Dear Reviewers and Editor

We thank you all for your useful comments, which we have addressed below. Our responses
are shown in blue text, while additions to or quotes from the manuscript are indicated by
italicised blue text. Additionally, since the ACPD paper was submitted there has been a minor
update to the photoacoustic data, which involves an update the way the background and
microphone pressure sensitivity calculation was applied. Essentially rather than doing one fit
per flight, an average fit for the whole dataset was used instead, with one fit for each
wavelength. This has resulted in minor changes to some of the numbers for MAC and AAE
but no change to the narrative or conclusions of the paper. Here is a summary of the changed

numbers
Old New
Mean MAC 405nm 20.2 m?g?t | 20.3 m?g?
Mean MAC 514nm 14.5 m?g?! | 14.6 m?g?
Mean MAC 655nm 11.5m?g? | 11.8 m?g?
Mean AAE405-514 1.39 1.38
Mean AAE514.655 0.94 0.88
Mean AAE4o5.655 1.16 1.13
Approx. Mean Eaps 1.8 1.85
BrC  absorption  fraction | 10% 11%
405nm
BrC MAC 405nm 0.27 m?g* | 0.31 m?g?

We have also corrected an error in the caption to Figure 3 where the different panels were

referred to incorrectly.




REVIEWER #1

Taylor et al. present in situ airborne measurements of BC mass, microphysical BC properties,
and multi-wavelength absorption in aged smoke sampled off the coast of central Africa. The
dataset analyses in terms of retrieving the effective MAC and com-pare several models of the
absorption coating enhancement. This work is an important to constraining aerosol optical
properties and evaluating parameterization that may be used to more accurately model the
aerosol radiative effect, specifically black carbon. This work is high quality and appropriate for
ACP and should be published with minor revisions.

Specific comments:

Although technically correct, is it necessary evaluate the absorption enhancement in a quasi-
single particle manner? If one assumed a log normal BC SD and an average size independent
coating thickness would calculation of Eabs be significantly different?

This has been recently investigated by Fierce et al. (2020)
https://doi.org/10.1073/pnas.1919723117

We have added into 4.2

“‘We used a full 2-D bin scheme as absorption calculations using modal schemes, which
assume a particular value of Mgc or MR, may show significant deviations from explicit
calculations (Fierce et al. 2020)”

Please consider moving section S5 and figure S5 to the main text as it is an important piece
of the main conclusions of this manuscript.

We have moved figure S5 to the main text as a new figure and incorporated the brief text into
the caption.

Technical comments:

Page 5 line 33: Please add a reference describing the characterization of the rose-mount
inlet.

We have added a reference to the Rosemount characterisation technical note.

Page 6 line 19: PCASP, for specific commercial instrumentation please state the model
number and manufacturer

Done, but moved to section 2.2.

Page 11 line 5. Please explain why only level and straight legs were used? Was the data
quality better?

We have added

“The use of straight and level runs allows us to have longer averaging times (typically 5 — 15
mins), minimising statistical uncertainties, as well as negating any possibly data
misalignments due to different length sample lines.”


https://doi.org/10.1073/pnas.1919723117

Page 13 line 6: The last clause of this sentence is confusing and outplace. Please remove or
edit it.

It now says

“One of the key features of these African smoke plumes is their long lifetime. After several
days ageing in the tropical sun, visible absorption by BrC is dwarfed by absorption by BC.”

Pagel5 line 25: This sentence is too broad. In the aged samples analyzed here, the BrC
‘signal’ is lower than the noise/uncertainty in the coating enhancement. However, in fresh
smoke with the absorption dominated by BrC, it may be possible to extract a meaningful MAC
of the OA.

We have clarified that this comment only refers to this dataset.

Page S5 line 1: Is this the same level flight leg used in the main text Fig 5? If so, please note
it.

Noted.
Page S5, line 3: typo, ‘correct’
It is now correct.

Page S11, line 20: References to the Dc distribution and Figure 5a should be update to
reference figures in the manuscript.

This has been updated to Fig. S2a.

Figure 1: This figure is adequate but could be used to tell more of the story. Consider adding
the approximate fire locations and arrows indicating the transport direction and time.

These have been added to Figure 1.

Figure 5: Please consider added a mirrored axis on top with the spherical equ. diameter. Are
other legs similar to this example? Is MR size dependent for all of the analyzed legs. Please
add a sentence to the text describing the variably of this plot for the whole dataset

We have added in the mirror axes and change the caption accordingly. We've also added

“Equivalent distributions were generated for each straight and level run during the campaign,
and the broad features were similar across all the distributions showing biomass burning
aerosol”

All the biomass burning distributions looked very similar on visual inspection. As a sanity-
check we had a look at emissions from the diesel ground power unit when on the ground, and
this showed just thinly coated particles across all sizes.



REVIEWER #2

This study presented black carbon (BC) microphysical properties and aerosol absorption over
the southeast Atlantic Ocean during the CLARFY-2017 aircraft campaign. The authors
showed that BC particles have high values of mass absorption coefficient (MAC) (~20 and~15
m2 g-1 at the wavelength of 405 and 514 nm, respectively) and absorption enhancements
(~1.8) during the campaign, and these results suggest the importance of the lensing effect by
coating species. The contribution of brown carbon (BrC) was estimated to be~10% from
observed absorption Angstrom exponents (AAE) at three wavelengths. The authors also
made an absorption closure analysis through the comparisons of the observed MAC and AAE
values with the calculated values using the Mie theory and empirical parameterizations. The
authors clearly showed that the calculations by the Mie theory (homogeneous grey mixture
and core-shell assumption) cannot reproduce all the observed features of MAC and AAE,
while they are reproduced reasonably well by some empirical parameterizations.

The scope of this manuscript is will suited to ACP. The topic of this study is very interesting
because the accurate understanding on the microphysical and optical properties of BC
particles is key to improve our estimation of aerosol impacts on the global climate. The
manuscript is written very well, and the uncertainties and implications of the data are
discussed in detail. This manuscript should be published by ACP after revising some minor
points.

Minor comments:

1) Page 1, Lines 3-4: Highly aged biomass burning plumes The information of “4-8 days from
sources” may be useful for readers.

We have added this information.

2) Page 1, Line 12: MAC of BC | suggest to add the values of BC MAC here (at least for the
visible wavelength).

We have added these values to the abstract.

3) Page 2, Line 18:1 think 40% is too high. CMIP6 emissions (for the year 2010) are~10 Tg
y-1 for total BC and~8 Tg y-1 for anthropogenic BC.

We have changed this to “open biomass burning is a major source of global BC emissions”.

4) Page 4, Lines 9-13:These sentences describe what the authors did in the manuscript. |
think the authors can clarify the objectives of this study here (e.g., investigate the absorption
closure between microphysical and optical properties of BC for highly-aged biomass burning
plumes).

This now says

“We quantify the range of values of measured MAC and AAE and investigate the absorption
closure between microphysical and optical properties of BC for highly-aged biomass burning
plumes.”

5) Page 4, Section 2.2:Please provide the particle size ranges observed by the SP2 and PAS.
The SP2 could measure most BC particles in the atmosphere? The size range of SP2 is



consistent with that of PAS? Their difference can affect the results and conclusions of this
study?

We have added in to section 2.2:

“For BC mass measurements, the SP2 detection limits are driven by a gradual drop-off in
detection efficiency for particles with BC content less than around 1 fg (102 nm mass-
equivalent core diameter (D¢ ) (Schwarz et al., 2010), and a sharp cut-off at 143 fg (533 nm
equivalent D¢ ), where the incandescence detector saturates. For particles that saturate the
incandescence detector, we assume the BC content is 143 fg. Particles with BC content less
than 1 fg are numerous but contain a negligible fraction of the total BC mass. Particles larger
than 143 fg BC are rare, and by examining lognormal fits to the BC mass distribution, we
estimate the uncertainty in the BC mass concentration caused by detector saturation is less
than 1%. The SP2's upper cut-off diameter in terms of total particle diameter (Dp, i.e. the
coated diameter for coated particles) is not affected by detector saturation in any practical
sense, and is determined by aerodynamic limitations of particles entering the inlet, and is likely
to be in the region of 1 um. The instrument inlets are discussed further below.”

We had already stated later in Section 2.2 that the PAS samples behind a 1.3um impactor.
We now discuss a few paragraphs later the slightly different cutoff diameters of the various
instruments:

“The inboard aerosol instruments all sampled from Rosemount inlets, and the instrumental
setup and detection ranges mean they all sampled a comparable size range of accumulation
mode submicron aerosol (Trembath et al., 2012). The main instruments discussed here have
slightly different upper cut-off diameters; 1.3 um for the PAS, 1 um for the AMS, and around
1 pum for the SP2. Wu et al. (2020) presents aerosol size distributions measured at ambient
humidity using a passive cavity aerosol spectrometer probe (PCASP, Droplet Measurement
Technologies, model SSP-200). Examination of these size distributions determined that the
difference between a cut-off of 1.0 and 1.3 pm equated to 1.5% in terms of the total particle
volume distribution.”

6) Page 4, Lines 12-18:Please clarify how AMS and CO data were used in this study.
We've clarified that

“The AMS data are used to provide some context to the black carbon and optical
measurements, as well as to calculate the density of the non-BC components. An in-depth
discussion of the aerosol chemical composition and vertical profile is presented by Wu et al
(2020)”

and

“The CO data are used as a measure of the amount of pollution throughout the atmospheric
profile.”

7) Page 6, Line 7:Delete “to”.

Done.



8) Page 7, Line 6:Kondo et al. (2011), which showed MMD for biomass burning plumes, can
be cited here.

Done.

9) Page 7, Line 25: The ratio of observed MAC to the values by Bond and Bergstrom(2006)I
think the uncertainty in the values by Bond and Bergstrom (2006) should be considered in the
Eabs estimation (1.8+“uncertainty” is better).

We have added in uncertainties to Eaps throughout the paper, these are now all 1.85 +/- 0.45.

10) Page 7, Lines 22-28:Please add MAC values at the three wavelengths to this (or related)
paragraph. | think MAC values themselves are important.

We have added in the average values and uncertainties to this section.

11) Page 8, Lines 6-7:The particles size ranges are consistent between SP2 and AMS? This
should be considered in the uncertainty in OA MAC.

We have added in to the AMS description:

“The AMS detection size range is determined by the transmission of the aerodynamic lens on
the instrument's inlet, which has transmission efficiency near 100\% over the size range 50 —
1000 nm (Liu et al. 2007).”

Pleas also see the previous comment about the size ranges of the PAS and SP2.

12) Section 3: The authors should note the importance of aerosol water to MAC and Eabs in
this or discussion section. The values in this study are for dry conditions, but MAC and Eabs
in the real atmosphere (ambient RH) are important in evaluating their climate impacts.

We have added to the end of section 5.1:

Itis important to note that all our measurements took place at dry humidities, and our modelling
did not include the effects of aerosol water. Haslett et al. (2019) used a core/shell Mie model
to calculate that in aged plumes measured over southern West Africa, the condensation of
water at relative humidities up to 98% at the top of an aerosol layer could cause the aerosol
optical depth to increase by a factor of over 1.8. Experimental studies of absorption at these
high humidities are rare, though Brem et al. (2012) observed that absorption of OM generated
by wood pyrolysis increased by over a factor of 2 as the RH increased from 32% to 95%,
where scattering only increased by a factor of ~1.4. However, there was little change in
absorption at humidities below 80%, and both absorption and scattering showed steep rises
at RH greater than 90%. In our dataset these humidities were not reached throughout the bulk
of the aerosol plume in the atmospheric column, as shown in Fig. 2, but they were sometimes
observed in clear-sky conditions near the top of the boundary layer. The effects of high relative
humidity on aerosol absorption are poorly constrained, and although we are not able to provide
any further constraint from our measurements, we recommend further study on this topic.

13) Page 8, Lines 31-32: It is better to describe the optical models and parameterizations
used in this study briefly in the main text.

We have added some extra to the main text, so this now says



“The optical models and parametrisations tested in this analysis are listed in Table 1, and
described in detail in supplementary Sect. S1. We have tested the core/shell Mie model, as
well as several homogeneous grey sphere models, which utilize a Mie model with a sphere of
one single complex refractive index, calculated using different rules to account for the mixing
between BC and non-BC components. The different mixing rules are: (i) volume mixing, where
the refractive index is averaged weighted by the volume of each component; (i) Maxwell-
Garnett approximation (Markel, 2016), which considers mixing of small particles of BC
dispersed throughout a non-BC host medium; and the Bruggeman mixing rule (Markel, 2016),
which computes the refractive index of two components dispersed evenly within a particle. We
have also tested several parametrisations of either MAC or Eaps (Liu et al., 2017; Chakrabarty
and Heinson, 2018; Wu et al., 2018), which are based on empirical or semi-empirical fits to
MAC or Enps for particles with different mixing states using real and/or modelled particle data.”

14) Page 9, Lines 14-23:This part (steps 1-6) is not easy to understand. How about adding a
figure to explain this process?

We have added a new figure to the supplementary section (Figure S2) showing a schematic
of the SP2 mass distribution processing, while we refer the reader to this schematic in the
main text.

a) Please clarify steps 1-2 are theoretical calculations and steps 3-6 use observed
data.

We have clarified in the text that “Steps 1 and 2 are purely theoretical calculations, whereas
steps 3 -- 6 involve processing of the measured data.”

b) Please explain what is the Liu et al. correction.

We have added information concerning the Liu et al correction “This empirical correction to
the core/shell Mie model accounts for the fact that particles with MR < 3 do not scatter light at
1064nm exactly as described by the core/shell Mie model”.

¢) The spherical-equivalent core in step 4 is the same as the spherical-equivalent DBC in step
3? Step 4 is to calculate shell diameter only?

Yes, we have rephrased this as:

“Process single-particle data through the table to calculate the single-particle spherical-
equivalent shell diameters, including the Liu et al. correction”.

d) “Convert the single-patrticle data to equivalent MBC and MR”: | think MBC is calculated in
step 3. So, step 5 is to calculate MR?

Yes, we have rephrased this step

“Convert the single-particle shell/core ratio to MR and bin the data into a 2-D distribution of
MR vs Mgc”.

e) Step 6: this is not easy to understand unless readers read Sl.

We have added in a reference to supplementary S2.



15) Page 10, Lines 9-12:This part should be explained near the explanation of the 6 steps.
We have added an explanation of the Liu et al correction into step 2.

16) Page 11, Line 19:The core/shell Mie model (green lines in Figs 6 and 7)

Done.

17) Page 11, Line 30:Please explain briefly what is the “skin depth effect” here (though they
are described in Sl). Some papers should be cited.

We have added in “the skin depth effect prevents light interacting fully with all the light
absorbing BC, as the surface of the sphere absorbs and scatters light and shields the centre,
which is then less effective at absorption (Wang et al, 2015).” We have also referenced
Chakrabarty et al (2018) a few sentences later in the same paragraph.

18) Page 12, Lines 8-10:1 suggest the authors to add observed AAE for BC only to Fig 7a and
7c (like Fig 6aand 6d).

Done.

19) Page 12, Lines 11-12:ls it not possible to show the kBC dependency of MAC and AAE for
the parameterizations? Please explain why the results are shown at a kBC value for each
parameteri-zation.

The parameterisations developed previously by others were for specific values of mgc, and
thus they do not enable predictions with varying mgc. We have edited the figure caption to
explain why:

“Panels (a) -- (c) show different Mie models evaluated at various values of mgc, plotted against
ksc on the horizontal axis. Panels (d) -- (f) show parametrisations which are plotted at the
values of kec at which the parametrisations were developed.”

20) Page 15, Line 32:RI should be changed to refractive index.
Done.
21) Text S2, Line 3:do not “correct”.

Done.



REVIEWER #3

The authors have investigated the optical properties of black carbon (BC) and organic carbon
from highly aged biomass burning plumes as part of the CLARIFY-2017 field campaign. They
measure the mixing state of BC using an SP2, and the optical proper-ties using photoacoustic
spectroscopy. They use these measurements to obtain MAC, MAC enhancement, and AAE
values for the aged biomass burning aerosol. These measurements are then compared to
several different models for calculating biomass burning optical properties. These include
coated sphere models, homogeneous grey sphere models, and more complicated aerosol
optical models that account for aerosol morphology (semi-empirical models). These
measurements also allow for an estimation of the contribution of brown carbon aerosol to
overall absorption in aged biomass burning aerosols (10% at 405 nm). The authors conclude
that all models are sensitive to the choice of refractive index for BC. The authors also conclude
that Mie models be implemented with great caution when calculating aerosol optical
properties.

Major comments:

1) The authors rely heavily on SP2 measurements for most of their analysis. It would be helpful
to comment on potential effects of charring of organics in the SP2 as detailed in Sedlacek et
al. 2018 (Aerosol Research Letters 52:15, 1345-1350) and if these would affect any of the
measurements detailed here.

We have added to the experimental section

“Under certain conditions, charring can occur as weakly absorbing particles enter the SP2's
laser, causing a false black carbon signal. Sedlacek et al. (2019) showed this can occur for
fulvic and humic acids (BrC surrogates), but only when they had been passed through an
external heated tube furnace, which we do not use in our experiment. Atrtificial tar balls formed
through anoxic pyrolysis may also show a false rBC signal, but tar balls formed in real fires
have been observed to show no detectable incandescence signal in the SP2 (Adler et al,
2019). We therefore do not consider this to be a major concern for our observations.”

2) p 14. line 12-22: The authors describe alternatives to the lensing effect of MAC and
mention the possibility of externally mixed intermediate absorbers (1A) affecting total particle
absorption and demonstrate that the resulting calculations do not match their observations. If
possible, could the authors perform similar calculations for 1A internally mixed with BC and
show if such a scenario matches the values observed here. An internal mixture of IA and BC
would reduce the BC MAC while also reducing the resultant AAE.

The calculations suggested by the reviewer are not easy to perform. Firstly, we would need to
know the wavelength-dependence of the IA refractive index, which is currently unknown. We
would also find that the answer would strongly depend on which model was used to calculate
the optical properties of the internally mixed particles. For example, see our response to Dr
Lewis et al. below and the new Table 2, which show large model-to-model variability even
without the presence of an IA or BrC. Our absorption spectrum is only 11% different at 405nm
from what we might expect from pure BC, so it is unlikely that IA can have a strong effect if
they have AAE anything like those in literature.



3) The main critique | have of this paper is that they provide too little detail on what makes
each optical model unique. It is good that they are verifying different optical models with real
world data, but one needs to be familiar with the models used for it to make sense why they
give different results. | believe a little more explanation is warranted.

The reviewer raises a good point, which was also raised by Reviewer 2. We refer the reader
to our response to comment #13 by Reviewer 2.

4) The semi-empirical models all matched the measured AAE well, and MAC values calculated
using Chakrabarty and Heinson method and the Liu method matched the measured values
well. MAC enhancement predicted using Liu’s method matched MAC enhancement values
the closest, but it is unclear why the Chakrabarty MAC enhancement did not, as they are very
similar techniques. The authors reason that the enhancement calculated using the
Chakrabarty and Liu methods give different results but are similar methods. The authors
speculate that this has to do with morphology ,did they collect any samples to image the
particle morphologies?

The reviewer is right to highlight our assertion that morphology may be responsible for the
small differences in the predicted MAC values from the parameterisations of either
Chakrabarty and Heinson (2018) or Wu et al. (2018). However, we only suggested the role of
morphology as a possibility and it is beyond the scope of this paper to investigate differences
in the specific simulations examined by these two previous studies. We have amended our
discussion in Sect. 5.2 to read:

“We speculate that it may either be related to some detail of the morphology of the particles
used in their simulations, or some particular details of the optical models or refractive indices
used, but it is beyond the scope of this paper to make in-depth comparisons of simulations
from literature.”

5) Overall, the paper is well written but is a bit lengthy. | think perhaps the finer details in
sections 4 and 4.1 could be shortened or relegated to the Sl.

A lot of section 4 started off as a big supplement but several coauthors responded saying they
were not familiar with the SP2 technique and didn’t understand what was going on. With this
in mind we have decided to leave it as is. Indeed, the SP2 analysis applied in this work is
significantly different to that ordinarily applied by many others who have reported SP2 mixing
state analyses (e.g. the Liu et al correction).

Other comments:

1. Section 2.2: Are there any limitations or artifacts in the instrumentation that should be
mentioned or accounted for?

We have tried to incorporate these into the listed uncertainties. We have also added in the
detection limits in response to reviewer #2.

2. Figure 3: Should error in the MAC of BC as reported by Bond and Bergstrom account for
error?



We have added to the figure caption:
“The uncertainties in the average values are £19% for MAC and £25% for Epps.”
We have added into the instrumental section about the uncertainty in Eaps:

“We also calculate Eaps by dividing the measured MAC by the values reported for fresh BC by
Bond and Bergstrom (2006) of 7.5+1.2 m?g™* at a wavelength of 550 nm. The uncertainty in
Enbs is then 25%, calculated by combining the uncertainty in our measured MAC with the range
of MAC from Bond and Bergstrom (2006).”

3. p. 6, line 1: Were checks put on the upper limit of the SP2 measurements as high BC
concentrations can be underestimated by the instrument, or were concentrations below the
upper limit of the SP2 measurement range throughout the campaign?

The reviewer raised a good point, we have added the following clarification to Sect. 2.2

“The SP2 single-particle data were also examined for coincidence at high concentrations,
which would cause the instrument to undercount the BC number and mass concentrations.
The highest BC number concentrations measured were just below 1000cm™, and with this
high loading 2% of particle detection windows showed coincident particles. To correct for this
small bias, the coincident particles were included in the concentrations of BC mass and
number concentrations, but not in the single-particle mixing state analysis, as the leading edge
scattering signal can only be measured for the first particle in a measurement window.”

To be clear, the BC mass and number concentrations have not been revised since the
previous version, the coincident particles were already included in the concentrations.

4. p. 8, line 8: As the OA absorption is calculated by subtracting total absorption by
extrapolated BC absorption, the uncertainty propagation would also need to account for
uncertainties in BC absorption measurements.

The BC concentration drops out of the calculation, like it does for the fraction of BrC
absorption. To make this clearer we have defined the equations for both of these on pages 8
& 9 in Section 3, and explicitly stated that the BC concentration drops out.

5. Page 8: add details about optical models

We have now done this. Again, please see our response to comment #13 from Reviewer #2
for further details.

6. Page 9: | think the 6 step outline is going to be confusing for some, | would con-sider
rewriting to make it more clear what is a measurement and what is a theoretical calculation

We have added the following clarification:

“Steps 1 and 2 are purely theoretical calculations, whereas steps 3 — 6 involve processing of
the measured data.”

Please also see our responses to reviewer 2, points 14 (a) to (e), where we have gone into
more detail and included a schematic figure of the whole process.



7. Page 10: There is some explanation of the Liu correction that should be moved to an
earlier spot in the text

We have included more detail in step 2

“This empirical correction to the core/shell Mie model accounts for the fact that particles with
MR < 3 do not scatter light at 1064 nm exactly as described by the core/shell Mie model”

8. p 11. line 24: typo “experimental” written twice
Done.

9. p 13. line 21: It would be better to quantify the coating rather than just stating the particles
to be thickly coated.

We have moved a later statement to the location the reviewer highlights to clearly
communicate the thickness of the coating:

“The BC particles measured during CLARIFY were universally thickly coated, with median MR
values in the range 8 — 12”.

10. p 16. line 11: The line reads as if BC acts as the coating material and | think that is not
the intended meaning here. Please edit the sentence to make it clear.

This now says “coatings on BC-containing particles”.



Ernie Lewis et al.

In their manuscript, Taylor et al. conclude that the contribution to aerosol light absorption at
405 nm by brown carbon (BrC) is roughly 10%, as inferred from the difference in the measured
light absorption at that wavelength and the value extrapolated from measurements at 514 and
655 nm together with the assumption that the absorption due to black carbon (BC) over all
three of these wavelengths is inversely proportional to the wavelength. We wish to point out
that this is not necessarily a valid assumption. We are not suggesting that they did not
measure absorption from BrC (which they discuss in more detail later in their manuscript), but
merely want to state that the absorption from black carbon patrticles is not always inversely
proportional to the wavelength; or, alternatively, that the absorption Angstrom exponent (AAE)
for BC is not exactly equal to unity.

To demonstrate that this is the case, we calculated (see Fig. 1) the AAE for the 405-514 nm
and the 514-655 nm wavelength pairs for monodisperse aerosols of pure BC spheres, using
the index of refraction used by Taylor et al. (2.26-1.26i). The AAE for the 405-514 nm pair
increases from 1.0 for very small diameters (<~20 nm) up to a maximum of 1.54 for 80 nm
diameter particles, after which it decreases to 1.43 for100 nm diameter patrticles, 0.2 for 150
nm diameter particles, and -0.19 for 200 nm diameter particles, remaining below zero for larger
ones. The behavior of the 514-655nm AAE is similar, but the diameters are shifted to larger
values. For diameters lessthan~90 nm, the AAE for the 405-514 nm pair is greater than that
for the 514-655 nm pair, and the argument of Taylor et al. would attribute some of the BC
absorption at405 nm to BrC. Similarly, for diameters greater than~90 nm, there would be a
deficit of absorption at 405 nm.

For BC patrticles with associated substances (commonly referred to as coatings) the situation
is perhaps more extreme. We also performed calculations for BC coated with a nonabsorbing
coating in a concentric core-shell configuration, using 1.5-0i for the index of refraction of the
coating, a BC core mass-equivalent diameter of 100 nm (corresponding to a mass of 0.94 fg),
and a coating:core mass ratio of 20 (corresponding to a coating thickness of 104 nm, using a
core density of 1.8 g/lcm™3 and a coating density of 1.3 g/cm™3). Such particles are in the
center of the hot spot of their 2-Ddistribution shown in Fig. 5 of their manuscript. For such a
large coating:core mass ratio the assumption that a core-shell configuration accurately yields
the absorption of the particle seems not unreasonable. The AAE for the 405-514 nm
wavelength pair is0.49, whereas that for the 514-655 pair is 1.53, neither of which is near
unity. Further-more, extrapolation of the latter AAE to 405 nm would result in less absorption
than measured.

We realize that BC particles are not spheres, and perhaps not concentric core-shell
configurations, and certainly not monodisperse. However, the assumption that the AAE
is identically unity for BC absorption, which is the premise of one of the arguments made by
Taylor et al. to infer BrC absorption, is not necessarily true.

Ernie R. Lewis, Brookhaven National Laboratory; Arthur J. Sedlacek Ill, Brookhaven National
Laboratory; Timothy B. Onasch, Aerodyne Research Incorporated
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Fig. 1.absorbing Angstrom exponent of pure black carbon spheres

We thank Dr Lewis and co-commenters for their useful thoughts on our manuscript. Their
concern relates to our Fig. 4 where we extrapolate the measured AAE between 514-655nm
(previously 0.94, now 0.88, not unity as they state) to shorter wavelengths and use this to
deduce the BrC absorption fraction at 405nm. They give some monodisperse Mie calculations
that show very different AAE values to our empirical measurements in both wavelength
ranges. We acknowledge that their concerns are valid, however their illustrative approach
gives more extreme results than a full consideration of the BC size distribution. Firstly, when
integrating the full polydisperse BC size distribution, the average AAE values settle at some
average value between the extreme values they show, and this is not necessarily in the same
location as the AAE of the mass or number median diameters. Secondly, when using a Mie
model, particularly with a high BC refractive index, the strong skin-depth shielding effect may
give low AAE values that are not observed in real particles, which are not perfectly spherical.
Dr Lewis and co-commentators state that “For such a large coating:core mass ratio the
assumption that a core-shell configuration accurately yields the absorption of the particle
seems not unreasonable”, however our results in Figure 7 show that for calculations involving
AAE the core/shell Mie model does produce results that do not agree with our observations.



We re-plotted Figure 4 to estimate the BrC absorption fraction at 405 nm, but instead of using
the measured AAEsi4.655 to extrapolate the 655nm MAC to shorter wavelengths, we used the
AAE values from the different optical models.

These are the corresponding calculated BrC absorption fractions at 405 nm:

“Table 2. BrC absorption fraction at 4056 nm calculated empirically or using the AAE from
optical models. The minimum, mean, and maximum refer to the range of results from using
the different values of megc .

Model Min Mean Max
Core/shell 23 26 33
Bruggeman 13 15 21
Maxwell-Garnett 13 15 20
Volume mixing 13 16 23
Chak-MAC - 6 -
Observations - 11+/-2 -

We have added a short subsection as a new section 4.3

“In the calculations shown in Sect. 3 and Fig. 4, we presented an estimate of the fraction of
absorption at 405 nm that was due to the presence of BrC, not BC. This estimate relied on the
assumption that the AAE of BC was invariant with wavelength within the visible spectrum. Mie
models predict that the AAE of BC is highly dependent on the size of the particles (Lack and
Cappa, 2010). When considering a polydisperse BC size distribution, much of this variability
will average out, however we conducted some additional calculations to test the robustness
of our empirical estimate. The MAC of BC at 405 nm was re-calculated by extrapolating the
measured MAC at 655 nm, using the AAE provided by the optical models described earlier in
this section, with the full 2-D mixing state of the BC-containing particles. By using only the
models' wavelength dependence of absorption, this approach accounts for the over- or under-
prediction of the MAC of BC at the longer wavelengths, which would otherwise have a large
effect on the calculated BrC absorption fraction. As in Fig. 4, any absorption in excess to this
extrapolation is ascribed to BrC. The results of these calculations are shown in Table 2. The
model results were broadly consistent with our empirical calculation in that they showed that
the large majority of absorption was due to BC at this short wavelength. The model-to-model
variability was large, and similar in size to the calculated BrC absorption fraction.”

For reference here is the equivalent of figure 4, with the model estimates put on, but we have
not included this in the revised manuscript as it looks messy and is better summarised in the
table.
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Absorption closure in highly aged biomass burning smoke
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Abstract. The optical properties of black carbon (BC) are a major source of uncertainty in regional and global climate studies.
In the past, detailed investigation of BC absorption has been hampered by systematic biases in the measurement instrumen-
tation. We present airborne measurements of aerosol absorption and black carbon microphysical properties in highly aged
biomass burning plumes measured 4 — 8 days from source over the southeast Atlantic ocean during CLARIFY-2017, using a
suite of novel photoacoustic spectrometers to measure aerosol absorption at 405 nm, 514 nm, and 655 nm, and a single-particle
soot photometer to measure the BC mass concentration, size, and mixing state. These measurements are of sufficient quality
and detail to provide constraint on optical schemes used in climate models for the first time in biomass burning plumes far
from source, an aerosol environment that is one of the most important climatically.

The average absorption Angstrom exponents (AAE) were +:39-1.38 over the wavelength range 405 — 514 nm, and 694
0.88 over the range 514 — 655 nm, suggesting brown carbon (BrC) contributed to +0-11 £ 2% of absorption at 405 nm.
The effective OA mass absorption coefficient (MAC) was 6:270.31 =+ 6:680.09 m? g~' at 405 nm. The BC particles were
universally thickly-coated, and almost no externally-mixed BC particles were detected. The average MAC of BC was also-high;
2044 m?g~, 1543m?g ™", and 12:42m>g™" at wavelengths of 405 nm, 514 nm, and 655 nm respectively, with equivalent
absorption enhancements of around +:8-1.85 £ 0.45 at all three wavelengths, suggesting that the thick coatings acted as a lens
that enhanced light absorption by the BC.

We compared the measured MAC and AAE values with those calculated using several optical models and absorption
parametrisations that took the measured BC mass and mixing state as inputs. Homogeneous grey sphere Mie models were
only able to replicate MAC for some low (real and imaginary) values of the complex BC refractive index (mpc) at the shortest
wavelength, but they would have to use unrealistically low values of mpc to accurately replicate AAE. A core/shell Mie model
was able to generate good agreement for MAC in the green/red end of the visible spectrum for most values of mpc. However,
there are no possible values of mpc that produce MAC values that agree with our observations at all three wavelengths, due to
a wavelength-dependent underestimation of the MAC of the underlying BC core. Four semi-empirical parametrisations from

literature were also tested, linking BC mixing state to either MAC or absorption enhancement. Two of these schemes produced
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results that agreed within a few percent of the measured MAC at all three wavelengths, and AAE agreed well when discounting
the effects of BrC.

Our results uniquely demonstrate the validity of absorption parametrisations, as well as the failings of Mie calculations, in
this highly aged environment. We recommend future work should conduct similar analyses in environments where BC has
different properties, and investigate the impact of implementing these types of schemes within climate models, as well as

developing equivalent schemes for light scattering by soot particles at visible wavelengths.

1 Introduction

Every year, vast plumes of smoke are lofted into the free troposphere by open biomass burning in central and southern Africa.
These plumes make their way westward over the ocean, and have an important effect on the radiative budget over the southeast
Atlantic. Near the African continent, a stratocumulus deck sits atop the boundary layer, presenting a high-albedo surface that
reflects solar radiation. Further west, the boundary layer deepens and the cloud deck becomes more broken, revealing the low-
albedo sea surface below. Over cloud, the presence of absorbing aerosol in the free troposphere lowers the planetary albedo,
but can potentially thicken the cloud deck by warming the free troposphere and strengthening the trade inversion (Wilcox,
2010). Smoke is also entrained into the boundary layer, where it increases concentrations of cloud condensation nuclei (CCN),
brightening the clouds and raising their albedo, but this entrainment may also reduce cloud cover by warming the boundary
layer and weakening the inversion (Zhang and Zuidema, 2019). These counterbalancing effects are all sensitive to the properties
of the aerosol, and the radiative effects are particularly sensitive to the aerosol optical properties. More absorbing aerosol could
change the sign of the associated radiative forcing for the semi-direct effect from negative to positive (Zhou et al., 2017).
Black carbon (BC) aerosol is the main absorbing component in these smoke plumes, and is a major climate warming agent
globally. Open biomass burning is responsiblefor-around-40%-of-all-a major source of global BC emissions, and African fires
make up around 40% of all open burning (Bond et al., 2013). The mass absorption coefficient (MAC, the ratio of absorption
cross-section to BC particle mass) is the key variable for characterising the absorbing properties of BC. The MAC of fresh,
uncoated BC is relatively well constrained; Bond and Bergstrom (2006) summarised measurements and found the MAC of
uncoated BC to be 7.5 + 1.2 m?2g~! at a wavelength of 550 nm, with a wavelength-dependence that can be accurately
described using an absorption Angstrom exponent (AAE) of 1. To date this work remains the most comprehensive summary of
the MAC of fresh soot, and scientific effort since then has mostly focused on the modification of BC’s absorbing properties by
non-BC species such as organic aerosol (OA) and inorganic salts (e.g. Liu et al., 2017), as well as absorption by brown carbon
(BrC) (e.g. Forrister et al., 2015; Healy et al., 2015). Where BC is encapsulated by non-BC material, the MAC of the soot
may increase by a lensing effect, which is often quantified using absorption enhancement (Eap, the ratio of the absorption of
coated BC to that of uncoated BC). In biomass burning plumes, BC demonstrates some internal mixing in the first few hours
after emission (Akagi et al., 2012), but the effects of this mixing in terms of optical properties remain poorly quantified over

timescales of both hours and days.
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The core/shell Mie model considers encapsulated BC as two concentric spheres, and predicts thickly coated particles can
have absorption enhanced by a factor of 2 — 3 (Bond et al., 2006). However, Faps values in this range have almost exclusively
been measured where particles have been artificially aged (Schnaiter et al., 2005; Mikhailov et al., 2006; Peng et al., 2016), and
have not generally been found in atmospheric measurements. Several studies have shown that using the Mie core/shell model
can overestimate Faps (e.g. Cappa et al., 2012; Healy et al., 2015). Liu et al. (2017) summarised measurements of variable age-
ing of diesel emissions in western nations and showed that Faps was generally below 1.5. However, subsequent measurements
have found Eaps up to 2 in aged pollution in Beijing in both summer and winter (Xie et al., 2019a, b). Comparisons to Mie
models are complicated due to size-dependent underprediction of the MAC of bare soot at shorter visible wavelengths, size-
dependent overestimation of Eaps, and only a moderate level of constraint on the BC refractive index (Bond and Bergstrom,
2006).

The addition of coatings may also cause fractal soot aggregates to collapse into a quasi-spherical shape, and Li et al. (2003)
observed compacted soot particles using transmission electron microscopy on samples of aged haze from biomass burning
in southern Africa. This could reduce absorption as less of the soot is exposed to the light (Scarnato et al., 2013), or increase
absorption due to stronger interactions between neighbouring soot spherules (Liu et al., 2008). The relative importance of these
two competing effects is wavelength-dependent in complex optical models, but experimental evidence of either effect remains
sparse.

BrC is another major absorbing component of combustion aerosol, and this can include absorption by an emerging classifi-
cation type for BrC referred to as tar balls. Primary emissions of BrC are particularly prevalent in biomass burning smoke, and
secondary BrC may form photochemically or by condensation as plumes cool. BrC absorbs strongly at shorter visible wave-
lengths, but has a higher AAE than BC (typically greater than 2), and is not a strong absorber at longer visible wavelengths
(Lund Myhre and Nielsen, 2004). This means that AAE may be used to discriminate between the relative contributions of
BrC and BC to total absorption. Primary BrC becomes less absorbing with time due to photochemical bleaching. The majority
of BrC absorption decays with a half-life in the region of 9 — 15 hr (Lee et al., 2014; Forrister et al., 2015), but laboratory
studies have shown that some BrC species are particularly resistant to some bleaching pathways, such as reactions with ozone
(Browne et al., 2019). Moreover, aged biomass burning aerosol may also have a significant BrC component arising from
consistent mechanisms acting towards secondary BrC formation over the aerosol atmospheric lifetime.

In climate models, optical property schemes are chosen based on simplicity of implementation and computational efficiency.
Schemes based on Mie theory are relatively simple to implement, requiring only information on particle size and the relative
fractions of different components. Optical models that explicitly include particle shape are too complex and computationally
expensive to be used in this context, as well as having limited constraint from observations. In many cases, different aerosol
components are mixed together to form homogeneous "‘grey spheres"’, each of which has a single complex refractive index
that is often estimated through a simple linear volume-weighting mixing rule (e.g. Ghan and Zaveri, 2007; Bellouin et al.,
2013). Core/shell bin schemes have also been developed (e.g. Jacobson, 2001; Matsui et al., 2013), but widespread imple-
mentation is yet to take place as they are more computationally expensive than grey spheres, and it is yet to be demonstrated

that they necessarily give more accurate results. Bond et al. (2006) discussed the limitations of these two types of scheme,
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and highlighted the potential of each to reach unphysical results under certain circumstances. Recently, several studies have
produced parametrisations to calculate MAC or Faps for variable internal mixing of BC with other aerosol components (Liu
et al., 2017; Chakrabarty and Heinson, 2018; Wu et al., 2018). These have been constructed using some type of empirical fit
to MAC or FEps, using real-world measurements and/or calculations from complex optical models. However, none of these
schemes have been explicitly tested on highly aged biomass burning smoke in ambient conditions.

The southeast Atlantic is an excellent natural laboratory for studying the properties of aged smoke during the southern
hemisphere biomass burning season, roughly May — October (Zuidema et al., 2016). At this time of year, the southeast Atlantic
region is devoid of notable convective clouds that would contribute to removal of aerosol particles from the lofted smoke layers
while they remain in the free troposphere. Combined with the high strength of solar radiation in the tropics, this allows the
smoke to reach a very high photochemical age. Zuidema et al. (2018) recently reported high values of MAC measured using
ground-based instruments on Ascension Island, where aged smoke had entrained into the boundary layer, with equivalent Eaps
of 1.7 — 2.3. In this paper we describe results from the CLARIFY field campaign, which involved airborne measurements

of black carbon and optical properties in highly aged biomass burning plumes over the southeast Atlantic (Haywood et al.,

2020, in prep.). We quantify the range of values of measured MAC and AAE i

and investigate the
absorption closure between microphysical and optical properties of BC for highly-aged biomass burning plumes.

2 Experimental
2.1 CLARIFY measurement campaign

The CLARIFY project took place between 16th August and 7th September 2017. The Facility for Airborne Atmospheric
Measurements (FAAM) BAe-146 airborne research aircraft was based out of Ascension Island (7.97°S, 14.40°W). Smoke
plumes from the African continent take roughly 4 — 8 days to travel from source to the measurement area (Adebiyi and
Zuidema, 2016; Gordon et al., 2018). In total, 28 flights were performed, and the total flight duration over all flights amounted
to 100 hours. Fig. 1 shows the aircraft tracks of all flights included in this analysis. All science flights took off and landed on
Ascension Island. Full details of the rationale and implementation of the flight campaign are given by Haywood et al. (2020,

in prep.).
2.2 Instrumentation

The FAAM aircraft was fitted with a suite of instrumentation for making online measurements of the physical and chemical
properties of aerosols, cloud microphysics, remote sensing, and meteorological variables such as temperature, pressure, and
relative humidity. Only the instrumention-instrumentation directly relevant to the measurements presented in this study are

described here. Black carbon number and mass concentrations and single-particle mass and mixing state were measured using
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a single-particle soot photometer (SP2). The instrumental setup on the aircraft have been described previously (McMeeking
et al., 2010). The SP2 measures the scattering cross-section of particles passing though its laser beam, and particles containing
refractory black carbon (rBC) are heated to their ineandesenee-incandescence temperature. The intensity of the incandescent
light emission is proportional to the mass of rBC in the particle. The SP2 alignment was checked using nebulised 200 nm
and 300 nm polystyrene latex spheres, and these measurements were also used to calibrate the SP2’s scattering channel. The
instrument response to incandescent rBC was calibrated several times throughout the campaign using nebulised Aquadag, in the
manner described by Laborde et al. (2012b). In biomass burning plumes the overall uncertainty of the BC mass concentration
is £17% as a combination of 14% uncertainty due to the uncertainty in the calibration, and 9% variability between instruments
(Laborde et al., 2012b). Single-particle BC mass was converted to mass-equivalent BC diameter (Dgc) using a BC density
(pc) of 1.8 gcm ™3 (Bond and Bergstrom, 2006). We also used leading-edge only (LEO, Gao et al., 2007; Liu et al., 2015)
fits to the SP2’s scattering measurement to derive the scattering cross-section for BC particles at a wavelength of 1064 nm,
and we use a method similar to that described by Taylor et al. (2015) to quality-assure the LEO data. This method is discussed
further in the results section. The BC scattering cross-section data can then be combined with an optical model to provide
physical properties of the particle, such as the spherical-equivalent shell/core ratio, or the mass ratio (MR) of non-BC to BC

components. These optical calculations are discussed in more detail in Sect. 4.

For BC mass measurements, the SP2 detection limits are driven by a gradual drop-off in detection efficiency for particles
with BC content less than around 1 fg (102 nm mass-equivalent core diameter (Dc) (Schwarz et al., 2010), and a sharp cut-off

at 143 fg (533 nm equivalent D¢), where the incandescence detector saturates. For particles that saturate the incandescence

detector, we assume the BC content is 143 fg. Particles with BC content less than 1 fg are numerous but contain a negligible

fraction of the total BC mass. Particles larger than 143 fg BC are rare, and by examining lognormal fits to_the BC mass
distribution, we estimate the uncertainty in the BC mass concentration caused by detector saturation is less than 1%. The SP2’s
upper cut-off diameter in terms of total particle diameter (Dp, i.¢. the coated diameter for coated particles) is not affected by
detector saturation in any practical sense, and is determined by aerodynamic limitations of particles entering the inlet, and is
likely to be in the region of 1 pm. The instrument inlets are discussed further below. The SP2 single-particle data were also
examined for coincidence at high concentrations, which would cause the instrument to undercount the BC number and mass
concentrations. The highest BC number concentrations measured were just below 1000 cm™, and with this high loading 2%
of particle detection windows showed coincident particles. To correct for this small bias, the coincident particles were included
in the concentrations of BC mass and number concentrations, but not in the single-particle mixing state analysis, as the leading.
edge scattering signal can only be measured for the first particle in a measurement window.

Under certain conditions, charring can occur as weakly absorbing particles enter the SP2’s laser, causing a false black
carbon signal. Sedlacek et al. (2018) showed this can occur for fulvic and humic acids (BrC surrogates), but only when they
had been passed through an external heated tube furnace, which we do not use in our experiment. Artificial tar balls formed
through anoxic pyrolysis may also show a false rBC signal, but tar balls formed in real fires have been observed to show no
detectable incandescence signal in the SP2 (Adler et al., 2019). We therefore do not consider this to be a major concern for our

observations.
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Non-refractory aerosol composition was measured using a compact time-of-flight aerosol mass spectrometer (AMS), which

we used to provide mass concentrations of organic aerosol (OA), as well as the major inorganic species SO4, NO3, and NH,.

The AMS detection size range is determined by the transmission of the acrodynamic lens on the instrument’s inlet, which has
transmission efficiency near 100% over the size range 50 — 1000 nm (Liu et al., 2007). The AMS data are used here to provide
some context to the black carbon and optical measurements, as well as to calculate the density of the non-BC components. An
in-depth discussion of the aerosol chemical composition and vertical profile is presented by Wu et al. (2020). The AMS was

calibrated before and after each flight using nebulised ammonium nitrate, and the relative ionisation efficiencies of NH, and
SO4 were also calibrated during the campaign by varying the concentrations of nebulised ammonium nitrate and ammonium
sulphate (Allan et al., 2004).

Carbon monoxide (CO) concentrations were measured using a vacuum ultraviolet florescence spectroscopy monitor AL5002.
brated and zeroed multiples times per flight at different altitiadesaltitudes, and has an overall aceraaey-accuracy of +£3%.

Aerosol absorption coefficient (Baps) was measured using three separate photoacoustic spectroscopy (PAS) cells, operating
at wavelengths of 405 nm, 514 nm, and 655 nm, as part of the new EXtinction, SCattering and Absorption of Light for
AirBorne Aerosol Research (EXSCALABAR) suite of instrumentation (Davies et al., 2019; Szpek et al., 2020, in prep.).
The PAS instruments sampled behind an impactor with a cut-point of 1.3 pm aerodynamic diameter to remove coarse-mode
particles, and a nafion drier to lower the measurement relative humidity (RH) to below 10% within the PAS detection volume.
Davies et al. (2018) describe the PAS instrument and ozone calibrations, which were performed before each flight. For long
averaging times, the total uncertainty on the Baps measurement is 8% (Davies et al., 2019).

We calculate MAC by dividing Baps by the BC mass concentration measured by the SP2, and the systematic uncertainty

in MAC of 4+ 19% is calculated by combining the relative uncertainties of Baps and BC mass concentration in quadrature.

We also calculate Fap, by dividing the measured MAC by the values reported for fresh BC by Bond and Bergstrom (2006) of
Mm2 g~ ! at a wavelength of 550 nm. The uncertainty in Eap, is then 25%, calculated by combining the uncertaint
in our measured MAC with the range of MAC from Bond and Bergstrom (2006). AAE was calculated by comparing the

absorption coefficient at different wavelengths. The 8% uncertainty in the absorption coefficient applies almost equally to
all channels as it derives from a comparison between ozone calibrations and nebulised nigrosin dye (Davies et al., 2018).
The uncertainty in AAE is therefore significantly lower than that of individual single wavelength PAS measurements and is
expected to be under 5%.

All aerosol concentration measurements were corrected to standard temperature and pressure of 273.15 K and 1013.25 hPa.
The inboard aerosol instruments all sampled from Rosemount inlets, and the instrumental setup and detection ranges mean they
all sampled a comparable size range of accumulation mode submicron aerosol —(Trembath et al., 2012). The main instruments

discussed here have slightly different upper cut-off diameters; 1.3 um for the PAS, 1 um for the AMS, and around 1 um
for the SP2. Wu et al.

spectrometer probe (PCASP, Droplet Measurement Technologies, model SSP-200). Examination of these size distributions

2020) presents aerosol size distributions measured at ambient humidity using a passive cavity aerosol
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determined that the difference between a cut-off of 1.0 and 1.3 ym equated to 1.5% in terms of the total particle volume
In-cloud data were removed when the liquid water content measured by a wing-mounted cloud droplet probe exceeded
0.01 gm~2. To prevent noise at low concentrations affecting our measurements, aerosol data were also removed when the BC

mass concentration fell below 0.1 ug m=2 or the absorption coefficient at any wavelength fell below 5 Mm 1.

3 Results

Figure 2 shows vertical profiles describing the average atmospheric conditions measured during CLARIFY in terms of the
level of pollution, meteorological variables, and chemical composition of the aerosol. The marine boundary layer (MBL) was
capped by an inversion of several degrees Celsius around 1.5 — 2 km in altitude, though the exact altitude and depth of this
inversion varied. The RH in the boundary layer increased from 75 % near the surface to te-80% up towards the top of the
boundary layer, where a stratocumulus deck was often present, though excluded from our data. Plumes in the free troposphere
were much drier but the RH increased with altitude, from 20% at 2 km to 50% at 5 km, and some plumes reached up to 70 —
80%.

The CO and BC profiles show the altitudes at which the biomass burning smoke reached the area around Ascension Island.
There was considerable variability in the regimes that were experienced during the aircraft deployment with the pollution
confined either to the MBL or free troposphere, or pollution in both the MBL and free troposphere at any particular time (Wu
etal., 2020). However, for the purposes of the analysis presented here, where we focus on aerosol intrinsic properties, we simply
present average vertical profiles. The highest smoke concentrations were found between the inversion top and around 4.5 km,
and no significant concentrations of smoke were intercepted above 5 km. The variability in the free troposphere CO and BC
profiles shows the average of many discrete plumes at variable altitudes. The aged smoke particles were in the accumulation
mode size range (Wu et al., 2020). Comparing the BC number concentration to the accumulation mode number concentration
measured by a-passive-cavity-aerosol-spectrometerprobe-(PCASP)the PCASP, the BC number fraction was 39 £ 7 %. Using
the SP2 alone, comparing to the SP2’s scattering measurement (which has a more limited detection range), this fraction was
55 £ 7 %. The exact numbers are sensitive to the lower detection limits of the various measurements, and may therefore vary
from probe to probe. Nevertheless, it is clear that a significant fraction of particles contained BC, but also that a significant
fraction contained little to no BC.

Panels (e) — (h) in Fig 2 show the ratios of non-refractory aerosol components measured by the AMS, relative to the BC mass
concentration, which give an indication of the composition of BC coatings if the particles are internally mixed, as well as the
composition of particles that contain little to no BC. OA dominated the aerosol mass. Although the OA/BC ratio profile was
relatively constant throughout the profile compared to ratios of some of the inorganic components to BC, it was larger and more
variable in the MBL than the FT. In the free troposphere, the NO3/BC, NH,/BC ratios all increased between 2 — 5 km, as did
the OA/BC ratio although to a much lesser extent. This is consistent with a change in the equilibrium of semi-volatile species

to favour the condensed phase at lower temperatures, which is discussed in more detail by Wu et al. (2020). However, these
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differences may also be related to different ageing and/or sources between the smoke layers measured at different altitudes. The
increased sulphate and ammonium in the MBL compared to the free troposphere suggests a marine influence to the aerosol,
and the variability of these components in the MBL is due to variation in the relative contributions of biomass burning smoke
and marine aerosol.

Figure 3 shows average vertical profiles of BC properties and MAC. The average values of the BC core mass median diam-
eter (MMD) are slightly smaller than most field measurements of biomass burning (e-g-Sahu-et-al;2012; Fayloret-al; 2044y

e.g. Kondo et al., 2011; Sahu et al., 2012; Taylor et al., 2014), which tend to be in the range 190 — 215 nm, but they are still
larger than laboratory burns by May et al. (2014), which were in the range 170 £ 20 nm. Holder et al. (2016) also reported

that the MMD of fresh BC from biomass burning was source dependant, showing that grass such as from savannah sources in
southern and central Africa produced smaller BC cores. The count median diameter (CMD) values are also reported here, as
they can be a useful indicator of different sources or be an indication of cloud processing. Literature comparisons of CMD are
difficult, as the CMD is sensitive to the lower cut-off diameter of the instrument, which varies between instruments (Laborde
et al., 2012b). The vertical profiles show no strong trends in CMD and MMD, though both distributions were shifted a few
nanometres lower in the boundary layer compared to the free troposphere. This shift could be due to different source regions,
or wet removal processes in the boundary layer preferentially removing the largest particles, though to a much lesser extent
than described by Taylor et al. (2014).

Figure 3 (c) shows the profile of median BC MR and the spherical-equivalent shell/core ratios, assuming a concentric
core/shell geometry of a BC core coated by non-BC material. The average values show significant internal mixing throughout
the profile, and compare well to previous measurements of aged biomass burning smoke (e.g. Taylor et al., 2014, and references
therein). The equivalent median absolute coating thicknesses were around 90 nm in the boundary layer, similar to aged smoke
in Amazonia (Darbyshire et al., 2019), and up to 120 nm in the free troposphere. BC coatings increased with altitude; the
median shell/core ratios were around 2.3 in the boundary layer, increasing up to around 2.6 between 4 — 5 km. This trend
is likely to be related to the increase with altitude of condensed phase semi-volatiles such as ammonium nitrate in the free
troposphere, as shown in Fig. 2.

Figure 3 (d) — (f) show the average vertical profiles of MAC at the three measurement wavelengths, and the campaign
average values are also shown as a function of wavelength in Fig. 4. The average values were 2044 m?g~!, 15+3m?g ', and
1242m% " at wavelengths of 405 nim, 514 nm, and 655 nm respectively. These values are around a factor of +.8-1.85 &
0.45 higher than that expected of fresh, externally mixed BC, reported by Bond and Bergstrom (2006). This high absorption
enhancement (Faps.mac, the ratio of the measured MAC to the values reported by Bond and Bergstrom (2006)) is conceptually
consistent with the high measured coating thicknesses, although the exact modelled values will depend on which optical model
is used. The vertical variability in MAC was of the order of a few percent, and was smaller than the uncertainty of +19%
associated with the MAC calculation.

Alongside the mean MAC, Fig. 4 also shows the mean AAE calculated between the three wavelength pairs (AAE405-_514,
AAE514-655, and AAE 05_¢55 between 405 — 514 nm, 514 — 655 nm, and 405 — 655 nm respectively). The rationale behind

examining the different wavelength pairs is that AAE 05514 is most sensitive to BrC absorption at the shorter wavelengths
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whereas AAE514-_¢55 is less sensitive to BrC, and AAE 95655 is most useful for literature comparison. AAE514_¢55 was just
below unity, which is within the range expected from absorption by black carbon, with no significant absorption by BrC at these

wavelengths. An AAE,p5_514 of around 1.4 suggests a small contribution from BrC to absorption at the shorter wavelengths.

There are some uncertainties associated with this approach, in that optical models do not always predict that the AAE of BC

is invariant with wavelength. We revisit this calculation in Sect. 4.3, including model estimates of the AAE of BC, and show
that to first order this calculation is robust. By extrapolating the BC absorption from the longer wavelengths, we estimate the

fractional contribution of BrC to absorption at 405 nm was—+6-using the equation

MAC 514\ AAEs1a-o5
Frrcaa0s =1 ol ( ) ,

"~ MAC,05 \ 405

where Fp.c.405 1S the fraction of absorption at a wavelength of 405 nm due to BrC, and MAC,5 and MACsq 4 are the measured

MAC at wavelengths of 405 nm and 514 nm respectively.
The average value of Fgic.40s Was 11 + 2%, and it is likely that this-the BrC fraction of absorption will increase at

even shorter wavelengths in the UV spectrum, although these are less relevant for climatic absorption due to the shape of the
solar spectrum. The uncertainty here is extrapolated only from the relative uncertainties between the different PAS absorption
wavelengths (<5% for the AAE values), as the BC mass concentration scales the MAC equally at all wavelengths, and drops
out of the calculation. The error bars in Fig. 4 are therefore not representative of the uncertainty in this calculation.

It is useful to calculate the effective MAC of the mixture of BrC and non-absorbing OA components, by dividing the

calculated BrC absorption by the measured OA mass concentration, as this allows for comparison between different projects.

The equation here is of the form

BC
MACpa = MAC Fgic. — |,
OA 405 X L'BrC-405 X {OA]

using the campaign average ratio of the BC and OA mass concentrations, which was 0.13.
This calculation yields the effective MAC for OA at 405 nm of 8:270.31 =+ 6:080.09 m? g~ 1. Here-the The uncertainty is

propagated from the relative uncertainties between the different PAS absorption wavelengths and the uncertainty in the OA

mass concentration—, and again the BC mass concentration drops out of the calculation. The measurement size range of the

AMS, SP2 and PAS are all limited to the submicron accumulation mode, so the uncertainty due to a mismatch in measurement
range should be small. This value is not the MAC of BrC- it is the effective MAC of the mixture of BrC and nonabsorbing

OA components. Literature comparison here is difficult as many studies use different wavelengths and different methods to
quantify the OA or BrC mass. Two studies using a similar measurement method and wavelength as described here reported
values of 0.5 — 1.5 m? g~! (Lack et al., 2012) and 0.53 — 0.6 m? g~! (Zhang et al., 2016) for BrC absorption fractions of
around 30% at similar blue wavelengths. Our calculated effective OA MAC is significantly lower than these studies, which is

consistent with the lower BrC absorption fraction measured for this work.
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4 Optical modelling

In the previous section we presented an overview of the vertical profiles and properties of aged smoke over the southeast
Atlantic measured during the CLARIFY campaign. In this section, we describe the steps required to simulate MAC from the
single-particle measurements of BC mass and scattering cross-section, and compare results from a variety of optical models to
the measured properties of the aerosol. The framework is built upon a combination of previous work by Taylor et al. (2015)
and Liu et al. (2017), and is made up of two distinct halves. The previous work focused on relating the instrument response of
the SP2 to physical properties of the particles. Taylor et al. (2015) detailed how to account for the limited detection range of
the instrument, and also explored the sensitivities to assumptions about the BC density and refractive index (mpc). Liu et al.
(2017) then compared optical models to extensive sets of lab and field measurements to produce a semi-empirical relationship
relating BC particles’ optical scattering to size and mixing state, essentially characterising how real particles deviate from the
core/shell Mie model. Applying these steps generates a set of physical properties of the BC-containing particles, similar to
what may exist within a climate model. For the first half, previous work has determined a well-characterised route to determine
the size and mixing state of the BC particles with a degree of accuracy (Liu et al., 2017).

These physical properties are then used to test different optical schemes that could be implemented in such a climate model,
given the in situ optical properties observations of MAC and AAE above. Here we have freedom to vary the optical model
and underlying assumptions, including parameters such as mgc, as would be possible in a climate model. The optical models
and parametrisations tested in this analysis are listed in Table 1, and described in detail in supplementary Sect. S1. We have
tested the core/shell Mie model, as well as several homogeneous grey sphere models, which utilize a Mie model with a sphere
of one single complex refractive index, calculated using different rules to account for the mixing between BC and non-BC

components. The different mixing rules are: (i) volume mixing, where the refractive index is averaged weighted by the volume

of each component; (ii) Maxwell-Garnett approximation (Markel, 2016), which considers mixing of small particles of BC

dispersed throughout a non-BC host medium; and the Brugeeman mixing rule (Markel, 2016), which computes the refractive
index of two components dispersed evenly within a particle. We have also tested several parametrisations of either MAC or
Faps (Liu et al., 2017; Chakrabarty and Heinson, 2018; Wu et al., 2018), which are based on empirical or semi-empirical fits

to MAC or F s for particles with different mixing states using real and/or modelled particle data.

4.1 Deriving a 2-D size and mixing state distribution

The SP2 measures the per-particle BC mass (Mpc) and scattering cross-section over a specified collection angle. In studies of
BC mixing state, a lookup table is often used to estimate some metric of internal mixing, such as the coated diameter assuming
a spherical core/shell morphology. This process is summarised in Figure 2 of Taylor et al. (2015) and associated discussion.
Some recent work has focused on the mass ratio (MR) as an alternative metric, defined here as MR= M,on.5c/Mpc (Liu et al.,
2017). The advantage of using MR as a metric is that it does not assume anything about particle morphology. The disadvantage
is that explicit optical models do not use MR. Commonly-used Mie models work in terms of diameter (or more specifically, the

size parameter x = 7D /A, where ) is the wavelength), so some measurement or assumption of the densities of both the core
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and coating are needed to convert MR into diameter. The process for generating a 2-D mixing state distribution takes several

steps, which are shown as a schematic in supplementary Fig. S2, and detailed here:

1. Perform core/shell Mie scattering calculations at 1064 nm to create a 2-D lookup table of scattering cross-section versus

core diameter and coated diameter

2. Correct this Mie table to represent light scattering by real BC particles using the empirical correction described by Liu

et al. (2017), by calculating the equivalent MR using the diameters and densities of the core and coating. This empirical

correction to the core/shell Mie model accounts for the fact that particles with MR < 3 do not scatter light at 1064 nm
exactly as described by the core/shell Mie model

3. Convert the single-particle Mpc measured by the SP2 to the spherical-equivalent Dgc, giving single-particle data of Dgc

and scattering cross-section

4. Process single-particle data through the table to give-calculate the single-particle spherical-equivalent eore-and-shell

diameters, including the Liu et al. (2017) correction

5. Convert the single-particle data-to-equivalent Mp—andMR—-shell/core ratio to MR and bin the data into a 2-D distribution
of MR vs Mgc

6. Correct this distribution for the limited detection range of the SP2, described in further detail in supplementary Sect. S3

Steps 1 and 2 are purely theoretical calculations, whereas steps 3 — 6 involve processing of the measured data. These steps
require knowledge of several intrinsic properties of the particles. A BC density of pgc = 1.8 gecm ™3 is generally accepted

as the best estimate after the review by Bond and Bergstrom (2006). Previous work has shown that using the Mie core/shell
model with this density and a BC refractive index mpc = (2.26 — 1.26¢) produces good agreement for externally mixed BC
particles for scattering at 1064 nm (Moteki et al., 2010; Taylor et al., 2015). These values were also used to derive the empirical
correction by Liu et al. (2017). For the refractive index of the shell’s non-BC components (112 gy,¢;), we used a value of 1.5 — 0z
as in previous work (e.g. Schwarz et al., 2008; Taylor et al., 2015; Liu et al., 2017). Using a non-absorbing coating assumes
that BrC makes no direct contribution to absorption. The impact of this assumption will be discussed in the next section.
The density of non-BC components was calculated by volume mixing using the relative fractions of the AMS composition,
applying densities of 1.2 gecm ™3 for OA, 1.77 gcm ™ for inorganic components (Cross et al., 2007), assuming there is no
chemical difference between the BC coating and the bulk non-BC mass of the aerosol.

Figure 5 shows a2B-an example 2-D distribution of BC mass and mixing state (MR versus Mpc), which was gener-
ated by taking the SP2 measurements and applying the semi-empirical Liu-Eapysca scheme (steps 4 & 5 above). Equivalent
distributions were generated for each straight and level run during the campaign, and the broad features were similar across all
the distributions showing biomass burning aerosol. The MR distribution was centred around 20 for 1 fg cores, but was around
7 — 8 for BC larger than a few femtograms. Few particles were in the bottom bin, of MR = 0 for externally mixed particles.

The distribution has been corrected for the size-dependent detection efficiency of the SP2 instrument (step 6 above), using the
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approach described by Taylor et al. (2015), and discussed in more detail in Sect. S2S3. Previous studies have used a core/shell
Mie model to relate the light scattering properties of particles to their coating properties. The Liu-Eapg/sca 1S an empirical cor-
rection to the core/shell Mie model that accounts for the fact that particles with MR < 3 do not scatter light exactly as described
by the core/shell Mie model at 1064 nm. In our dataset the vast majority of particles had MR >3, and therefore were in the
regime where the Liu- Eapysc, parametrisation shows that light scattering at 1064 nm is well represented by the core/shell Mie
model.

Taylor et al. (2015) investigated the effect of uncertainties associated with assumed parameters on the derived coating
thicknesses. Here we performed a Monte Carlo analysis to calculate the combined uncertainty in the derived coating properties
and MR. A description of the Monte Carlo approach, as well as a summary of the results, is presented in Sect. $3S4. While the
uncertainties in the shell/core ratios and absolute coating thicknesses were around 6 — 8%, the uncertainty in the average MR
was around 20%. This larger uncertainty is likely due to the larger uncertainty in the density of the coating material. In the next
section we use the 2-D distributions of MR versus Mpc as input for various optical models to generate absorption properties,

and discuss the uncertainty associated with these calculations.
4.1.1 MAC-and-AAE-ealeulations
4.2 MAC and AAE calculations

Having established the properties of the measured particles in terms of Mpc and MR, it is then possible to use the different
optical models in Table 1 to calculate the MAC of the BC particles. The overall process is in some ways conceptually similar
to the last section, but starts with the 2-D distribution of MR vs Mg, rather than the single particle data, and outputs the
ensemble mean absorption coefficient. The different optical models described in Sect. S1 were used to calculate tables of
absorption cross-section on the same grid as the 2-D particle distributions, converting to spherical-equivalent diameters where
necessary using the same densities as in the previous section. We used a full 2-D bin scheme as absorption calculations using

modal schemes, which assume a particular value of Mpc or MR, may show significant deviations from explicit calculations
Fierce et al., 2020). The uncertainties associated with the MAC and AAE calculations from the different optical models were

calculated using the Monte Carlo analysis described in Sect. $354.

For calculating absorption at visible wavelengths, various values of mpc were tested in the Mie models, and these are listed
in Table S1. For the parametrisations we used the values used in their derivation. The rationale behind varying mpc in this way
is simply to explore the sensitivity to this parameter. There is no consensus on the best value of mpc (or if there is one fixed
value), and different studies use different values, often with little explanation as to why a particular value has been chosen. Bulk
measurements of visible absorption suggest values in the range specified by Bond and Bergstrom (2006), and these values are
also used in some climate models (e.g. Conley et al., 2012). The aim of our study is to investigate the performance of different
models within the framework of how they are currently implemented or could be implemented in the future, rather than to use

our results to determine the best value of mpgc. Since these particles are unlikely to be perfectly spherical, any Mie model of
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their optical properties is an approximation, so it is feasible that absorption and scattering could vary from model predictions
in different ways at different wavelengths.

For each of the three measurement wavelengths, Figs. 6 and 7 show the average values of MAC and AAE for 71 straight and
level runs measured during CLARIFY at altitudes between 50 — 5700 m, calculated using the various aforementioned optical
models, alongside the average of the ambient observations. The use of straight and level runs allows us to have longer averaging
times (typically 5 - 15 mins), minimising statistical uncertainties, as well as negating any possibly data misalignments due to
different length sample lines. The horizontal axes in Fig. 6 are kpc, the imaginary component of mgc, but it is important to
recognise that the real part of the refractive index was varied simultaneously according to Table S1. Run-to-run variability in
the modelled and measured values was of the order a few percent, so comparing the campaign average values is appropriate
here.

Modelled MAC values varied significantly between models as well as different assumed mpc. The grey sphere models (the
dashed lines in Figs. 6 and 7) universally produced values of MAC that were higher than the measured values, other than for the
smallest values of mpc at the blue wavelength. At the green and red wavelengths the modelled MAC was around 20% higher
than the measurements for the smallest values of mpc, and up to 100% higher for the largest values of mpc. Meanwhile,
at the blue wavelength, the grey sphere models overestimated the MAC by 7 — 60% (dependent on mBC), although this
overestimation increased to values in the range 18 — 77% once the effect of BrC had been removed from the MAC estimation.
The AAE514-¢55 values from the grey sphere models agreed well with the measurements for the lowest values of mpc, but
were too low for the highest values. AAE405_514 was well below unity for all values of mpc for all the grey sphere models,
and the values produced were outside the range expected for BC even in the absence of BrC (i.e. close to one).

The core/shell Mie model (green lines in Figs. 6 and 7) consistently underestimated MAC at the blue wavelength, but was
within the uncertainty of the measurements at the green and red wavelengths for most values of mgc. The blue MAC was 16
— 36% lower than the measured values depending on the value of mpc whereas the green MAC ranged from 21% below to
13% above the measurements, and the red MAC from 16% below to 29% above the measurements. When the calculated BrC
absorption was subtracted, the core/shell Mie values for the blue MAC were still up to 29% lower than the measurements.
For most values of mgpc, the core/shell Mie model calculations were within the experimental experimental-uncertainty of the
measured MAC at green and red wavelengths.

The wavelength dependence to the relationship between core/shell model MACs and measured values manifests as low
values of AAE values, as shown in Fig. 7. The underprediction of MAC at short wavelengths in the core/shell model is
explained in supplementary Sect. S455. In short, the underprediction by core/shell Mie theory arises because the mixing state
and morphology of the measured aerosol is different to that assumed in the derivation of Mie theory. In the Mie and core/shell
Mie models, the skin depth effect prevents light interacting fully with all the light absorbing BC, as the surface of the sphere
absorbs and scatters light and shields the centre, which is then less effective at absorption (Wang et al., 2015). The reality is
that the BC is likely a nonspherical aggregate with a high surface-to-volume ratio, and this high surface area relative to the
total BC mass allows light to interact fully with the BC component and the skin depth effect is negligible. Therefore, the skin

depth effect causes Mie models to under-predict the light absorption properties for the BC aerosols under investigation here.
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See Figure 4(d) vs Figure 4(f) in Chakrabarty and Heinson (2018) for the model calculations that demonstrate this interplay
between shielding and the fractal surface-to-volume ratio.

To explicitly demonstrate the effect of the skin-depth shielding, we calculated the MAC based on the Ezps from the core/shell
Mie model multiplied by the baseline BC MAC from Bond and Bergstrom (2006), and termed this calculation CS-FEaps. Faps
here refers to the ratio of coated MAC to uncoated MAC within the Mie model, rather than Eaps.mac Which is the ratio of
coated MAC to the Bond and Bergstrom (2006) values. In contrast to the core/shell Mie model results, the use of CS-FEaps gave
MAC values that agreed with the measurements within 18% at all wavelengths and 1mgc, which was within the experimental
uncertainties, whether or not the calculated BrC absorption had been subtracted. The MAC from CS-FEaps was dependent on
mpc, but the range of mpc tested in Fig 6 gave only up to 15% variation in MAC, which was much less sensitive than the
other Mie models. The AAE values using CS-Faps were 0.91 — 0.97, with a very weak dependence on mpc. This range agrees
well with the aircraft measurements of AAE514_¢55, but was well below the measurements of AAE05_514, as expected since
the effect of BrC is not accounted for in the model.

The parametrisations shown in Fig. 6 (d) — (f) were generally more successful than the pure Mie models, and the Chak-F aps,
Chak-MAC, and Liu-Fapysca Schemes all gave results within the uncertainty range of the measured MAC. The Chak-MAC
parametrisation values of MAC agreed within 6% of the measurements at all wavelengths, and Chak-Es,s predicted MAC
values 18 — 21% larger than the measured values when the calculated BrC absorption was removed at 405 nm, or 9 — 18% if
not. The results from Liu-FEppysca agreed within 2% at all wavelengths when the calculated BrC absorption was removed, or
9% if not. The MAC calculations using the Wu-FEsps scheme were around 25% below the measurements at all wavelengths,
and there was only a small overlap in the uncertainty ranges between the model and measured values. In terms of AAE,
the Liu- Fapysca and Wu-Eap,s parametrisations produced values in excellent agreement with the measured AAE514-_¢55, and
the Chak-MAC and Chak-Faps schemes both have AAE fixed at exactly 1, which was also close to the measured value. All
parametrisations underestimated AAE 5514 by some margin, which is expected as they are strictly applicable to black carbon

aerosols only and do not account for absorption by BrC.

4.3 Model estimations of the BrC absorption fraction at 405 nm

In the calculations shown in Sect. 3 and Fig. 4, we presented an estimate of the fraction of absorption at 405 nm that
was due to the presence of BrC, not BC. This estimate relied on the assumption that the AAE of BC was invariant with

wavelength within the visible spectrum. Mie models predict that the AAE of BC is highly dependent on the size of the particles

Lack and Cappa, 2010). When considering a polydisperse BC size distribution, much of this variability will average out

3

however we conducted some additional calculations to test the robustness of our empirical estimate. The MAC of BC at 405 nm
was re-calculated by extrapolating the measured MAC at 655 nm, using the AAE provided by the optical models described
earlier in this section, with the full 2-D mixing state of the BC-containing particles. These AAE values are shown in Fig. 7. By
using only the models’ wavelength dependence of absorption, this approach accounts for the over- or under-prediction of the
MAC of BC at the longer wavelengths. which would otherwise have a large effect on the calculated BrC absorption fraction.
As in Fig. 4, any absorption in excess to this extrapolation is ascribed to BrC. The results of these calculations are shown in
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Table 2. The model results were broadly consistent with our empirical calculation in that they showed that the large majorit
of absorption was due to BC at this short wavelength. The model-to-model variability was large, and similar in size to the
calculated BrC absorption fraction.

5 Discussion
5.1 Physical and optical properties of highly aged biomass burning soot

The main focus of this paper has been the measurement of the physical and optical properties of black carbon in heavily aged
biomass burning plumes, and a comparison of the ability of different optical schemes to utilise these physical properties to
predict the optical properties. One of the key questions in the field of aerosol absorption is the relative importance of black
and brown carbon. This is particularly important in biomass burning plumes, where BrC is thought to have a strong effect near
source that diminishes with age (Forrister et al., 2015).

Our measurements have shown that the AAE o5_¢55 values in smoke plumes over the southeast Atlantic were always close
to 1 (with a mean AAE 05_¢55 of +-+61.13), which was consistent between our airborne measurements in 2017 and ground-
based measurements taken on Ascension the previous year over a similar wavelength range (Zuidema et al., 2018). Previous
measurements of savannah fires in southern Africa showed AAE values across the whole visible wavelength range of ~ 1.8 in
relatively fresh plumes, but this was reduced to 1.2 in regional haze layers (Kirchstetter et al., 2004). Our measurements are
consistent with this picture of aged haze having a reduced BrC contribution compared to freshly emitted aerosol. Other recent
studies have also shown AAE close to 1 in African biomass burning smoke that had been aged for several days (Zuidema et al.,
2018; Denjean et al., 2019). These optical properties are also in a similar range to measurements by Saturno et al. (2018),
who measured smoke from southern Africa once it had reached Amazonia after 10 days transport. Their measurements found
average AAE of ~ 0.9, and a MAC of 12.3 at 637 nm, equivalent to Faps.mac Of 1.9. One of the key features of these African
smoke plumes is their long lifetime;-and-after-. After several days ageing in the tropical sun, the-impact-of-BrC-on-visible

From a modelling perspective, the BC number fraction is important as it has a large impact on the amount of material
assumed to be internally mixed with BC. For example, in the modal aerosol scheme described by Bellouin et al. (2013), as
smoke ages it moves almost entirely into what they refer to as a “soluble accumulation mode”. Consequently, not only do
~100% of particles contain BC, but all non-BC accumulation mode aerosol is internally mixed with that BC, and this has
an important impact on optical properties (Matsui et al., 2018). The exact values for the BC number fraction are difficult
to determine due to the different detection limits of the different probes, but the values here (~40% from SP2/PCASP and
~55% from the SP2 alone) are high compared to our previous measurements of 10% from the SP2 alone in boreal smoke
plumes (Taylor et al., 2014), but less than measurements in fresh diesel emissions or flaming plumes which reach 100%. It is
important to note that in these aged plumes, the majority of particles by number contain little to no BC, and to ensure that this
is replicated in any mixing state scheme used in climate models. The fraction of BC-containing particles is variable in different

environments and this is important for calculating the optical properties. However, this number is not widely reported in the
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literature since it is operationally defined by the measurements and varies from experiment to experiment. We recommend that
in future, effort is given to constraining this number in a range of different environments.

The BC particles measured during CLARIFY were universally thickly coated-, with median MR values in the range 8 — 12,
The concept of “coatings”, and the use of optical techniques to measure them, is not always appropriate to describe internal
mixing of BC with other material. Recent evidence from laboratory studies and multiple field campaigns (Liu et al., 2017; Pei
et al., 2018) shows that for low values of MR, internal mixing with non-BC material takes the form of filling in voids between
the soot spherules, and the process of encapsulation only begins for higher values of MR, when the voids have already been
filled. Liu et al. (2017) determined that the threshold value of MR, above which particles begin to behave optically in a way
that resembles the core/shell model (in terms of Eaps and Ejc,), is around 3. Our median MR values were in the range 8—
+2-which-is-in—therange-where Liu et al. (2017) showed that particles behave like core/shell calculations in terms of light
scattering at a wavelength of 1064 nm. The concept of BC coatings therefore does seem to be appropriate for particles with
values of MR this high, although it does not necessarily mean that the core/shell Mie model is capable of accurately predicting
any or all aspects of optical properties at visible wavelengths. These values of MR, and equivalent shell/core ratios, are higher
than most measurements of fossil fuel BC (summarised by Pan et al. (2017)), but similar to some previous measurements of
aged biomass and solid fuel burning emissions (e.g. Liu et al., 2014; Taylor et al., 2014), as well as aged pollution in several
different regions of China (Gong et al., 2016; Xu et al., 2018; Zhao et al., 2020), and they fall short of the shell/core ratios >3
reported in the stratosphere by Ditas et al. (2018).

Xu et al. (2018) provide a useful summary of previous measurements of Faps, based on the MAC comparison method used
here, thermodenuder comparisons, and an aerosol filtration—dissolution method. Measurements towards the green/red end of
the visible spectrum (where BrC has minimal absorption) seem to show a dichotomy between environments where coatings on
BC cause a considerable lensing effect, and those where either the BC is largely externally mixed, or the limited internal mixing
does not cause a significant lensing effect. Ambient measurements with a strong lensing effect (i.e. with long-wavelength Eay,
around 1.5 or greater) tend to be from sites measuring high levels of highly aged pollution (days rather than hours), and
particularly in highly polluted environments in Asia; Xu et al. (2018) list several examples from literature, as well as primary
measurements of their own, and other more recent studies have also found similar values of Faps in Beijing (Xie et al., 2019a,
b). Our measurements show that highly aged biomass burning soot from southern Africa universally falls into this category, as
we found Faps values of around 2 that were invariant with wavelength, indicating that the absorption enhancement is caused
by a lensing effect.

One possible alternative to a lensing effect would be that the MAC of BC itself is this high. However, these values of MAC
are well in excess of the range of MAC for externally mixed BC reported in literature (Bond and Bergstrom, 2006), so this
explanation is not plausible. Another possibility is that the absorption is significantly affected by particles that are essentially
dark brown spherical balls that may be closely related to tar balls, so-called "intermediate absorbers" (IA) described by Adler
et al. (2019). By comparing untreated and thermodenuded absorption measurements, the authors demonstrated laboratory
measurements of IA with an AAE of 2.4 between 401 and 661 nm, and argued that the presence of IA particles explains their

field measurements of an apparent Faps of 3 at 661 nm. Let us consider a theoretical external mixture of coated BC with AAE
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of 1, and IA with AAE of 2.4. If, for example, the Eps of BC at 655 nm was actually 1.5, and the other 25% of red absorption
came from IA, this would propagate to 40% of absorption at 405 nm, and the resultant total AAE 5_g55 would be 1.45. The
apparent blue Eaps.mac Would then be 2.5. This situation is therefore not consistent with our observations, as our measured

Eaps-mac was 2.1 at 405 nm, and our measured AAE,p5_¢55 from Fig. 4 was +161.13.

It is important to note that all our measurements took place at dry humidities, and our modelling did not include the effects
of aerosol water. Haslett et al. (2019) used a core/shell Mie model to calculate that in aged plumes measured over southern
West Africa, the condensation of water at relative humidities up to 98% at the top of an aerosol layer could cause the acrosol
optical depth to increase by a factor of over 1.8. Experimental studies of absorption at these high humidities are rare, though
Brem et al. (2012) observed that absorption of OM generated by wood pyrolysis increased by over a factor of 2 as the RH
increased from 32% to 95%; where scattering only increased by a factor of ~1.4. However, there was little change in absorption
at humidities below 80%, and both absorption and scattering showed steep rises at RH greater than 90% In our dataset
these humidities were not reached throughout the bulk of the aerosol plume in the atmospheric column, as shown in Fig. 2,
but they were sometimes observed in clear-sky conditions near the top of the boundary layer. The effects of high relative
humidity on aerosol absorption are poorly constrained, and although we are not able to provide any further constraint from our
measurements, we recommend further study on this topic.

5.2 Optical modelling of highly aged biomass burning soot

The Mie models had mixed success in replicating the measured optical properties. The volume mixing scheme produced values
that were too high at long wavelengths for all values of mpc. The Bruggeman and Maxwell-Garnett mixing schemes produced
results that were almost identical, and only narrowly fell within the uncertainty of the measurements for the lowest mpc index
tested, 1.75 — 0.63¢, and only at 405 nm when the BrC absorption had been subtracted. However, Bond and Bergstrom (2006)
demonstrated that using such a low value of mpc externally-mixed BC produced MAC that was too low. For uncoated BC, the
skin-depth shielding effect would also become more significant, manifesting as low values of AAE. To produce agreement for
AAE, mpc would have to be lowered to physically unrealistic values that fall outside the range of previous measurements.
For the core/shell Mie model, there were several values of mpc that gave MAC at the red and green wavelengths that agreed
within the measurement uncertainties, but only the highest values of mpc generated MAC that fell within the measurement
uncertainties at 405 nm, even when the BrC absorption had been subtracted. The wavelength dependence to this level of
agreement is primarily due to the stronger skin-depth shielding effect at this shorter wavelength. We explore the sensitivity of
MAC to mpc in an illustrative example in Fig. 8, using a representative BC size distribution and coating thickness. In fact,
within our illustrative example there are no values of mpc that produce MAC at all three wavelengths that agree with our
observations when used in the core/shell model. Absorption initially increases with mpc, but skin depth shielding limits the
maximum value of MAC to a value lower than the measurements at 405 nm. Figure 8 also shows that while higher values of
mpc give higher values of MAC, up to a point, they also give lower values of AAE. For all values of mpc that fall in the
region of measurements from literature, the AAE from core/shell Mie theory was well below the range of measured values in

CLARIFY. One way around this could be to use a wavelength-dependent mpc, tuned to give realistic values of AAE, but this

17



560

565

570

575

580

585

590

would still struggle to be able to produce high enough MAC at 405 nm. For particles of these sizes, there are no values of mgc
that can generate agreement with measured MAC and AAE within the framework of the core/shell Mie model.

The semi-empirical parametrisations were generally more successful at replicating both MAC and AAEs514-_¢55. These
schemes generated AAE514_¢55 close to 1 as they either have AAE fixed at exactly 1 (Chak-MAC), or they use Faps multiplied
by the MAC from Bond and Bergstrom (2006), which is fixed at exactly 1. As Eps has no strong wavelength dependence,
all parametrisations gave values of AAE close to 1, and the Liu-Fapysca and Wu-FEaps schemes gave values just below 1, that
agreed with the measured values. All schemes generated AAE 95514 well below the measured values, primarily because they
do not include the effects of BrC in the calculations. Comparing to literature, they are well within the range typically associated
with BC absorption, and outside the range commonly measured for freshly emitted aerosol containing a high level of BrC (e.g.
the AAE values of 2.5 measured by Lack and Langridge, 2013).

While we calculated a number for the effective MAC of bulk OA (including BC coatings and particles containing no de-
tectable amount of BC, as a mixture of BrC and nonabsorbing OA), we have stopped short of determining a value for the
imaginary component of the OA refractive index. The MAC of OA can be calculated purely from the absorption and concen-
tration measurements, whereas the refractive index determination requires detailed optical modelling. The implication of such
modelling would be that every data point in Figs. 6 and 7 would give a different number. These numbers could only be accu-
rately used in conjunction with the exact assumed BC optical properties associated with the relevant data point. This argument
was made by Liu et al. (2015), and it is still valid in the context of this study. For some of the models, the BrC absorption would
have to be negative to agree with the MAC measurements. We would have no confidence in the reliability of any estimates of
the imaginary component of OA refractive index generated in this way using this dataset.

In terms of MAC, all the parametrisations gave values that agreed within the experimental uncertainties of the measurements,
other than Wu-Eaps. The best agreement was with the Chak-MAC and Liu- Fapysca Schemes, which came within a few percent
of the measurements at all three wavelengths. It is not immediately clear why there is a difference between the Chak-Esps and
Wau-Eyp,s schemes, as they are conceptually similar in the way they were generated. We speculate that it may either be related
to some detail of the morphology of the particles used in their simulations, or some particular details of the optical models or
refractive indices used, but it is beyond the scope of this paper to make in-depth comparisons of simulations from literature.

The apparent RI-dependence of the Eaps parametrisations in Fig. 6 on refractive index is potentially misleading. The CS-
FEaps points show that Faps is not strongly dependent on mpc, meaning this apparent trend is not strongly related to mpc.
For values of mpc in the same region of the horizontal axis in Fig. 6, the CS-Eaps and Liu- Fppysca Schemes came out with
almost identical values of MAC. In this environment, with thick BC coatings and high values of MR, these two schemes are
essentially the same.

We urge caution however; in low-MR environments such as fossil fuel emissions close to source, the core/shell model is
likely to overestimate Eaps as it assumes all non-BC material takes the form of a coating, whereas evidence shows that for low
values of MR this non-BC material is more likely to fill internal voids in the soot structure (Pei et al., 2018), which causes

minimal absorption enhancement. The Liu- E'apgsca SCheme is an empirical fit to correct for this overestimation of Eaps, and
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the work by Chakrabarty and Heinson (2018) also included fits to particles with low MR, so these should give better results
than the core/shell model in a low-MR environment.

Given the known inaccuracies in the Mie models when calculating the optical properties of atmospheric soot, and the success
of some of the parametrisations in replicating the absorption properties of highly aged biomass burning aerosol, we recommend
future work should investigate how to implement these types of schemes in a climate model. However, the parametrisations we
have used remain incomplete for this purpose. A significant fraction, sometimes the majority, of visible light scattering in aged
biomass burning plumes comes from particles containing black carbon. The scattering enhancement from BC-eeatings-coatings
on BC-containing particles is an order of magnitude larger than the absorption enhancement, particularly at high humidities
(Wuetal., 2018). Liu et al. (2017) considered Es., at 1064 nm, but visible scattering for these size particles is more sensitive to
shape than at 1064 nm. Wu et al. (2018) performed scattering calculations at 532 nm, but only produced a parametrisation for
absorption. The ways in which scattering and absorption deviate from Mie calculations are not necessarily the same, and both
should be investigated with equal importance if the end goal is to calculate variables like single scattering albedo for radiative

forcing calculations.

6 Conclusions

We have presented a series of measurements of aerosol optical properties in southern African biomass burning smoke taken
over the southeast Atlantic Ocean 4 — 8 days after emission, and a detailed investigation of the ability of different optical models
to replicate these optical properties. Our dataset and analysis are unique in that they are the first set of measurements using high
quality absorption and black carbon instruments, and the most detailed investigation of aerosol optical properties, in this type
of environment. Our measurements also describe some of the thickest BC coatings, highest absorption enhancements, and most
aged smoke plumes ever studied in ambient conditions. Smoke plumes that remain in the free troposphere over the southeast
Atlantic have no deposition process, so they have a long lifetime as well as affecting the climate over a vast area thousands of
kilometres wide. The high degree of ageing also represents an important real-world test of absorption calculations, which are
normally based either on modelled particles, or observations much closer to source or in the laboratory.

Plumes were intercepted in the boundary layer and free troposphere up to altitudes of around 5 km, and the smoke was
relatively homogenous-homogeneous in composition and optical properties. Based on measurements of the wavelength depen-
dence of absorption, we estimate that BrC contributed around 4011 £ 2% of absorption at 405 nm, with an effective OA MAC
of 8:270.31 + 6:680.09 m? g~ !, but there was no BrC absorption at 514 nm and 655 nm. Absorption was dominated by black
carbon, and thick coatings caused a wavelength-independent absorption enhancement of a factor of +8-1.85 & 0.45 compared
to uncoated BC.

Mie models were able to successfully replicate some aspects of BC absorption, but failed at others, and absorption in all
models was strongly sensitive to the assumed refractive index of the BC. To agree with the measured MAC and AAE, homoge-
neous grey sphere models would be required to use an unrealistically low value of the BC refractive index. The core/shell model

produced MAC in the right range at the green/red end of the visible spectrum, but was unable to produce high enough values at
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blue wavelengths for any value of mgc, and underestimated AAE by a significant margin. Some previous studies have shown
that the core/shell model overestimates absorption enhancement for soot particles with lower levels of non-refractory material,
where coating is not an accurate description of the mixing state. Instead, our studies on thickly-coated particles demonstrate
that the core/shell Mie model underestimates the MAC of the underlying BC at short wavelengths, with this underestimation
in MAC caused by the optical skin depth of BC preventing light interaction with the total BC mass in a core/shell model
that would otherwise occur in the true agglomerate structure of soot. There is no guarantee that the best implementation of a
Mie model for our dataset would be the same for different environments, such as urban measurements closer to source. We
recommend any Mie model must be used with caution, if at all, when calculating aerosol absorption.

Two of the four semi-empirical absorption parametrisations we tested produced results that agreed with our observations
for MAC within a few percent at all wavelengths, and three within the experimental uncertainties of the field measurements.
Two parametrisations produced AAE values in the range of the aircraft measurements at the green/red end of the visible
spectrum, but all underestimated AAE in the blue/green range as they did not include the contribution of BrC. Almost all the
Mie calculations gave values below the range of measured AAE. This work has been unique in testing the validity of these
parametrisations for highly aged, thickly coated particles using real-world observations, and we have shown a good level of
success for these schemes. Similar parametrisations should be developed for light scattering by internally mixed BC particles,

and together these schemes may then be used to improve estimates of the aerosol direct and semi-direct effects.
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Table 1. List of the different optical models used in this analysis. The absorption calculation column refers to whether the mod-

els/parametrisations calculate MAC or Eaps. For those that only calculate Fans, MAC is calculated by multiplying Eaps by the fresh MAC

value from (Bond and Bergstrom, 2006).

Absorption calculation

Reference

Coated sphere

Mie core/shell MAC
CS-Eaps FEaps
Homogeneous grey sphere models
Bruggeman MAC
Maxwell-Garnett MAC
Volume mixing MAC
Semi-empirical parametrisations
Chak- Eaps FEabs
Chak-MAC MAC
Liu- Faby/sca Envs
Wu-Eaps Eavs

(Taylor et al., 2015)
This study

(Markel, 2016)
(Bohren and Huffman, 1983)
(Bohren and Huffman, 1983)

(Chakrabarty and Heinson, 2018)
(Chakrabarty and Heinson, 2018)
(Liu et al., 2017)

(Wu et al., 2018)
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Table 2. BrC absorption fraction at 405 nm (expressed as a percentage) calculated empirically or using the AAE from optical models. The
minimum, mean, and maximum refer to the range of results from using the different values of mgpc.

Observations

CLARIFY empirical - 11£2 :
Optical models

Core/shell B3 26 3
Bruggeman 13 REN 21
Volume mixing 13 RUN 23
Chak-MAC ; N S
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Figure 1. Map showing the location of the CLARIFY aircraft measurements included in this analysis (solid grey trace). The arrows show the

approximate mean flow direction in the free troposphere and marine boundary layer (MBL), and the black markers show MODIS fire counts

for August — September 2017.
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Figure 2. Campaign average vertical profiles of pollution levels, thermodynamic variables, and aerosol chemical composition. The solid
lines show the median and the shaded areas show the 25th and 75th percentiles. Panels (c) — (h) show the in-plume data only. Panels (e) — (h)

show the ratios of the mass concentrations of organic aerosol and the major inorganic ions to the mass concentration of BC.

32



Median MR

6 8 10 15
ST R R R B 5 L I I I I S R S B RN
(a) (b) (c)
£ 4 £ 4 £ 4
X X X
Q Q (9]
3 2 2 2 3 2-
< 1 < 14 < 1+
O———T— 71T 1 T 71— 0— T T T T 0 T T T T
112 116 120 124 175 180 185 190 195 2.2 2.4 2.6 2.8
BC core CMD (nm) BC core MMD (nm) Median shell/core diameter ratio
Epps-mac Epps-mac Epbs-mac
1.0 1.5 1.8 2.0 1.0 1.5 2.0 1.0 1.5 2.0
5| I 1 5 I I I 5L I I
(d) 405 nm (e)  5l4nm () 655 nm
~ 4— 1 ~ 4— 1 ~ 4—
1S 1 £ 1 £ 1
X X X
5 ! 5 ! S !
2 271 2 271 2 27!
p= | b= | b= |
< 141 < 149 1 < 14 1
| | |
O——T——T1 1 — 0 T T T T T 0 T T T
12 16 20 8 10 12 14 16 6 8 10 12
MAC (m’g ™) MAC (m’g ™) MAC (m’g ™)

Figure 3. Campaign average vertical profiles of BC properties and MAC. The solid lines show the median and the shaded areas show the
25th and 75th percentiles. Panels (ba) and (eb) show the count median diameter and mass median diameter of BC core size distributions, and
panel (c) shows the vertical profile of the SP2 shell/core ratio. The Eaps scale in panels (d) — (f) are calculated by dividing the measured MAC
by the MAC for uncoated BC reported by Bond and Bergstrom (2006), which is represented by the vertical dashed lines. The uncertainties

in the average values are +19% for MAC and +25% for Fps.
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Figure 4. Average measured MAC as at different wavelengths, showing the calculation of the BrC absorption fraction at 405 nm. The black
markers are the average CLARIFY measurements, the dashed black line is the BC absorption reported by Bond and Bergstrom (2006), the
coloured solid lines represent the wavelength-dependent MAC based on the measured AAE between the two wavelength pairs, while the
dashed red line represents the predicted MAC if the measured AAE from the 514 — 655 nm wavelength pair is extrapolated to shorter visible

wavelengths.
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Figure 5. Example 2-D distribution of BC mass and mixing state, corrected for the size-dependent detection efficiency of the instrument (see

Sect. $2S3). This distribution was taken from one straight and level run on 4 September 2017. The data shown are in terms of Mpc and MR on

the bottom and left axes, and equivalent values of Dgc and shell/core ratio are shown on the top and right axis, assuming pgc = 1.8 gcm ™3
and pgpey = 1.34 gem ™3,
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Figure 6. Comparison of measured MAC with values calculated using different optical models at three visible wavelengths. Panels (a) — (c)
show different Mie models evaluated at various values of mgc, whereas-panels—plotted against kgc on the horizontal axis. Panels (d) — (f)
show parametrisations which are plotted at the values of kgc at which the parametrisations were developed. The right-hand axes show the

equivalent values of Faps by comparing values to the fresh MAC reported by Bond and Bergstrom (2006). The measured data, displayed
as black diamonds to the right of each x-axis, show the weighted mean from the various straight and level runs during CLARIFY, and the
errors bars are the systematic uncertainty of 19%. The red markers at 405 nm show the calculated BC MAC with no BrC, extrapolated from
the longer wavelengths (see text for further details). The model and parametrisation data show the mean (unweighted) and error bars that are
taken from the Monte Carlo analysis described in Sect. $3S4, as well as the uncertainty in the fresh MAC reported by Bond and Bergstrom

(20006) for the Faps parametrisations.
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Figure 7. Similar to Fig. 6, but showing AAE from different optical models/parametrisations compared to CLARIFY measurements. Panels
(a) and (c) show the AAE between the 405/514 nm wavelength pair, and panels (b) and (d) shows AAE between the 514/655 nm wavelength
pair. The error bars are the Monte Carlo errors described in Sect. $354, and are plotted for all data points, though they are too small to see in
some cases. Both schemes by Chakrabarty and Heinson (2018) have fixed AAE of exactly one, so they are listed/plotted together, and have

no error bars.
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Figure 8. MAC and AAE as a function of mpc for typical core/shell particles measured during CLARIFY. The D¢ distribution was taken
from Fig. S3a, and representative shell/core ratios of 2.4 were used. Example mgc values follow the rule of ngc = kgc + 1, where ng
and kpc are the real and imaginary components of mgc. A value of 1.5 - 0i was also used for the shell refractive index.
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S1 Optical models and parametrisations

The following sections give descriptions of the various optical models used in this analysis. Only the Liu-Eapgsca parametri-
sation is used to convert from the single-particle light scattering and Mpc measured by the SP2 into MR. This process is
described in Sect. 4.1, and this set of calculations is performed using a value of mpc = (2.26 - 1.267) at the SP2 instrument
wavelength of 1064 nm. All the models are then used to convert the 2D distributions of MR vs Mpc into bulk absorption at

visible wavelengths, using the range of mpc listed in Table S1.

Table S1. List of the different values of mpc used in this study

mac Reference

(1.75-0.637) (Bond and Bergstrom, 2006)
(1.80-0.67%) (Bond and Bergstrom, 2006)
(1.85-0.71%) (Bond and Bergstrom, 2006)

(1.90 - 0.75%) (Bond and Bergstrom, 2006)
(1.95-0.79%) (Bond and Bergstrom, 2006)
(2.26 - 1.261) (Moteki et al., 2010)

S1.1 Coated sphere

The core/shell Mie model considers internally mixed soot particles as consisting of a BC core coated in a non-BC shell, in
a morphology of two concentric spheres. It has been implemented in some climate models to calculate bulk scattering and
absorption (e.g. Matsui et al., 2013). For calculating absorption, we use two implementations of the core/shell Mie model.
For the first we use the core/shell Mie model in its standard form to calculate absorption, and divide by mass to get MACcsg,
the MAC calculated using the core/shell Mie model. We also use an additional implementation, termed CS-FEaps Where the
core/shell model is used to calculate Eaps only, and this is then multiplied by the MAC of uncoated BC to give the coated
MAC. The best estimate is provided by Bond and Bergstrom (2006), who summarised previous literature and reported an
average value of 7.5 m? g~! at 550 nm (with AAE = 1), which we refer to as MACgg. The MAC of internally-mixed BC is
then calculated by multiplying Faps by MACpp.

S1.2 Homogeneous grey sphere models

"s

We use the term "‘grey sphere”’ to refer to any model that approximates particles as a homogeneous sphere with a single
effective refractive index (mpgg). This approach was described by Stier et al. (2007) and is still used in some climate models
(e.g. Bellouin et al., 2013) as it is less computationally expensive than more complex schemes, and requires less constraint.

Several mixing rules are possible to calculate the effective refractive index by combining the different components.

S1



970

975

980

985

990

995

Volume mixing
Here the weighted mean refractive index is calculated, with weights determined by the volume fraction of each component

o0

mer =y (Fymy)

i=1
where F; and m; are the volume fraction and refractive index for component .
The components we considered are BC, OA, ammonium nitrate, and ammonium sulphate, although the non-BC components

are all assumed to have the same refractive index.

Bruggeman mixing rule
The Bruggeman mixing rule computes the effective electric permittivity (egsr = mi;) of two components distributed symmet-
rically. The two components are BC and non-BC, which is a sum of OA, ammonium nitrate, and ammonium sulfate. The

permittivity of the non-BC components was calculated using volume mixing. egg is then calculated using

b+ \% 86Bcenon-BC + b?
4

€Eff = 7b = <2FBC - Fnon—BC)eBC + (2FBC - Fnon—BC)enonfB(B

where egc and €,,,.5c are the electric permittivities and Fc and Fjonpc are the volume fractions of the two components
(Markel, 2016, eq. (30)).

Maxwell-Garnett mixing rule
The Maxwell-Garnett mixing rule considers small particles of one component (BC) dispersed evenly in a host medium (non-
BC). The non-BC components were summed together as in the Bruggeman mixing rule, and egg is calculated using
e = |1+ 3FBC( €BC — €non-BC )/ (1 . FBC( €BC — €non-BC ))]
€BC + 2€non-BC €BC + 2€non-BC

as given by (Bohren and Huffman, 1983, eq. (8.50)).

S1.3 parametrisations

The Liu- Eapysc, parametrisation

Liu et al. (2017) use an approach that applies an empirical correction to the core/shell Mie model. They compared SP2 mea-
surements of Eg,, the scattering enhancement due to coatings, to Escacs, the equivalent scattering enhancement at 1064 nm
for a particle with the same mass and composition but in a concentric core/shell morphology. Liu et al. (2017) based empirical
fits to ambient measurements from several locations around the world, and a laboratory study using both fresh and aged diesel
soot. Particles of known mass were selected by a centrifugal particle mass analyser (CPMA), and measurements were made
of single-particle scattering, as well as bulk properties such as MAC. Eaps and Eg¢, were also determined by comparing mea-
surements of untreated particles to those passed through a catalytic stripper heated to 400°C designed to remove any non-BC
material. Liu et al. (2017) then designed a parametrisation based on an empirical correction to the core/shell Mie model using
an internally mixed fraction parameter (Fi,), which is colloquially known as the ‘core/shell-ness’. For low values of MR, BC

and non-BC behave optically like externally-mixed spheres. For high values of MR, the particles behave as core/shell particles,
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and there exists a transition zone for particles partway between these two regimes. Liu et al. (2017) then define Faps and s,

as
Eaps = Eapscs X Fin+ (1 — Fiy) x 1,
ESca = ESca,CS X En + (1 - En) X 1,

0, if MR < 1.5
where Fi, = < 0.57 x MR — 0.74, if1.5<MR <3
1, if MR > 3.

It is implicitly assumed that Eaps and Eg., behave in a similar manner using the same values of Fj,, but the parametrisation is

based on measurements of Ej., at 1064 nm. To calculate the coated MAC, we multiplied the calculated Esps by MACgp.

The Wu- Es,s parametrisation

Wau et al. (2018) made an empirical fit to the bulk Eaps of simulated BC particles of different mixing states. In their simula-
tion, bare BC particles were generated by diffusion limited aggregation, where BC monomers stick together to form fractal
aggregates. Coating material was then added to the surface of these aggregates, in a manner intended to simulate condensation
of secondary material onto the soot, as well as coagulation with pre-existing liquid particles resulting in partial encapsulation,
and complete encapsulation for higher values of MR. The optical properties of these particles were then calculated using the
superposition T-matrix method, averaged for different orientations of the particles, and using a wavelength-dependent mpc

(Chang and Charalampopoulos, 2006). Their empirical fit for Eaps took the form
Eaps =0.924+0.11 e(EAbs,CS—1-07)/0.55.

In our implementation, we calculate MACcg on a bin-by-bin basis for the appropriate refractive indices from Chang and
Charalampopoulos (2006), as well as MACcg if all the coating thicknesses were zero, then sum both and divide the total
coated absorption by the total uncoated absorption.

Comparing their data to the measurements by Liu et al. (2017), Wu et al. (2018) found agreement within ~ 5% for MAC at
532 nm, and ~ 20% for scattering at 1064 nm, however they also used a specific wavelength-dependent BC refractive index in
this comparison. Again, as this parametrisation only gives Faps, we multiply the calculated Eaps by MACpp to give the coated

MAC.

The Chak-E s and Chak-MAC parametrisations
Chakrabarty and Heinson (2018) developed a parametrisation applying discrete-dipole approximation calculations to simulated
BC particles. Particles were generated in a similar manner as Wu et al. (2018). The parametrisation is described in several

different forms, and here we apply two approaches, Chak-MAC and Chak-FEaps. In Chak-MAC, MAC is calculated using

(1/3)
MAC = (3.6/)) (ﬁ“) :
BC

where Mtot = Mnon—BC + MBC'
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In Chak-FEaps, Faps 1s calculated as

Mo\ (/3
EAbS:( m) .

We then multiply Faps by MACgp to calculate MAC. The implication of the comparison between Chak-F5ps and Chak-MAC
is that the MAC of uncoated BC follows the rule MACpye = (3.6/\), which produces results 13% lower than MACgg.
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Figure S2. Schematic of the steps to generate 2-D distributions of MR versus Mpc. The steps are described in the text in Sect. 4.1.
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52-S3 Correction for SP2 limited detection range

Figure S3 shows BC properties from one straight and level run on the 4 September 2017 (shown in Fig. 5, though equivalent
distributions were generated for each straight and level run during the campaign. Panel (a) shows the number mass distributions
of BC cores. We do not eorree-correct for particles with BC content that is too small for the instrument to detect as these particles
contain only a small fraction of the total BC mass concentration (Laborde et al., 2012b). Figure S3 (a) shows two distributions-
one for all detected particles, and another for those that had a successful leading-edge only (LEO) fit to measure the scattering
cross-section of BC-containing particles at 1064 nm. Of the particles that are detected, not all of them have a successful LEO
fit due to the limited detection range of the scattering channel, as well as the relative importance of detector noise and saturation
for different sized particles. The size-dependent ratio of these two distributions (Figo) is shown as the black line in panel (b).
For most of the BC size distribution F] go was around 70 — 80 %, decreasing sharply to zero below 0.5 fg Mpc at the low end,
and gradually decreasing from 0.8 to ~0.5 above around 10 fg, though this high end was noisy due to limited particles at the
larger sizes.

Figure S3 (b) also shows the distribution of Es., versus Mpc, where Ejg., is the ratio of the measured scattering cross-section
to Mie calculations for a bare BC core. Ej, is a useful diagnostic as it gives an indication of BC mixing state that is independent
of the morphology of the mixed particle. It is also unconstrained by the physical impossibility of concepts such as negative
coating thickness, which arise due to the particle-by-particle variability of the measured signals. This plot shows a distribution
of Fsc, around 100 for a 1 fg core, decreasing with size by an order of magnitude up to cores around 4 fg. There were few
particles measured with Fg., around 1, for bare BC cores, suggesting almost all the BC-containing particles had some degree
of internal mixing. At the high and low ends of the Mpc distribution, where Fi o dropped below 0.5, the MR distributions of

the neighbouring bins were extended to complete the distribution, in proportion to the number of particles measured.
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Figure S3. Panel (a) shows the number distribution of BC cores, both for all particles and just those with a good LEO fit. Panel (b) shows

the distribution of Esc, for particles of different Mpc, and the fraction of particles with a good LEO fit at each size. The vertical dashed

lines show the bounds of the region where Firo was above 0.5. Panels (c) and (d) show the 2-D distributions of BC size and mixing state,

comparing the distributions before and after correction for the limited detection of particles by the SP2 instrument.
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53-S4 Monte-Carlo uncertainty analysis in Mie models

The aim of this Monte-Carlo uncertainty analysis is to determine the uncertainty of parameters such as coating thickness,
MAC, and AAE, that are derived using the optical codes described in Sect. S1. These uncertainties cannot be determined
analytically due to the complexity of the calculation. Our approach is to use the uncertainty in the input variables to generate a
scale factor (x) to represent the variability that each input variable might have if it were measured a large number of times, in
this case 10000. Arrays of scale factors were generated such that the distribution of each scale factor is a Gaussian distribution
centred on one, with a width of the stated uncertainty for each variable. For example, to represent the 11% uncertainty in the
SP2 scattering channel, the scale factor array is made of 10000 normally distributed numbers with a mean of 1 and a standard
deviation of 0.11. For each calculation, this was then used to multiply the calibration factor for the SP2 scattering channel.

The variables we considered in this analysis are the calibrations for the SP2’s incandescence and scattering channels, and
the concentrations of the species measured by the AMS, which are used to calculate the density and refractive index of the
coatings. We do not consider the density and refractive index of the BC in these calculations. For the purposes of the inversion
to determine the BC properties based on the SP2 data, the values of ppc = 1.8 gecm ™3 and mpc = (2.26 — 1.264) are used
for the reasons given in Sect. 4.1. Particularly when using the Liu et al. (2017) parametrisation, these are not free parameters,
and previous literature provides little guidance as to what the uncertainty is on these parameters. During the forward model
calculations of MAC and AAE, our analysis explicitly includes different values of mpc.

Scale factors were applied for the SP2 and AMS data from one straight and level run from the aircraft measurements on 1%

September. This run was chosen as it was relatively short (4 minutes) so the calculation is quicker to run.

SP2 calibrations

The SP2’s scattering channel was calibrated using nebulised 200 nm PSLs, and the measured modal signal varied by £11%
throughout the campaign. The incandescence channel is used to determine single particle BC mass, and this channel was
calibrated using nebulised Aquadag, which was selected by mass using a centrifugal particle mass anatyzer-analyser (CPMA),
and corrected as described by Laborde et al. (2012b). The uncertainty in this incandescence calibration is largely determined by
the varying sensitivity of the instrument to different types of BC, which is around + 14% (Laborde et al., 2012a). Laborde et al.
(2012b) also showed that a 9% uncertainty in the accuracy of any individual incandescence calibration is reasonable, based
on multiple calibrations with multiple instruments. The uncertainty in the mass and scattering cross-section of any individual
particle is larger than these numbers, but this only serves to widen the measured distributions and has a minimal impact on the

average properties of the particles or the integrated distributions.

AMS concentrations
The AMS chemical species measurements are used to calculate the density and refractive index of the BC coatings. The
concentration, Cg, of a species, S, measured by the AMS scales with calibration factors described by Canagaratna et al. (2007):

1 1 11

Coof = =
™ IEnos RIEs CE Q
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where [Eno3 is the ionisation efficiency of NOgs, RIEg is the relative ionisation efficiency of the species in question, CE is
the collection efficiency, and Q is the flowrate.

Bahreini et al. (2009) summarised the uncertainties associated with these factors based on previous literature available at the
time. It is conventional in the AMS community to quote 2-o uncertainties, so the standard deviation is half these values. The
2-o0 uncertainties on IExo3 and RIEny, are both ~ 10%, taken from the ammonium nitrate calibrations. The 2-o uncertainties
on RIEso, and RIEpa are 15% and 20%. As we have used the composition-dependent parametrisation to calculate CE

(Middlebrook et al., 2012), the 2-0 uncertainty on CE is around 30%. The scale factors for each species are then

KNO3s = KIEno3 X KCE X KTE

KOA = KIEno, X RRIEoa X KCE X KTE
K80, = KlEno, X KRIEso, X KCE X KTE
KNH, = KIExo, X RRIExn, X KCE X KTE

Using this method, the resultant 2-¢ uncertainties on NO3, OA, SO, and NH,4 mass concentrations are 33%, 39%, 37% and
36% respectively, which compare well to the numbers provided by Bahreini et al. (2009).

Assumed properties of organic aerosol

The composition-dependent calculations of the coating density and refractive index require knowledge of the properties of the
aerosol components. For inorganic aerosol these are fairly well known, but the variable composition of OA means its properties
can vary. For density we use the values determined by Cross et al. (2007) of 1.77 gcm ™3 for inorganics and 1.2 gcm ™3 for
organics. These values were successfully used by Cross et al. (2007) in a comparison of light scattering to aerodynamic size
using the AMS composition to calculate density. The uncertainty in the OA density is not immediately obvious, but a value of
+0.1 gcm ™2 seems appropriate based on previous literature (e.g. Kroll et al., 2009).

For the coating refractive index, we use a top-down approach. Previous work has often used a value of 1.5+ 0z (e.g. Schwarz
et al., 2008; Taylor et al., 2015; Liu et al., 2015, 2017), and Taylor et al. (2015) also showed that this is a small sensitivity to the
determination of particle size. Assuming a 9% BC mass fraction of the total submicron aerosol (Wu et al., 2020), volume mixing
assuming mpc = 1.85—0.717 then gives an effective refractive index with a real component of 1.53. This value compares well
with previous estimates by Haywood et al. (2003) and Peers et al. (2019), who found 1.54 and 1.51 respectively by comparing
to bulk optical measurements. Comparing to the range of effective refractive index values found in previous studies of biomass
burning (Guyon et al., 2003; Sayer et al., 2014), an uncertainty in the real component of the coating refractive index of 0.04 is

a good conservative estimate.

Monte Carlo Results

Table S2 shows the results of the Monte Carlo analysis in terms of physical properties of the particles. The uncertainties in
the derived coating thicknesses are around +8%. A comparison by Laborde et al. (2012b) showed that the whole range from
different SP2 instruments was contained within +17%, which could be considered representative of a 2-o uncertainty, and so

compares very well with our estimate. The uncertainty in MR is larger, probably due to the uncertainty in the coating density.
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Table S2. Mean and standard deviation of physical parameters involved in the Monte Carlo analysis of different optical models.

Mean Standard deviation

Median shell/core diameter ratio 2.33 0.15
Median MR 8.7 1.8
Median coating thickness (nm) 86 7

Table S3 shows the outputs of the Monte Carlo analysis. For the output of the optical models in terms of MAC and AAE,
the derived uncertainties are in the range 2 — 12%. We suspect that, when using a polydisperse BC distribution, competing
effects of varying the input parameters cancel out, reducing the uncertainty of the optical properties compared to the physical

properties.

Table S3. Monte Carlo relative standard deviations of bulk absorption parameters using different optical schemes. For the optical models

that have a dependence on mpc (Core/shell, CS-Eaps volume mixing, Maxwell-Garnett and Bruggemann), the average value is listed here.

Core/shell  CS-Eaps  Volume mixing  Maxwell-Garnett  Bruggemann  Liu-Fapgsca Chak-MAC  Chak-Eaps Wu-Eps

MAC 405 nm 0.07 0.04 0.12 0.12 0.12 0.04 0.07 0.07 0.03
MAC 514 nm 0.06 0.04 0.11 0.11 0.11 0.05 0.07 0.07 0.04
MAC 655 nm 0.05 0.05 0.11 0.11 0.11 0.05 0.07 0.07 0.04
AAET0575TT405 514 0.09 0.03 0.09 0.09 0.09 0.03 0 0 0.03
AAEsT17555 514655 0.07 0.03 0.07 0.07 0.07 0.02 0 0 0.03
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54-S5 Skin-depth shielding in Mie models

In the geometric optics regime, the absorption cross-section of a black sphere is the same as its geometric cross-section, 712,
where r is the radius. This cross-section is independent of wavelength. In Mie theory, absorbing spheres asymptote to the
geometric optics regime when they are sufficiently large and sufficiently absorbing. A useful concept to illustrate this transition
is the optical skin depth, defined as 6 = \/(2wkgc) (Hecht, 2014), where kpc is the imaginary component of mpc. This is
the distance over which the intensity of light penetrating an absorbing medium drops by a factor of 1/e. For clarity, this skin
depth is not related to coatings in the core/shell model- it is simply the part of a homogeneous absorbing sphere that is near
the surface. For small spheres the skin depth is not an issue, but when they become similar in size-radius to the skin depth,
the centre of the sphere is essentially shielded by the surface, and is therefore less effective at absorbing incident light. When
the sphere becomes large enough, the centre receives little to no light, and only the region near the surface of the particle is
able to absorb light. The absorption therefore scales with cross-section rather than volume, and the MAC scales inversely with
diameter. This ’skin-depth shielding’ is strongest for larger particles, high values of kgc, and shorter wavelengths.

This wavelength dependence causes the underprediction of MAC for the core/shell Mie model in Fig. 6 at 405 nm, but not at
longer wavelengths. Figure S5 shows example calculations of MAC for uncoated BC particles, as well as coated. Particles with
BC cores of 185 nm (the average MMD measured during CLARIFY) fall within the geometric optics regime at a wavelength
of 405 nm, but not at 655 nm. Therefore, for this size of particle, the skin-depth shielding reduces the blue MAC but not the
red. The presence of coatings modifies the shape and magnitude of the MAC curves in Fig. S5, but it does not change the
overall concept. These calculations were carried out with nonabsorbing coatings, confirming that this is an effect of Mie theory

and not related to BrC. The wavelength dependence of the skin-depth shielding is the reason the Mie calculations have AAE

values below 1 (shown in Fig. 7), and the stronger effect at higher values of kgc causes a lower AAE.
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Figure S5. MAC for different core diameters, using the Mie core/shell model. Calculations were performed using mpc = (1.85 — 0.71)i.

The vertical dashed line is at 185 nm, which is similar to the average MMD in CLARIFY shown in Fig. 3.
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