chang et al., 2014; Henderson et al.,
2015] during the summer of 2015 at the location of the CRV tower, to generate surface influence functions
that relate surface fluxes from Alaska to trace mole fractions at the CRV tower. These gridded influence
functions are known as footprints and have units of mole fraction per unit of surface flux (ppm/(umol m? s-

1)_”

6, 18 & 20: Useful to define emission factor “event” or “period” earlier when describing how data stream
analyzed?

Response: We have attempted to standardize our language in response to an earlier reviewer comment.
Please see our response to comment 4,1-17. We now use the term “interval” to refer to the period of time
over which we compute an emission factor. We modified the text here so it now reads: “We analyzed
the footprints for each interval used to calculate emission factors to confirm...”
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6, 20-25: This is a cool analysis and useful that likely represents a lot of work! Not a criticism, but the finding
that 27% of smoke impacting the tower was emitted at night, but the model assumes 10% of total AK smoke
was emitted at night kind of shows the difficulty in proving representative sampling. Or what else does it
mean? One general philosophy for dealing with this quandary has traditionally been to sample in multiple
ways and synthesize the results; and simultaneously take the differences between approaches as a rough
estimate of overall uncertainty. This is sort of what happens when using a literature average/stdev, while I
acknowledge weighted averages can be better than straight averages in some cases.

Response: We agree with the reviewer that it is important to report these numbers. We also agree it makes
sense to combine information from different measurement approaches and models to further reduce
uncertainties in emission factors. In this context, it is also important to consider differences in fire behavior
and ecosystem type when creating a literature mean and std deviation, especially for use in global models.
We return to this issue in the discussion and our response to reviewer comments in the discussion.

6, 29: Are these 55 events the same as the EF events or periods? Are they all <~50 minutes long? If the CO
rose for two 50 minute periods and then fell for two 50 minute periods, is that one peak an emission factor
event or is it 4 events? The data reduction can easily be spelled out clearly at the outset for folks that did not
do the calculations and might wonder. Has the table of events been called out yet?

Response: Yes, these are the same. We clarified by modifying the following sentence: “We identified 55
individual fire-affected events intervals in the observational data from CRV tower (that each span about 50
minutes each) to calculate emission factors from the elevated trace gas observations (Figure 5; Table 2).” We
also refer to table 2 in section 2.2 of the Methods.

6, 29-30: The definition of an event earlier was lasting ~900 or more s? Here all the events lasted 50 minutes?
So each hourly measurement interval with high enough CO was an event? I think it might be easy to take a
few sentences above to just spell out how data was analyzed. Then I look at Table 2, are these the events and
is N the number of 30 s increments? Maybe explain that earlier and include if each of these events is separated
by a clean period?

Response: We addressed this comment by modifying the methods to make our approach clearer. Please
see response to comment 4,1-17.

6, 31: it would be interesting to see range in CH4/CO also in this sentence.

Response: We are using CO; as our reference species, and prefer to only include the ratios with respect to
COs. This can be computed from Table 2.

7, 8: “within” should be “with”? Table 3 called out by mistake? Also on line 16?
Response: We changed “within” to “with” and removed the reference to Table 2.
7, 20: diddid

Response: We removed the typo.

7,21, 22, 23: Variability < 5% probably not significant. Were events actually different fires? What is meant
by flux-weighted estimates? Accounting for fuel consumption rate in a weighted average EF or windspeed
at tower? The highest flux periods at the fire may produce high injection altitudes.
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Response: We believe that different fires contributed significantly to emission ratios computed for different
time intervals. The temporal evolution of different fires shown in Figure 10 provides evidence for this. To
address the reviewer comments we changed the final sentence of this paragraph to read: “Although the
variation introduced from different weighting approaches was relatively small, the analysis highlights the
challenge of combining information from different individual fires, and the importance of moving toward
flux-weighted estimates in future work.”

7,25-27: Figure 7 shows some big peaks at tower, but not in model (doy ~188) or modeled peaks not seen at
tower. The text says the model confirms elevated CO was primarily from fires. So I guess “primarily” signals
> 50% and signals rough agreement? The authors stand by the unmodeled peaks being due to fires? How was
it possible to get the fires contributing to the signal at the tower when the model did not capture a peak?

Response: We stand by our assertion that unmodeled peaks are caused by fires. We acknowledge that the
model is imperfect. We explain possible causes for the model missing elevated CO peaks in the following
sentence: “Differences between the model simulations and observations were likely caused by errors in the
magnitude and timing of fire emissions within AKFED as well as the limited spatial resolution and
incomplete representation of atmospheric transport within PWRF-STILT. Nevertheless, the broad agreement
between the model and the observations, including the timing of the large burning event between DOY 173
and 179, provides some confidence that our model can be used to explore the influence and contribution of
individual fires.”

7, 28: “likelycaused”

Response: We removed the typo, added an extra space.

7, 34: average distance weighted by fractional contribution?

Response: We added “average distance weighted by fractional contribution.”

7, 36: What is meant by “integrate emissions from multiple fires through the full planetary boundary layer”?
Response: We removed this sentence and rewrote the discussion in our revised paper.

7,39:> 8% in Table 3
Response: We removed the typo. We now say more than 10%.

8, 1: delete “significantly”

Response: We deleted “significantly.”

8, 3: 4646%

Response: We removed the typo.

8, 8: Andreae-associated recommendations averaged the values from studies using different platforms partly
in recognition of bias being possible for any one platform. Akagi et al pioneered splitting extratropical forests
into boreal and temperate. They (Sect 2.3.2) actually used a pretty complex scheme averaging smoldering
fuels from lab studies by fuel type rather than by study to get a ground-based average, which was then
averaged with airborne results for an overall average roughly consistent with about 70% of overall fuel
consumption by smoldering. They mentioned evidence that smoldering might be even more important. They
devised formulas to estimate compounds measured only in lab or air and invited users to modify any of the
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formulas in their Table S2 if they preferred. Remarkably, their default recommendations are almost
indistinguishable from this work. Regarding “important” differences on P8, L15, keep in mind that modelers
determine the level of detail that works for them and it often involves model domain, scope of study,
availability, reliability, and complexity of operational input, but also completeness, i.e. they need ERs/EFs
for more than 2 species!

Response: We acknowledge that the Akagi et al. approach for combining smoldering fuels and combining it
with aircraft observations is an important advance, especially for shorter lived compounds. However, without
long-term environmental sampling over the full lifecycle of fires and time-varying environmental conditions
that wildfires are experiencing over a period of weeks to months, it is impossible to know how to combine
information from smoldering combustion measurements in the laboratory and aircraft samples that may be
sampling more flaming combustion phases. This is where the duration and extent of our observations are
valuable, as we develop this idea further in the revised discussion.

We agree with the reviewer that the first step in the discussion is to acknowledge the consistency with past
work, and we have modified the first paragraph of the discussion to highlight our agreement with previous
compilation studies and their strengths with regard to modeling. It now reads:

“The most widely used emission factors for boreal forest fires are derived from syntheses that average
together data from individual field campaigns [Andreae and Merlet, 2001; Akagi et al., 2011; Andreae, 2019].
Our mean emission factor for CO (127 + 59 g CO per kg of dry biomass consumed) is similar to the mean
reported in past syntheses for boreal forests, including estimates by Andreae [2019] (121 + 47 g CO per kg
of dry biomass consumed) and Akagi et al. [2011] (127 + 45 g CO per kg of dry biomass consumed).
Considering boreal forests as a whole, our measurements provide a partial validation of the approach taken
in previous compilations, which have attempted to combine information from different sampling strategies
and boreal forest ecoregions. The broad level of agreement provides confidence in the estimates of emission
factors for non-conserved species that cannot be measured using our remote tower-based approach.”

8, 13 re Table 1: Good idea to parse out data by location and platform and nice overview of data collected.
Note Yokelson et al 1997 is missing (used in Akagi Table S2). Boreal peat was burned in Stockwell et al.,
2015. Double check if Siberian fires were wild or prescribed, I think at least some were prescribed. Split
Siberian fires out by air or ground? Siberian average row has possibly wrong total? Remove line numbers
from number of fires column, “McMeeking has two capital “M”’s, etc...

Stockwell, C. E., Veres, P. R., Williams, J., and Yokelson, R. J.: Characterization of biomass burning
emissions from cooking fires, peat, crop residue, and other fuels with high-resolution proton-transfer-reaction
time-of-flight mass spectrometry, Atmos. Chem. Phys., 15, 845-865, doi:10.5194/acp-15-845-2015, 2015.

Yokelson, R.J., D.E. Ward, R.A. Susott, J. Reardon, and D.W.T. Griffith, Emissions from smoldering
combustion of biomass measured by open-path Fourier transform infrared spectroscopy, J. Geophys. Res.,
102, 18865-18877, 1997.

Response: Table 1 includes both airborne and surface measurements from Siberian fires (as noted with the

“a” or “s” and explained in the figure caption).We now include Yokelson et al., 1997 and Stockwell et al.,

2014 in Table 1, and we identify the type of fuel burned in the North American laboratory studies.

8, 15: “measurement technique” should be “sampling strategy” to be consistent and precise?

Response: We changed “measurement technique” to “sampling strategy” throughout the paper.
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8, 17-36: The overview of air versus ground sampling of sources is pretty good, a little disorganized but all
the most important points emerge clearly! A few points to add could be: Aircraft can replicate tower-based
sampling with downwind vertical profiles, but not on a continuous basis like a tower. Also, any aircraft bias
toward flaming combustion may actually be partly okay if it weights the EF towards times of higher fuel
consumption, relevant to author’s desire for flux-based EFs? Flaming always entrains some smoldering,
and the entrainment footprint is larger with more intense flaming. Best not to oversimplify a complicated
situation.

Response: To simplify the discussion, we revised this paragraph.:

“In contrast with remote tower sampling, aircraft-based studies often sample fires that have a strong
contribution from flaming combustion, which releases enough energy to generate well-defined plumes at an
altitude accessible by the aircraft. This methodology provides an opportunity to comprehensively measure
the vertical and horizontal distribution of emissions from an individual fire and their atmospheric evolution
in a smoke plume. However, airborne sampling techniques are often limited to daytime periods with good
visibility, making it difficult to comprehensively measure emissions over a diurnal cycle or over the full
lifetime of a fire which may span several periods with inclement weather. Due to these sampling constraints,
aircraft studies are less likely to measure emissions from less energetic smoldering combustion, since these
emissions are more likely to remain near the surface [Ward and Radke, 1993; Selimovic et al., 2019].
Emissions from smoldering boreal forest fires can sometimes be entrained in the convective columns of
certain flaming fires and can be sampled by aircraft, but nighttime emissions or residual smoldering emissions
from fires that have weak convective columns usually cannot be measured in this way [Bertschi et al., 2003;
Burling et al., 2012]. While past studies have attempted to combine information from aircraft (more likely
sampling flaming combustion phases) with laboratory observations of emissions from smoldering
combustion [4kagi et al., 2011], the balance of emissions is well known to be highly sensitive to
environmental conditions that can rapidly change over the lifetime of a wildfire; this highlights the
importance developing sustained sampling approaches that provide regionally-integrated estimates over the
full duration of a wildfire event or regional fire complex.”

8, 29: “weak or non-existent” convection columns (aka “updraft cores”). Mostly true for fresh RSC
emissions, so “usually” is a good qualifier since some RSC may get to aircraft altitude by non-fire uplift or
be sampled in rare missed approaches.

Response: We agree and will keep “usually.”

8, 35: “yet rarely” is okay — a fresh RSC sample would require “a really good drill on the front of the plane”
to quote a DC-8 pilot.

Response: We agree and will keep “yet rarely.”
9, 4: “combustion of”

Response: We changed the text to “combustion of.”

9, 4-5: Organic soils were focus of lab study of Yokelson et al., 1997 and included in Stockwell et al., 2015
during FLAME-4.

Response: These studies are now included in Table 1 and the type of fuel burned is denoted.

9, 7: “should” > “could” or “might” (see above on models)

Response: We changed the text to “should.”
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9, 8: At least five lab studies burned boreal fuels, the CO/CO?2 ratios for FLAME-4 for black spruce and
boreal peat are in supplement of Stockwell et al., 2015. Listing what fuels were included in averages in Table
1 would be helpful.

Response: The fuels per study are now denoted in Table 1.

9,12 “McMeeking”

Response: We changed all references to the correct name: “McMeeking.”

9, 18-29: The claim of different ERs is not strongly supported. The quoted (Table 1), purely surface-based
sampling of Siberian fires had lower CO/CO2 than the authors NA work, and, even more remarkably, only
about half the CO/CO2 ratio as the studies that included some airborne sampling of Siberian fires. So maybe
better to say, the ecosystems differ and the emissions might as well, but not enough data to know yet.

Also work on the Siberia/NA differences goes back to at least 1993 when the Bor Island Experiment was
started. Differences in Siberian and North American boreal fires were noted in publications 20-24 years ago
with hundreds of references cited and a more recent review on that:

Goldammer, J.G., and V.V. Furyaev. 1996. Fire in ecosystems of boreal Eurasia. Ecological impacts and
links to the global system. In: Fire in ecosystems of boreal Eurasia (J.G. Goldammer and V.V. Furyaev, eds.),
1-20. Kluwer Academic Publ., Dordrecht, 528 pp. https:/link.springer.com/chapter/10.1007%2F978-94-
015-8737-2 1

E.S.Kasischke and B.J.Stocks, eds. 2000. Fire, climate change, and carbon cycling in the boreal forest.
Ecological Studies 138, Springer-Verlag, Berlin-Heidelberg-New York, 461 p.

Goldammer, J.G. (ed.) 2013. Prescribed Burning in Russia and Neighbouring Temperate-Boreal
Eurasia. A publication of the Global Fire Monitoring Center (GFMC). Kessel Publishing House,
326 p. (ISBN 978-3-941300-71-2). http://www.forestrybooks.com/

Response: We respectfully disagree with the reviewer about this point. A Student’s t test shows that the set
of the Siberian forest fire emission ratios shown in Table 1 are significantly different (and higher) than the
remote tower estimates from boreal North America. While it’s true there are two fires that are lower than the
NA remote tower observations, 7 other fires are quite a bit higher. We acknowledge that more observations
are needed with the sentence: “Although more measurements are needed, higher CO emission ratios for
Siberian fires appears consistent with past work showing that boreal fire behavior is considerably different
between North American and Eurasian continents as a consequence of differences in tree species and their
impacts on fire dynamics [Goldammer and Furyaev, 1996, Cofer et al., 1996].

We think its important that readers understand that many of Eurasian boreal forest fire emission ratio values
are higher than those reported for North America. This is a contributing factor to why there is apparent
agreement between our mean emission factor and the ones reported in Akagi et al. [2011] and Andreae
[2019]. Lower North American aircraft studies are being offset in a global average in these syntheses by high
values measured in Eurasian boreal forests.

[T

We also note that we include both aircraft and surface sampling of Siberian fires (as noted with the “a” or
“s” and explained in the figure caption). We explain that the CO emission factor from Siberian boreal fires
is higher than North American boreal fires, but “more measurements are needed.”
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9, 23: “hotter” okay, but there is no single temperature that defines any landscape fire, more aggressive
flaming is probably what is meant.

Response: We changed the text to fire radiative power, which was the actual quantity reported in Rogers et
al. [2015].

9, 30: “Stronger” than what? Not a complete thought. Here the work goes off on a random tangent rehashing
a long-recognized issue. Concerns about air/ground bias are discussed in Andreae and Merlet, 2001, which
supports this with the following citation:

Andreae, M. O., E. Atlas, H. Cachier, W. R. Cofer, III, G. W. Harris, G. Helas, R. Koppmann, J.P. Lacaux,
and D. E. Ward, Trace gas and aerosol emissions from savanna fires, in Biomass Burning and Global Change,
edited by J. S. Levine, pp. 278 — 295, MIT Press, Cambridge, Mass., 1996.

Previous recommendations by Akagi and Andreae appear to have compensated adequately for this issue
according to this studies results to the extent that we are ever likely to know. The authors could claim that
they have investigated the extent of platform-based bias in additional detail and present a useful contribution
in that way, but the issue of the existence of differences is not a new finding.

Perhaps an appropriate header is: “A detailed examination of tower versus airborne sampling”. Either include
or don’t include the enigmatic data from Siberia and make a new, useful point if you can, perhaps: a) mean
difference is “X”, or b) surprisingly no conclusion.

Response: We considerably revised the discussion in response to this reviewer and the other reviewers. We
no longer have this section title or use the word “stronger”.

9, 38 — 10, 1: The authors have good evidence that tower-based platforms see more smoldering that the
aircraft studies to date (in NA) and that is useful, but you don’t know for sure if the tower might under-
estimate flaming or why the Siberian data is enigmatic. And “previous reports” should be changed to “the
average of previous airborne studies” since “previous reports” could imply all studies.

Response: We changed the text to “from aircraft studies”. We now report the difference in the means in the
following sentence in the second paragraph of the discussion.

We make the case now in the revised discussion that the tower-based approach likely does a good job of
providing a representative sample over the 2015 fire season (second paragraph of discussion):

“Although differences in reported emission ratios are expected between aircraft and ground based sampling
approaches [Christian et al., 2007; Burling et al., 2011; Akagi et al., 2014; Collier et al., 2016