Overall Author Response To Reviewer 1

We greatly appreciate Reviewer 1’s comments. We strongly agree that the “dataset presented in the
manuscript is unique and valuable” and we also agree with the idea that the paper was poorly presented and
lacked the clarity and “deeper analysis” needed to bring fresh insight to the field. We have dramatically
reorganized the paper to clearly emphasize the key findings, which are now clearly described in the abstract,
results, conclusions, and detailed below. We have either removed, or relegated to the S, all the plots with
poor correlation coefficients or “unclear” relationships. In our original draft we had elected to show the
lack of correlation with variables that are often postulated in the literature as related to brown carbon
absorption, but in the revised version we simply say there is no correlation and move any plots to the SI.
What remains in the main text is a clear presentation of the key findings, which we strongly believe are
significant and move the field forward. We agree with the reviewer that there are difficult, “challenges in
drawing definitive conclusions due to the variability in fuels, combustion conditions, and weather among
different fires.” However, we have not chosen to focus on single transects or single plumes as this type of
analysis rarely moves climate or chemical transport models, which cannot have extremely detailed
chemistry in them, forward. These are the type of models that must get the optical properties of biomass
burning correct, to correctly determine the regional and global radiative forcing of this source. Instead, we
now focus the paper on the several characteristics, detailed below, that are consistent across all the fires
presented with reasonably strong correlation coefficients.

SUMMARY OF KEY POINTS THAT ARE NOW EMPHASIZED IN THE MANUSCRIPT

1.) Observed mass absorption cross sections (MAC) for brown carbon are significantly lower than common
model parameterizations (Saleh et al. parameterization) at both 405 and 660 nm.

2.) We observe a strong relationship between organic aerosol mass (corrected for dilution, OA:CO) and
both the organic aerosol O:C ratio (R?=0.8) and the toluene:benzene ratio (R?=0.64), showing that OA is
lost with these markers of chemical aging and oxidation. This relationship is only clearly seen when data
from all plumes is analyzed together, validating our approach of not focusing on a single plume.

3.) The mass absorption cross section (MAC) of the brown carbon shows no change with these same
markers of chemical age and oxidation (O:C, toluene:benzene). If there is any observable trend in MAC, it
is an increase with chemical age. However, there is a clear decrease in total absorption at 405 nm and a
more subtle decrease in absorption at 660 nm with these markers of chemical age. We conclude that the
observed “bleaching” is a decrease in organic mass, not a decrease in MAC or imaginary refractive index.
Decreasing imaginary refractive index is currently implemented in several chemical transport and global
climate models.

4.) While absorption from brown carbon is much weaker at 660 nm than at 405 nm, it is still significant,
representing roughly a quarter of the total absorption at 660 nm. To our knowledge, this is the first time
that PILS data has been used to quantify brown carbon absorption at 660 nm.

In conclusion, we have made the manuscript dramatically more straightforward, have clearly explained all
of our terminology, and have made important conclusions. We believe the manuscript is now very suitable
for publication in ACP.

Response to Specific Comments from Reviewer 1

L62 If BC core is coated by absorbing component, I think the absorption of BC would be reduced.
If BC core is coated by absorbing component, the absorption enhancements for a BC core and shell with
the absorption contribution of the absorbing shell removed would be smaller than the absorption



enhancements for a BC core coated by pure scattering shell, but still larger than 1 (Lack et al., 2010)*. That
means the absorption of BC core would still be enhanced by the absorbing shell.

L94 It is unclear in the sentence here. | am not sure if authors want to express BC absorption or BC
core absorption is rare. Additionally, MAC BC is for BC core only or the overall BC particle.

Lines 83-85 now read as “Unfortunately, the MAC of the overall BC particle, MACgc, in the ambient
atmosphere continues to be poorly understood due to a lack of field measurements and limitations of filter-
based instruments to measure this parameter.”

L139 PM2.5 or PM1

This is a PM2s cyclone, which has a PM2s cut under a flow rate of 3 LPM, and provides a PMy o cut under
a total flow rate of 5.7 LPM. Lines 143-144 now read as “A 3 LPM PMs cyclone (URG-2000-30ED) was
used on the PAS in front of the inlet to provide a PMy ¢ cut under a total flow rate of 5.7 LPM.”

L157 I think you should move this paragraph before L152.

This paragraph has been rewritten and moved to section 2.1. Lines 120-126 now read as “The following
instruments are a subset of those flown during the WE-CAN campaign and are utilized in this work. The
full WE-CAN dataset is archived at https://data.eol.ucar.edu/master_lists/generated/we-can. All aerosol
instruments utilized in this paper, except the PILS, pulled air from the same Solid Diffuser Inlet (SDI) inlet.
The PILS sampled from a Submicron Aerosol Inlet (SMAI) (Craig et al., 2013a, 2013b, 2014; Moharreri et
al., 2014). All the measurements were converted to standard temperature and pressure (STP, 1 atm, 0°C)
based on the measured temperature and pressure (Eq. 1) before data were uploaded.
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L3

L.190,L199 Please specify the size range of particles you measured.

We calculated the average volume mean diameter for each plume using UHSAS, which has been updated
to section 2.1.5. Lines 202-204 now reads as “The UHSAS was calibrated with ammonium sulfate. The
particle mass concentration was calculated by applying these size bins and multiplying by a particle density
of 1.4 g cm? (Sullivan et al., 2022). The volume mean diameter of the particles for all the detected plumes
range between 0.18 mm and 0.34 mm.”

Line 358-360 From Fig 3c and 3d, it is hard to conclude the trend of the fitting line with R2 equals to
0.02 or 0.03

The comparison with MACegcsso is moved to supplemental, and the rest subplots are removed from the
updated manuscript. Lines 571-573 now reads as “MACscsso IS also compared with the physical age and
MCE (Fig. S13), the O:C and toluene:benzene chemical clocks (Fig. S14), and the altitude, temperature
and dilution (ACO) (Fig. S15). However, no clear trend is be found in these comparisons.”

Line 368-370 What is the trend between t/b with O:C ratio? Do they have a nice correlation?
Toluene:benzene ratio and O:C ratio correlate well with each other. This plot has been added to the updated
manuscript, and Lines 398-402 now reads as “The O:C ratio characterizes the oxidation state of OA and
typically increases with photochemical age (Aiken et al., 2008), while the toluene:benzene ratio decreases
with photochemical processing time since toluene is more reactive than benzene (Gouw et al., 2005). Both
markers are two commonly used markers to indicate the chemical age of smoke, and they correlated well
with each other during WE-CAN (Fig. S1).”


https://data.eol.ucar.edu/master_lists/generated/we-can
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Figure S1: Plume integrated toluene:benzene ratio variations with O:C ratio.

Line 473 1 would suggest you move the part describing how you convert liquid abs to abs in air to the
method section.

This part has been moved to the method section as suggested. Now this part is under section 2.5 (Lines 282-
319).

1Lack, D. A., & Cappa, C. D. (2010). Impact of brown and clear carbon on light absorption enhancement,
single scatter albedo and absorption wavelength dependence of black carbon. Atmospheric Chemistry and
Physics, 10(9), 4207-4220. https://doi.org/10.5194/acp-10-4207-2010
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Overall Author Response To Reviewer 2

We greatly appreciate Reviewer 2’s comments. As mentioned in the response to Reviewer 1, we have taken
the reviewer comments to heart and have made significant changes to the manuscript. We have dramatically
reorganized the paper to clearly emphasize the key findings, which are now clearly described in the abstract,
results, conclusions, and detailed below. We have either removed, or relegated to the S, all the plots with
poor correlation coefficients and tenuous relationships. In our original draft we had elected to show the lack
of correlation with variables that are often postulated in the literature as related to brown carbon absorption,
but in the revised version we simply say there is no correlation and move any plots to the Sl that have very
small correlation coefficients. What remains in the main text is a clear presentation of the key findings,
which we strongly believe are significant and move the field forward.

While we agree with most of the reviewer comments, we do disagree that the manuscript suffers from
analyzing data from all the wildfires together. While it is indeed difficult to find consistent trends in such a
diverse dataset that includes differences in fuel type, fire area, fire maturity, and meteorology, this is exactly
what chemical transport and climate models must do to accurately represent the average properties in a
model grid cell. For optical properties, it is the results of these types of models that matter in terms of
prediction of regional and global radiative forcing from biomass burning aerosol plumes. It is exactly these
types of broad relationships that remain true across all fires that our group has used in previous publications
(Brown et al., 2021)? to assess the accuracy of global climate models. This is now clearly explained in the
manuscript, namely that our goal is to provide insights that can be used to understand the accuracy of model
predictions. Additionally, even “individual” fire plumes during WE-CAN, were from large fires where a
variety of burn conditions and fuel types were already present, meaning even analyzing individual plumes
does not remove all of the above-stated variables.

Fortunately, we are able to identify several clear trends related to brown carbon optical properties across
different wavelengths, organic mass, and bleaching that have much stronger correlation coefficients than
many of the plots previously presented, even given the wide range of fires considered. These are detailed
below:

SUMMARY OF KEY POINTS THAT ARE NOW EMPHASIZED IN THE MANUSCRIPT

1.) Observed mass absorption cross sections (MAC) for brown carbon are significantly lower than common
model parameterizations (Saleh et al. parameterization) at both 405 and 660 nm.

2.) We observe a strong relationship between organic aerosol mass (corrected for dilution, OA:CO) and
both the organic aerosol O:C ratio (R?=0.8) and the toluene:benzene ratio (R?=0.64), showing that OA is
lost with these markers of oxidation and chemical aging. This relationship is only clearly seen when data
from all plumes is analyzed together, validating our approach of not focusing on a single plume or fire.

3.) The mass absorption cross section (MAC) of brown carbon shows no change with these same markers
of oxidation and chemical age (O:C, toluene:benzene). If there is any observable trend in MAC, it is an
increase with chemical age. However, there is a clear decrease in total absorption at 405 nm and a more
subtle decrease in absorption at 660 nm with these markers of chemical age. We conclude that the observed
“bleaching” is a decrease in organic mass, not a decrease in MAC or imaginary refractive index. Decreasing
imaginary refractive index is currently implemented in several chemical transport and global climate
models.



4.) While absorption from brown carbon is much weaker at 660 nm than at 405 nm, it is still significant,
representing roughly a quarter of the total absorption at 660 nm. To our knowledge, this is the first time
that PILS data has been used to quantify brown carbon absorption at 660 nm.

2Brown, H., Liu, X., Pokhrel, R. et al. Biomass burning aerosols in most climate models are too
absorbing. Nat Commun 12, 277 (2021). https://doi.org/10.1038/s41467-020-20482-9

Response to Specific Comments from Reviewer 2

The fires themselves are not discussed at all. Analysis of a plume is necessarily incomplete without
information on fire location, size, maturity, fuel type, and meteorology. This additional context may
provide insight to the various parameters observed.

Lindaas et al. (2021) has been cited for the information in terms of fire properties in Section 2. Lines 114-
118 now reads as “The WE-CAN field campaign consisted of 19 research flights that took place from Jul.
24 — Sep. 13, 2018. Data from 13 flights where all required instrumentation was available were analyzed in
this study. The flight path and dominant wildfire for each of these flights are shown in Fig. 1. The fire
locations, fuel types for each fire during WE-CAN were characterized and summarized by Lindaas et al.
(2021).”

In addition, we didn’t separate fires based on the fuel types and burn conditions, because we want to provide
general conclusions that can be applied to improve models. This reason is now explained and emphasized
in Section 3.2 (Lines 384-388), which reads, “Because all large wildfire emissions are a mix of different
regions that are burning slightly different fuels at different combustion efficiencies and because models
treat regions, not individual fires, we identify relationships in this paper that hold true across all the flight
data collected during WE-CAN. These types of broad correlations are much more useful than individual
case studies yielding results that only hold true sometimes.”

Line 152: How were the optical parameters translated to STP? Which equations were used?

We used the ideal gas law, the ambient temperature and pressure measured by the instruments to convert
the measurements to STP and the equation has been included in Section 2.1. Lines 120-126 now read as
“The following instruments are a subset of those flown during the WE-CAN campaign and are utilized in
this work. The full WE-CAN dataset is archived at https://data.eol.ucar.edu/master_lists/generated/we-can.
All aerosol instruments utilized in this paper, except the PILS, pulled air from the same Solid Diffuser Inlet
(SDI) inlet. The PILS sampled from a Submicron Aerosol Inlet (SMAI) (Craig et al., 2013a, 2013b, 2014;
Moharreri et al., 2014). All the measurements were converted to standard temperature and pressure (STP,

1 atm, 0°C) based on the measured temperature and pressure (Eq. 1) before data were uploaded.
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Line 197: Same question: how were SP2 measurements converted to STP?
We used the same equation with the optical variables’ conversion, and the equation has been included in
Section 2.1 (Lines 120-126).

Section 2.2: Why did the authors not use a more robust method for calculating plume age, such as
HYSPLIT?

We think the plume age calculated from the distance dividing by the wind speed is more accurate than the
HYSPLIT model. Because the actual distance from the center of the plume transect to the burn area and the
measured average wind speed across the transect were used in the calculation. Also, this methodology for
plume age measurement is consistent with other published manuscripts from WE-CAN as is now stated in
the Section 2.2. Line 226-231 now read as “The physical age of the plume was calculated by dividing the
distance the plume was sampled from the fire source by the in-plume average wind speed. The average
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wind speed was measured on the NSF/NCAR C-130 aircraft during each plume pass. The distance was
estimated by using the longitude and latitude of the geometric center of the plume measured on the
NSF/NCAR C-130 and the fire location provided by the U.S. Forest Service. The same method was used
by Garofalo et al. (2019), Peng et al. (2020), Lindaas et al. (2021), Permar et al. (2021), and Sullivan et al.
(2022) and are also utilized here for consistency.”

Line 337: The authors state “This result indicates that the combustion conditions (flaming or
smoldering) does not have an easily described relationship to MACagcsso.” I believe this result is mostly
indicative of how difficult it is to use MCE to describe a fire. MCE is highly variable and may have
vastly different values at different locations within the fire area. The authors may want to consider
using another plume marker - the PTR-ToF-MS may provide a measurement of HCN, though this
will likely carry similar uncertainty.

We agree that MCE is difficult to use to predict the properties of fire emissions. We do not focus on MCE
in the manuscript. Analysis of the relationship to HCN may be interesting, but is beyond the scope of the
current publication, which now focuses on the robust conclusions stated above.

Line 357: The statement “Even for each individual flight, the increasing trend in mean diameter is
clear” is not supported by Figure S2.

We agree that this overstates the relationship. This statement and this plot are removed from the updated
manuscript.

Line 358: The statement “Another contributor to increasing SSA is the decrease in absorption at 660
nm (Fig. 3d) with age for most fires” is not supported by figure 3d. Perhaps overall, the linear
regression shows a hegative slope, but when considering individual plumes (notably RF10 and RF19),
the interpretation fails.

The comparison with MACsgcsso is moved to supplemental, and the other subplots of Figure 3 have been
removed from the updated manuscript. The text on Lines 571-573 now reads as “MACsgcseo iS also compared
with the physical age and MCE (Fig. S13), the O:C and toluene:benzene chemical clocks (Fig. S14), and
the altitude, temperature and dilution (ACO) (Fig. S15). However, no clear trend is be found in these
comparisons.”

The authors do not justify the use of linear regressions as their model fit for these data and it is
unlikely that any of the several parameters would be linear in the others, save, perhaps OA/CO vs
O:C Ratio, which is rather obvious. Most of the regressions in this analysis show no linear correlation
whatsoever, yet the authors discuss the results as if the correlations are significant (line 408, for
example). The authors may want to consider different models when fitting their reanalyzed data.
All the plots without reasonably large correlation coefficients have been removed or moved to supplemental.
Those that remain with low correlation coefficients are used to demonstrate that there isn’t a clear
correlation. We now use ODR fits instead of the least square fits. Linear fits do reasonably well for the plots
and correlations that we now emphasize in the manuscript. We cannot justify a different type of fit given
the difference in correlation coefficients for other fits vs. the simple linear model. We disagree with the
reviewer that OA/CO vs. O:C Ratio is a “rather obvious” correlation. In fact, there is a large amount of
disagreement in the literature if organic mass increases or decreases with oxidation/chemical aging, which
occurs at the same time the plumes are diluting, in plumes from biomass burning. We believe this is a key
conclusion that significantly moves the field forward. It is indeed not at all obvious that oxidation would
add more mass than is removed by dilution. OA/CO is an extensive property that gives the dilution corrected
total mass of organic aerosol, while O:C ratio is an intensive property related to oxidation level of the
aerosol.



In Figure 7, there is clearly no correlation between either altitude or temperature and OA/CO, rather,
these graphs taken together merely show that colder plumes are found at higher altitudes. The same
can be said of Figure 9 (a) and (b).

These plots have been moved to the supplemental. We agree that there is no clear trend, but leave the plots
in the SI because it is perhaps interesting that all the low altitude/high temperature plumes seem to have
less organic mass, though we don’t have a broad enough dataset to make a robust conclusion. The related
text on Lines 490-494 now reads as “Plume-integrated CO-normalized OA also shows weak or no trend
with altitude and temperature (Fig. S5). However, we note that the smallest OA:CO was captured in the
plumes (RFO08) that have highest temperature (~305 K), and larger OA:CO tends to be observed in the
colder plumes (RF19). More studies are needed to determine how much OA is evaporated in high
temperature plumes because the WE-CAN dataset does not capture enough variation of temperature within
plumes to make a robust conclusion.”, and text on Lines 571-573 now reads as “MACgcsso iS also compared
with the physical age and MCE (Fig. S13), the O:C and toluene:benzene chemical clocks (Fig. S14), and
the altitude, temperature and dilution (ACO) (Fig. S15). However, no clear trend is be found in these
comparisons.”

Line 459: Are the authors trying to draw a distinction between externally and internally mixed BrC?
We are distinguishing absorption at 660 nm from the lensing effect, and BrC. These parameters do not give
a direct measure of if the BrC is externally or internally mixed. Determination of the mixing state of the
aerosol is beyond the scope of this manuscript other than to say that the fact there is significant lensing
observed suggests at least some of the aerosol is internally mixed.

Line 470: please cite the Mie code used, unless it was developed by the authors. If so, please state so.
The Mie code is based on Bohren and Huffman (1983) and the author who implemented Mie code into Igor
code is now thanked in the acknowledgments (Line 671). Lines 293-298 now read as “Here we use Mie
theory (Bohren and Huffman, 1983) to convert absorption from BrC in aqueous solution to the absorption
from BrC particles in the ambient (Liu et al., 2013; Zeng et al., 2020). The complex refractive index (m =
n+ ik) was put into a Mie code (implemented into Igor by Ernie R. Lewis base on Bohren and Huffman,
1983) to obtain the absorption efficiency (Q), and further used to calculate the absorption coefficient by Eq.
7 (Liu et al., 2013). The real part of the refractive index (n) is set to be 1.55, and the imaginary part is
calculated by using Eq. 8 (Liu et al., 2013).”

Line 561: Similar to other figures where the r2 is extremely low, there are no trends in Figure 14 and
no conclusions can be drawn from the data as presented.

We agree. Again, all the plots without obvious correlations have been removed or moved to supplemental,
unless the plot is included to show there isn’t a correlation where one might be expected based on past
literature. The related text on Lines 410-420 now reads as “Very weak or non-trends are observed versus
the chemical markers of aging (Fig. 3). If there is any trend, it is a slight increase in MACuws_grcaos With O:C
ratio with a poor correlation. A similar weak trend is also observed when compared MACus_grcaos and
MACe:c+ensing_ 405 With the toluene:benzene ratio (Fig. S2). The flat or slightly increasing trend with
increasing oxidation level and decreasing toluene:benzene suggests that the refractive index of BrC is not
changing in a consistent way at 405 nm. It is important to remember that most of the trends observed in
WE-CAN are caused by emissions from different fires versus variations within a single fire, which tend to
be quite small. Only 2 flights shows a clear trend (R? > 0.3) for both MACus grcaos and MACsg c+lensing 405
with increasing O:C ratio at the same time, and they are RF03 (R? of 0.85 and 0.85 with positive slope for
MACus_grcaos and MACaic+iensing 405), and RF06 (R? of 0.8 and 0.49 with negative slope for MACus_grcaos
and MACsc+ensing 405), Wwhere RFO3 only measured a single fire (Taylor Creek fire).”



