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This document is organized as follows:

(1) Author Response to RC1
(2) Author Response to RC2

(3) Marked-up version of manuscript

*Note: The author responses below are the updated versions of the responses posted in the ACP Interactive Discussion,

under AC1 and AC2, on 1 May 2020.

Author Response to RC1

We appreciate the thoughtful and detailed review from Referee 1. We have taken the comments made by Referee 1 into

careful consideration and they have helped improve our manuscript.

The general format of this response is as follows:

- Reviewer comments are in bold and labeled as (N.1), where N is the number of the comment block.
- Author response to comments are in regular, non-bolded text, and labeled as (N.2).
- Modifications in the manuscript are described in italics and labeled as (N.3).

(1.1)

Unless I have misunderstood something, the core conclusions of this paper regarding coatings with ageing timescales
seem to be based on the assumption that both urban and biomass burning BC are emitted with thin coatings.
However, there is much evidence to the contrary, as most SP2 measurements of biomass burning at or near source
would indicate that they have thick coatings at the point of emission. Furthermore, the thickness of this coating can
vary significantly fire to fire (see https://www.atmos-chem-phys.net/14/10061/2014/
https://www.nature.com/articles/ngeo2901, https://www.atmos-chem-physdiscuss. net/acp-2019-157/). It therefore
doesn’t seem correct to infer conclusions regarding the effect of ageing timescales on coating thicknesses when

comparing aerosols from different sources. The authors should review their findings taking this into consideration.

(1.2)
We agree that that it was presumptive and largely erroneous to make blanket statements about coating thickness without
properly taking the emission source(s) into account. As the reviewer noted, we agree that the existing literature shows

overwhelming evidence that biomass burning rBC particles are quickly coated after being emitted, and that they are, on
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average, significantly more coated than urban rBC particles of comparable atmospheric age. We made major revisions to
section 3.7 (formerly section 3.6) and shifted the focus away from the aging timescale. The focus is now on the differences
in mixing state during different identifiable source impacts (e.g., biomass burning versus urban). We left some discussion in
the manuscript about the effects of aging on mixing state, but we made sure to keep comparisons consistent between the

same source or mix of sources.

(1.3)
See section 3.7 (formerly section 3.6) for major revisions shown in tracked changes. Please also see the Supplement for
additional information on source attribution and also new additional analysis including measurements of levoglucosan (i.e.,

a good tracer for biomass burning) and lidar data from CALIPSO.

2.1)

The conclusions section is long but mainly seems to recap the earlier observations rather than focus on the key
scientific advancements being offered by this work. In order to properly judge this aspect of the paper and therefore

its suitability for publication, this should be restructured.

(2.2)

We agree that the conclusion should be restructured and focused on the most salient “key scientific advancements” rather
than merely “recapping earlier observations.” That being said, we also believe that recapping key observations and details in
the conclusion section may be valuable to readers who might be quickly reading through the paper, trying to glean the most

important take-away points from the abstract and/or conclusion.

Regarding significant changes to the conclusion, we have added clarification to the key scientific advancements. These key
points have been slightly modified in light of comment (1.1) and additional comments from Referee 2. In addition, some
extraneous details have been stripped from the conclusion as suggested. The main conclusion points of the manuscript are

summarized below.

(2.3)

Conclusion Point 1: The rBC size distribution was strongly affected by the emission source type. rBC particles measured
during periods when biomass burning emissions were dominant (BCps) had larger rBC core diameters (CMD ~ 120 nm)
relative to rBC particles measured during time periods dominated by urban emissions (BCy) (CMD ~ 100 nm). rBC particles
from well-aged, background air masses (BCaged,ng) were characterized by an MMD ~ 115 nm, which likely reflects a mix of

large-scale transported BC from unidentified biomass burning and urban emissions.
2
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Conclusion Point 2: BCywere found to be either uncoated or very thinly coated, with mean CTpc less than ~15 nm and

average fsc less than ~0.15.

Conclusion Point 3: BCw» had thicker coatings overall, with mean CTpcranging from ~40 to 70 nm and fsc ranging from

~0.23 to 0.47.

Conclusion Point 4: BCaged g were found to have moderately thick coatings, with mean CTsc of ~60 nm and fzc of ~0.27.

Conclusion Point 5: Timescales of less than 24 hours were too short to significantly coat rBC from urban emissions. This is
in direct contrast to biomass burning rBC, which has been shown in previous works to acquire thick coatings within hours

or even minutes, near the source of emission.

Conclusion Point 6: Aged rBC from biomass burning sources were generally more thickly coated, although the time
evolution of the mixing state could not be quantified directly over the duration of transport. Periods of “fresh” biomass
burning impacts were characterized by slightly thinner CTgc compared to aged biomass burning rBC particles (e.g., L3 vs.
L8), but larger CTzc compared to fresh urban rBC particle (e.g., L3 vs. L4). This agrees with previous studies that have also
observed thicker coatings in fresh biomass burning rBC relative to fresh urban rBC. The overall larger CTsc for aged
biomass burning rBC relative to fresh biomass burning rBC indicates that there is significant coating formation that occurs
between the timescale of ~1 day to ~1 week for biomass burning rBC, even after rapid coating formation that occurs soon
after emission. An important caveat is that CTgc of biomass burning rBC may not be monotonically increasing over time.
Past studies have observed rapid coating of biomass burning rBC within less than one day to more than 100 nm, but we
observed a median CTgc of ~48 nm for L3, which suggests that CTgc for biomass burning rBC might decrease at some point
during atmospheric transport and then increase later at longer timescales (e.g., median CTsc ~54 nm for L9). We make no
definitive claims about the rate of change of CTac for biomass burning rBC throughout atmospheric transport since we only
observed the CTsc from a single discrete point in space, but our measurements do suggest that CTac for Southern California

biomass burning rBC were generally lower than CTsc for Northern California biomass burning rBC.
Conclusion Point 7: The high variability of the rBC measurements on Catalina Island during three different campaigns
demonstrates how meteorology, emissions source type, and atmospheric aging can drastically affect the physical properties

and mixing state of the broader BC population within the same region.

See the updated manuscript (with track changes) for comprehensive view of changes made in the Conclusion section.
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(3.1)
Measurements of coating thickness can become biased if the particles are sufficiently small that the signal-to-noise
ratios of the instrument’s scattering channels aren’t sufficient to successfully retrieve a coating thickness or a delay

time. Was the rate of failed retrievals monitored? How was this reflected in the data?

(3.2)

To minimize the signal-to-noise ratio for the LEO analysis, we only mainly considered LEO-fits for particles with rBC core
diameters between 200 and 250 nm (as mentioned in Section 2.7). For the particular SP2 unit used in our study, Krasowsky
et al. found that a lower threshold of 200 nm was sufficient to reduce the scattering signal-to-noise ratio (Krasowsky et al.,
2018). Previous work by Taylor et al. (2014) defined a lower bound of 135 nm for LEO fitting, which corresponds to a 50%
fraction of rBC with detectable split-detector notch position. We chose an even more conservative lower bound of 200 nm in
this study to further minimize the scattering signal noise. The 250 nm upper bound is also conservative, considering that
previous studies have reported LEO-fit coating thicknesses for particles with rBC core diameters up to 290 nm (Dahlkdtter et
al., 2014). To check for potential biases due to the saturation of the scattering signal at larger rBC diameters, a subset of the
SP2 data (from 7 September 2017) was assessed to see what proportion of the low-gain scattering channel data were
saturated. None of the particles (in this subset of data) with rBC core diameters under 250 nm were found to have saturated
scattering signals. The fraction of rBC-containing particles that were selected for LEO-fitting (with respect to all rBC
particles measured) was not explicitly reported in the manuscript, but the total number of particles analyzed in each LEO
period was listed in Table 2. A number of previous studies have also reported only the size range of LEO-fit rBC particles,
without explicitly stating the fraction of particles that were LEO-fit versus not LEO-fit. We think that including the size
range of the LEO-fit particles and the total number of particles analyzed in the manuscript is sufficient to show that we
adequately constrained noise in the scattering signal and also analyzed enough particles to produce robust coating thickness
statistics for the L1 to L10 analysis. Other rBC core size intervals were considered and further explanation is provided in the

new text shown below (from section 2.7 in manuscript).

For the lag-time (delay time) analysis, a lower threshold of 170 nm was implemented for rBC core diameters. The reasoning
for the lower limit is the same as explained above. The only difference is that we relaxed the lower threshold a bit (compared
to 200 nm) because the accuracy of the scattering signal is not as crucial to the binary categorization of rBC-containing
particles as “thickly-coated” versus “thinly-coated.” Previous studies have conducted the delay time analysis with similar
size ranges, or even lower thresholds (Krasowsky et al., 2018; Shiraiwa et al., 2007; McMeeking et al., 2011; Moteki and
Kondo, 2007; and more).

(3.3)
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A sentence will be added to Section 2.6 to clarify that the lower threshold for rBC core diameter was set to 170 nm for the

lag-time (delay time) method.

"Only particles with an rBC core diameter greater than 170 nm were included in the calculation of fzc to account for the

scattering detection limit of the instrument.”

“In this study, the LEO “fast-fit” method was used with three points, and particles analyzed were restricted to those with
rBC core diameters between 180 and 300 nm. Although the SP2 has been reported to accurately measure the volume
equivalent diameter (VED) of scattering particles down to ~170 nm, a more conservative lower threshold of 180 nm was
used for our study to reduce instrument noise at smaller VED values near the detection limit (Krasowsky et al., 2018).
Specific rBC core diameter ranges were used for different analyses in this study and these ranges are explicitly defined
within each respective discussion. One exception was made to the 180-300 nm rBC core diameter restriction in section 3.7.
For the analyses and discussion presented in section 3.7, the LEO coating thickness was calculated for all detectable rBC
particles with non-saturated scattering signals. The rBC core size was not restricted in this section because the relative
comparisons between characteristic coating thickness values were more important for the analysis, rather than the absolute
value (which would likely be biased, as discussed further in section 3.8). In other words, the LEO-derived coating thickness
values in section 3.7 were not used to report representative averages for selective time periods, but rather were used for

comparative and/or qualitative purposes.”

4.1)
Setting ’calm’ winds as zero on direction on figure 5 makes no sense as this also corresponds to north. The periods

should probably be blanked out instead.

(4.2)

Calm winds have been removed from the wind direction plot as suggested.

(4.3)
See updated Figure 5.

(5.1)
The points plotted on figure S9 should be individually identified according to event.
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(5.2)
Figure S9 (now Figure 12) has been modified to show the scatter between coating thickness and rBC core diameter for all
measurements. 1-minute mean values for both coating thickness and rBC core diameter are used for the scatter plot. A

statistically significant positive correlation was found and is shown on the figure (r = 0.5397 with p-value <0.001).

(5.3)
See updated Figure S9 (now Figure 12 in main manuscript).
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Author Response to RC2

We appreciate the thoughtful and detailed review from Referee 2. We have taken the comments made by Referee 2 into

careful consideration and they have helped improve our manuscript.

The general format of this response is as follows:

- Reviewer comments are in bold and labeled as (N.1), where N is the number of the comment block.
- Author response to comments are in regular, non-bolded text, and labeled as (N.2).
- Modifications in the manuscript are described in italics and labeled as (N.3).

(1.1)

Major comments regarding source attribution and estimated plume age

(1.2)

We agree with the reviewer that the source attribution and plume age sections of the manuscript required some major
revisions (e.g., section 3.7, formerly section 3.6). We now shift our focus towards comparing the mixing state during
different known source impacts, rather than focusing on the plume age. As the reviewer notes, rBC from biomass burning
(BB) is coated much more quickly than rBC from urban emissions, and BB rBC has also been observed to have thicker

coating overall compared to its urban counterpart.

We would like to address the nuances associated with the specific concerns that the reviewer raises in the comment.

Regarding biomass burning source attribution:

First, we wanted to clarify that we are not definitively attributing ~10 nm coating thickness values to fresh BB rBC particles,
and we changed the language in the revised text to make this clear. ~10 nm was the median coating thickness from a
population of aerosols that had a larger spread of individual coating thickness values. The coating thickness values on the
higher end of the distribution tail (and outliers) are likely attributable to the BB impacts. We clarified in the new text that the
peaks in the 2™ campaign (e.g., L4) were likely dominated by urban emissions, but that we could not exclude the likely
impact of BB emissions mixing into the broader urban plume. In fact, we still believe that biomass burning did impact our
measurements to some degree, even if it was a minor fraction of total sampled rBC. In particular, the Thomas Fire was one
of the largest fires in California history, and it was still active during the 2 campaign (20-22 December 2017). With the

center of the Thomas Fire less than 150 km away, and strong atypical Santa Ana winds recorded before and during the time
7
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of measurements, it is hard to imagine BB having no impact on the regional rBC loading at the time. In addition to
geographic proximity and meteorology, the air quality monitoring stations in Santa Barbara, Ventura, and Los Angeles all
recorded elevated concentrations of PMa2.sright around this time period. Additionally, as part of the new supplemental
analysis, the HYSPLIT dispersion model was run to simulate the plume dispersion of multiple active fires during the
December 2017 campaign. The HYSPLIT dispersion model shows the plumes from the Thomas Fire and several other
smaller Southern California fires directly impacting the point of measurement (Catalina Island). These results are included in
the revised Supplement. We also added a new qualitative analysis in the Supplement using CALIPSO lidar transects in the
Southern California region during the 20-22 December period. From the CALIPSO transects we observed aerosols that were
attributed to BB sources present just off the coast of Southern California around this time. This data is also shown in a new

section in the Supplement.

Second, since the paper was first submitted, we have obtained levoglucosan data from November 2018 (3™ campaign) that
were collected by colleagues at USC who were conducting an independent air quality study in the LA Basin (Soleimanian et
al. 2020). Although the reviewer’s comment was particularly focused on the L4 period, we would like to point out that the
conditions during the 2™ campaign (December 2017) and the first portion of the 3™ campaign (November 2018) were quite
similar. Geographically, there were multiple fires throughout the Southern California region in both campaigns (see Figure
3). Both campaigns were also characterized by Santa Ana (i.e., northerly and easterly) winds. The weekly average
concentration of levoglucosan between 7 to 14 November and 15 to 22 November was 187.5 ng m™ and 83.89 ng m™,
respectively. Note that the 3™ campaign took place between 12 and 18 November 2018. For reference, levoglucosan
concentrations during July 2018 (non-wildfire season) ranged between ~4 and 17 ng m. The elevated concentration of
levoglucosan inside the LA Basin during November 2018 removes any lingering doubt that BB aerosols were mixed into the
broader regional air mass that was measured on Catalina Island. Given that similar fire and meteorological conditions were
present during the 2™ campaign (December 2017), we have high confidence that BB also played at least a minor role in this

campaign as well.

Regarding plume age comments:

For the LEO periods mentioned (L3, L8, L9, and L10), the aging timescale range of ~days to a week was meant to serve as a
range of possibility rather than an exact aging timescale. We fully acknowledge the limits of HYSPLIT, especially for
complex trajectory patterns. That is exactly why we present a very general range of timescales that was based on physical
distance from major sources rather than relying on the exact timing of crossovers from the back-trajectories. The reviewer
also mentions the loss of rBC coating with aging. This is entirely consistent with the CTsc values measured during periods
impacted by long range transport of biomass burning impacted air masses (e.g., L8 and L9). The median CTsc values were
within the range of ~60-70 nm during this time period of impact from the Camp Fire. Previous airborne studies have

measured average coating thickness values of ~100 nm within hours of emission within the plume. Given that our values are
8
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significantly lower, the rBC measured in our study likely did experience coating loss at some point during transport. We
added a short discussion on this topic of coating loss in the coating thickness discussion section and below in the section
(1.3). Furthermore, we have added a new section that comprehensively compares our campaign measurements with past

mixing state studies conducted with an SP2.

Regarding precipitation comments:
Although the data were not reported, precipitation and cloud cover were monitored throughout the campaigns. There were no

precipitation events in the region during any of the measurement days, and most of the days were clear to partly cloudy.

(1.3)

Major edits were made to section 3.5 (formerly section 3.4) and section 3.7 (formerly section 3.6). A new section 3.8 was
added to comprehensively compare our results to past similar studies. Additional evidence (i.e. using CALIPSO lidar data,
HYSPLIT dispersion model and levoglucosan measurements) and figures were also added to the Supplement to make our
discussion on source attribution more robust. Specifically, please refer to Supplement section S2 and figures S11 through

S20.

Revised main points regarding variability of coating thickness:

- Timescales of less than 24 hours were too short to significantly coat ¥BC from urban emissions. This is in direct
contrast to biomass burning rBC, which has been shown in previous works to acquire thick coatings within hours
or even minutes, near the source of emission.

- Aged rBC from biomass burning sources were generally more thickly coated, although the time evolution of the
mixing state could not be quantified directly over the duration of transport. Periods of “fresh” biomass burning
impacts were characterized by slightly thinner CTsc compared to aged biomass burning rBC particles (e.g., L3 vs.
L8), but larger CTzc compared to fresh urban rBC particle (e.g., L3 vs. L4). This agrees with previous studies that
have also observed thicker coatings in fresh biomass burning rBC relative to fresh urban rBC. The overall larger
CTsc for aged biomass burning rBC relative to fresh biomass burning rBC indicates that there is significant
coating formation that occurs between the timescale of ~1 day to ~1 week for biomass burning rBC, even after
rapid coating formation that occurs soon after emission. An important caveat is that CTpc of biomass burning rBC
may not be monotonically increasing over time. Past studies have observed rapid coating of biomass burning rBC
within less than one day to more than 100 nm, but we observed a median CTsc of ~48 nm for L3, which suggests
that CTac for biomass burning rBC might decrease at some point during atmospheric transport and then increase
later at longer timescales (e.g., median CTpc ~54 nm for L9). We make no definitive claims about the rate of change
of CTsc for biomass burning rBC throughout atmospheric transport since we only observed the CTgc from a single
discrete point in space, but our measurements do suggest that CTsc for Southern California biomass burning rBC
were generally lower than CTsc for Northern California biomass burning rBC.

.1)

Major comments regarding number size distribution data

(2.2)
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Although we generally acknowledge the concerns about fitting a log-normal distribution to a set of observations without a
discernable peak, we also believe that the log-normal fits have value and should be reported (with associated uncertainty
clearly described). First, there have been a number of past studies that have also included log-normal fits for their number
size distributions, even in cases where the peak in the measured data was ambiguous. At the end of (2.2) is a comprehensive,
but not exhaustive, list of studies using the SP2 that have included log-normal fits to rBC number size distributions. Full

references are provided at the end of the document.

Second, the physical lower bound on BC core size makes log-normal fitting reasonable in the Aitken range, even if it is
below the SP2 detection limit. Single BC nanospheres (i.e., individual spherules) have been observed to be ~20-30 nm in
diameter by using TEM imaging techniques (Ellis et al., 2016; Wentzel et al., 2003). Although the detection limit of the SP2
for rBC cores is ~70 nm, it seems reasonable to assume that the peak of the rBC number size distribution in this Aitken range
would be between 50 and 80 nm (Kondo et al., 2011b), given that individual BC spherules are unlikely to be smaller than 20
nm. This would naturally imply that most (if not all) BC cores in the ambient air are larger than 20 nm, but smaller than the
point at which we observe a sharp increase in the slope on the right-hand side of the number size distribution. This inflection

point on the right-hand side is clearly observed from SP2 data, even when the peak is not completely discernable.

Third, even if there was an unmeasured bimodal peak beyond the detection limit of the SP2, the median of the extrapolated
log-normal fit would not be a completely useless metric for comparison. As long as the log-normal fitting is consistent
between all instances of distributions, it would serve to characterize the Aitken mode of the rBC core size distribution, even
if there was another mode lurking in the ultrafine range. This would suggest that the existence of an unknown local maxima
in the ultra-fine range is possible, but that it would not invalidate the inter-comparison of Aitken mode distributions for

different time intervals.

Fourth and lastly, the appropriateness of the log-normal fit is not entirely contingent upon the explicit observation of a local
maxima. It might be entirely inappropriate if we saw that all the observed data points deviated sporadically from the fit
curve, but we observe the fit curve describing the observed number size distribution data points very well, with fairly small
residuals. We see that the rate of change of the slope is well captured by the fit, which strongly suggests that a log-normal fit
is likely representative of the actual distribution. Analogously, we find the LEO-fit for coating thickness quantification as a
robust method for mixing state analysis, even though we only use the leading edge of what we expect to be a Gaussian
signal. Indeed, the LEO-fit uses an even smaller fraction of the expected Gaussian scattering response compared to the log-
normal fits for the number size distribution. Likewise, we are using the existing “edge” of size distribution to fit what we

expect to be log-normal.
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340 To address the reviewer’s concern with this issue, we made a clear caveat in the text explaining the limitations of the
extrapolation, in addition to the already existing disclaimer about the lower detection limit in the first paragraph of section
3.6 (formerly section 3.5). We made it clear and explicit that the peak based on log-normal fits are not definitive measured

values, but rather modeled based on reasonable assumptions about the behavior of the distribution in the Aitken range.

345 The typo in Figure 8 regarding the wrong median value label has also been fixed.

List of publications that have used log-normal fits to the number size distribution data:

Cheng et al., 2018; Kondo et al., 2011a; Kondo, et al., 2011b; Krasowsky et al., 2018; Metcalf et al., 2012; Moteki et al.,
350 2012; Raatikainen et al., 2017; Reddington et al., 2013; Sahu et al., 2012; Schwarz et al., 2008; Shiraiwa et al., 2008

(2.3)
An additional caveat has been added to section 3.5 (formerly section 3.5) in the manuscript in tracked changes to address
the comments and concerns made by RC2.

355
“Figure 10 shows that log-normal fits adequately capture the measured size distributions, though we cannot rule out the
possibility of another rBC mode outside the detection limits of the SP2. Although the peak of the observed points is not
always discernible (e.g., number size distribution for L5 in Figure 10), it is reasonable to fit these points assuming that a
log-normal distribution is a realistic representation of ambient rBC number size distributions in the Aitken mode.”

360

3.1)

Major comments regarding increasing rBC diameter with atmospheric aging

365 (3.2)
We agree with the reviewer that the effect of coagulation on the rBC core size is likely overplayed in the manuscript since
the rBC number concentration is relatively low in the ambient air at the point of measurement, compared to the rBC number
concentration very close to the source of combustion (e.g., in a tailpipe or in a BB flame). We would like to point out,
however, that there is a noticeable shift in the rBC size distributions during time periods dominated by urban emissions (e.g.,

370 L4 and L5) relative to size distributions that were measured inside Los Angeles near a major highway by Krasowsky et al.
(2018). This is a particularly useful comparison because the exact same SP2 was used with the same operating variables.
Focusing on the number size distribution, we observe a larger count median diameter during the L4 and L5 periods

compared to the count median diameters measured downwind of a highway in a polluted urban environment (Krasowsky et
11
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al., 2018). The size distribution of rBC can only be affected by, (i) the emission source type and/or (ii) coagulation of rBC-
containing particles. Related to the reviewer’s comment regarding source attribution, we believe that both of these factors
likely played some role in the variability of rBC core sizes. We are quite confident that BB sources did contribute, at least in
part, to time periods dominated by urban emissions. (see comment block 1 above for details). So, there is likely a source
effect. It seems plausible that a mixture of BB impact and coagulation (at least near the source, within the polluted urban

basin), contributed to this noticeable shift in the core size distribution.

The reviewer also notes that the cited studies were conducted under higher rBC concentrations than what we encountered in
our study. However, while the studies mentioned did have higher campaign-averaged concentrations, the peak
concentrations were within the same magnitude, especially for the Shiraiwa et al. study (2008), which took place in the East
Asia outflow. The peak magnitudes reported in Shiraiwa et al. reached ~ 1 pug m, which is within a factor of two relative to
the larger peaks measured in our study (~0.6 pug m). Shiraiwa et al. (2008) briefly mention that coagulation could be a
potential mechanism that explains why aged particles from China and Korea were larger than particles associated local urban
emissions from Japan. While we agree that coagulation at measured concentrations would be slow and possibly negligible,
we believe that coagulation could have played a minor role during atmospheric transport from the LA basin to Catalina
Island. We make no attempt at quantifying the rate at which coagulation occurs for LA basin dominated air masses, but we
qualitatively acknowledge that coagulation likely contributed to the growth of particles, as per the logic above, especially

within the first few hours of aging.

(3.3)

The focus of the paragraph mentioned by the reviewer has been shifted towards an emphasis on source-related impacts
rather than impacts from atmospheric processing (i.e., coagulation). A short mention of coagulation still remains, but it
serves as a qualitative acknowledgement of its likely minor effect on rBC size distributions. See section 3.6 (formerly section

3.5) for tracked changes.

Relevant excerpts from new text in section 3.6

“A survey of past studies that have reported rBC mass median diameter (MMD) and count median diameter (CMD) shows
that the source of emissions has a strong influence on rBC core diameter (Cheng et al., 2018). The MMD [CMD] for
biomass burning influenced rBC, which has been reported to range from ~130 nm to 210 nm [100 to 140 nm], is generally
much larger than the MMD for urban emissions influenced rBC, which has been reported to range from ~100 nm to 178 nm
[38 to 80 nm] (Shiraiwa et al., 2007; Schwarz et al., 2008; McMeeking et al. 2010, Kondo et al., 2011a; Sahu et al. 2012;
Metcalf'et al., 2012; Cappa et al., 2012; Laborde et al., 2013; Liu et al., 2014, Taylor et al., 2014; Krasowsky et al., 2018).
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The MMD [CMD)] for aged air masses in remote regions were reported to range from ~180 nm to 225 nm [90 nm to 120
nm] (Shiraiwa et al., 2008; Liu et al, 2010, McMeeking et al., 2010; Schwarz et al., 2010).

Figure 11 shows the rBC MMD and CMD based on the log-normal fits for each LEO period in this study. Based on the
source identification discussed in section 3.1 and section S2 in the Supplement, the MMD and CMD values in this study are
generally consistent with the ranges reported in past studies. For LEO periods when measurements were strongly influenced
by biomass burning emissions (L3, L8, L9, L10), MMD ranged from 149 nm to 171 nm, which is within the range of ~130 nm
to 210 nm compiled from past studies. Similarly, when measurements were strongly influenced by urban emissions (L2, L4,
L7), the MMD dropped, ranging from 112 nm to 129 nm. This falls within the range of ~100 nm to 178 nm previously

reported for measurements of urban emissions from past studies.”

“Another explanation for varying rBC core size is coagulation (Bond et al., 2013). Shiraiwa et al. (2008) observed an
increase in rBC core diameters in aged plumes compared to fresher urban plumes, suggesting that coagulation can alter the
rBC size distribution during atmospheric transport (i.e., aging). Although the emissions source type appears to be the
dominant influence on rBC core sizes in our study, there is evidence to suggest that coagulation also played a role during
transport from the Los Angeles basin to Catalina Island (~70 km away). For example, we observed a MMDyi: [CMDyii] of
112 nm [53 nm] during L4, when BCywas measured. This is noticeably larger than values of 93 nm [42 nm] reported in
Krasowsky et al. (2018) for measurements conducted 114 meters downwind of a major highway in Los Angeles.
Furthermore, Laborde et al. (2013) observed an MMDyi: of ~100 nm for BCyrin Paris, which is again lower than the value of
112 nm calculated for L4. Even though it was determined that L4 was characterized by BCy, we cannot rule out the effects of
local wildfires influencing the size distribution as well (as explained in the Supplement section S2). While the rBC size
distribution from L4 suggests that coagulation plays at least a minor role, both factors (source type and coagulation) likely
influence rBC size distributions to varying degrees in areas with varying emissions source types and relatively elevated rBC

concentrations (e.g., polluted urban areas).

4.1
Page 1, line 18, 20. The passive voice exemplified by the use of the word “suspect”. Are the author’s hedging their

bets? Suggest using a different - less passive - word.

4.2)
The wording has been changed.

(4.3)
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445

450

455

460

465

470

New text:
“In contrast, during periods when measured rBC was dominated by emissions from the Southern California region, both fpc

and CTsc were significantly lower, with a mean fsc of ~0.03 and median CTsc ranging from ~0 to 10 nm.”

(5.1)

Page 1, lines 23-25. The author’s write “we conclude that an aging timescale on the order of ~hours is not long enough
for rBC to become thickly coated under the range of sources sampled and atmospheric conditions during this
campaign.” This is misleading as several papers that have studied biomass burning (and those currently under review
and data currently being analyzed) have (and are) showing that rBC particle become thickly coated very quickly.

While this might be true for urban plumes, it certainly is not for BB (biomass burning) plumes. Please clarify.

(5.2)
We agree with the reviewer and we have changed the main conclusions of our paper to reflect this. Further response to this

specific issue has been discussed in more detail above in comment block 1.

(5.3)
Any text related to the generalization of thin coatings for particles aged less than 24 hours has either been removed or
modified.

This was also discussed in greater detail in comment block 1 and applicable changes have been made in sections 3.5 and 3.7

(formerly sections 3.4 and 3.6).

(6.1)

Page 2, lines 43-44. The author’s write “BC is emitted mostly as an “external” mixture, physically separated from
other aerosol species.” This is a bit misleading. It is very dependent upon when the plume is sampled. With respect to
biomass burning, research has shown that rBC becomes coated within the first few minutes following generation due
to the chemical richness of the smoke plumes.

Please reword to reflect this.

(6.2)
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490

495

500

505

We acknowledge that BC can become coated very quickly and that this statement could potentially be misleading. The
original intent was to give a conceptual overview of externally versus internally mixed BC. The description has been altered

to remove any ambiguities regarding emission point and timescale since emission.

(6.3)
The text in the introduction (section 1) has been altered to describe the two general types of mixing state without potentially

misleading readers into believing that all BC is uncoated in the near-field plume.

“A BC particle that is physically separate from other non-BC aerosol species is considered externally mixed. On the other
hand, BC is considered internally mixed if it is physically combined with another non-BC aerosol species (Bond et al., 2006;
Schwarz et al., 2008a). As freshly emitted BC particles are transported in the atmosphere, they can obtain inorganic and
organic coatings from either gaseous pollutants that condense onto the BC, oxidation reactions on the BC surface, or the
coalescence of other aerosol species onto the BC, making them more internally mixed (He et al., 2015). In general, the
mixing state of BC describes the degree to which BC is internally mixed (Bond et al., 2013). The BC mixing state near the
point of emission as well as the evolution during aging in the atmosphere of the mixing state can vary widely, depending on

the source of emissions and atmospheric context.

(7.1)

Page 3, line 74 and 75. The authors need to be very disciplined in their use of “mixing state”, as one can be describing
the aerosol mixing state (e.g., external vs internal) or the particle mixing state (e.g., coated or uncoated rBC). Yes, the
authors sort of point this out on page 2 (lines 48-50) but then start interchanging “internal mixing state” with mixing
state. For example, on the opening sentence of the cited paragraph, are the authors referring to the internal mixing
state or the aerosol mixing state? Later in this paragraph, the authors reference internal mixing state of rBC (line

80). Please ensure consistency.

(7.2) We acknowledge this potential for confusion and changed the language throughout the manuscript to ensure
consistency. For the sake of simplicity and consistency, we initially define externally mixed BC as “uncoated BC” and
internally mixed BC as “coated BC.” Furthermore, we use the general term “mixing state,” to refer to the extent to which BC

is coated, either at an individual particle level or aggregated (i.e., sample population-wide) level.

(7.3)
We edited the text to ensure consistency between any language describing the mixing state. This topic was also discussed in

comment block 6 above.
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(8.1)

Page 3, lines 74 - 75. Here are two additional references to the use of microscopy with quantifying rBC mixing state
that the authors are encouraged to consider: Adachi, K., Chung, S. H., and Buseck, P. R.: (2010) Shapes of soot
aerosol particles and= implications for their effects on climate, J. Geophys. Res. Atmos., 115. Adachi, K., Moteki, N.,
Kondo, Y., and Igarashi, Y.: (2016) Mixing states of light-absorbing particles measured using a transmission electron

microscope and a single-particle soot photometer in Tokyo, Japan, JGR.,121, 9153-9164.

(8.2)

Thank you for the references and suggestion. They have been added to the manuscript.

(8.3)

These references have been added to the introduction of the manuscript where microscopy is briefly mentioned.

9.1)

Page 3, lines 80 - 83. Authors are encouraged to review (include) the work by Sedlacek et al., who investigated the
utility of the SP2 lagtime methodology [Investigation of Refractory Black Carbon-Containing Particle Morphologies
Using the Single-Particle Soot Photometer (SP2) (2015) Aero. Sci. Tech., 49:872]

9.2)
Thank you for the suggestion. We have incorporated this reference into our study and expanded on our analysis by including
discussion about negative la-times and rBC morphology in the discussion section. See also (11.1) below, which is related to

this comment.

(9.3)

See section 3.4 on negative lag-times and rBC morphology for newly inserted analysis and discussion.

Excerpt from new text:
“In this study, we observed negative lag-times, although at a relatively low rate, with flugneg calculated to be much less than
0.1 throughout most of the measurement periods. We defined fiagnes to be identical to the "fraction of near surface rBC

particles” metric used by Sedlacek et al. (2012), using a lag-time threshold of -1.25 us to account for uncertainties
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associated with the lag-time determination. The campaign-wide fiagneg was 0.017 for the first campaign (September 2017),
540 0.018 for the second campaign (December 2017), and 0.026 for the third campaign (November 2018). Comparatively,
Dahlkotter et al. (2014) observed fiagneg of ~0.046 during an airborne field campaign measuring an aged biomass burning
plume, and additionally calculated a higher fragmentation rate of ~0.4 to 0.5, based on their aforementioned alternative
method (Laborde et al., 2012). Sedlacek et al. (2012) reported fiagnes > 0.6 for ground-based measurements of a biomass
burning plume in Long Island, New York, originating from Lake Winnipeg, Canada.”
545

See new section 3.4 in manuscript for full details regarding negative lag-times and rBC morphology.

(10.1)
550 Page 3, line 83. The authors are encouraged to review (include) the work by Moteki and Kondo who have also
contributed significantly to improving the quantification of the rBC mixing state [Method to measure time-dependent

scattering cross sections of particles evaporating in a laser beam (2008) J. Aer. Sci. 39:348].

(10.2)
555 Thank you for the suggestion. This study was not initially included in the manuscript because the method described in
Moteki and Kondo (2008) was not used for our mixing state analysis. Nevertheless, we have added the reference in the initial

description of the LEO method because of its relevance to the Gao et al. (2007) method, which we used in our study.

(10.3)

560 The reference has been added to section 2.7 in the manuscript.

(11.1)
Page 9, lines 226 - 228. The authors might consider reviewing (including) the work by Sedlacek et al., who looked at
565 the SP2 lagtime for a biomass burn plume. [Determination of and Evidence for Non-core-shell structure of particles

containing black carbon using the single particle soot photometer (SP2). (2012) GRL. 39]

(11.2)
Thank you for the suggested work. We have added an additional short section about the morphology of rBC in the results
570 and discussion section of the manuscript, and we use the same near-surface fraction analysis that Sedlacek et al. (2012)

employed in their study. The reference has been added as well.
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(11.3)
See section 3.4 on negative lag-times and rBC morphology for newly inserted analysis. Also see comment block 9 above for

related discussion.

(12.1)

Page 10, Line 266. As highlighted earlier, please refrain from relying on a passive voice (e.g, “suspect”.)

(12.2)

Passive voice removed.

(12.3)

The word “suspect” has been removed from referenced text.

(13.1)
Page 12: The authors show the back trajectories for each day of the campaign. Why not put this figure in the
supplemental and, instead, show those trajectories for the specific periods under discussion. This would make it

easier to evaluate the HYSPLIT datasets.

(13.2)

Thank you for the suggestion. Although we see the value in the suggestion, we prefer to leave Figure 3 in its current state
and add a separate HYSPLIT figure either in Section 3.7 or in the Supplement. Our reason for showing all the trajectories in
Figure 3 is to show the campaign-wide perspective on the source locations of the particles. We also thought it would be
useful for visually comparing between the different campaigns, and not just for 10 to 15-minute LEO time periods, which

give limited snapshots instead of showing a broader campaign-wide “fingerprint” of trajectories.

(13.3)
Additional figure with only LEO period back-trajectories has been added to the Supplement. This can also be added to

Section 3.7 if it is determined to be more appropriate there.

(14.1)

Page 14 line 307. The authors reference Figure S9, but I think they mean S8?
18



(14.2)
Thank you for catching this typo.
610
(14.3)
Changed from Figure S9 to Figure S8.

615 (15.1)
Page 15, lines 337 - 344. The authors are encouraged to review paper by Subramanian et al., [(2010) Black carbon
over Mexico: the effect of atmospheric transport on mixing state, mass absorption cross-section, and BC/CO ratios

ACP 10] where attention is drawn specifically to figures 3, 12 and 13.

620 (15.2)
Thank you for the paper suggestion. The figures you suggested were carefully reviewed and they were helpful in putting our
results in context of past studies like Subramanian et al. (2010). Brief comparisons are made to the results presented in

Subramanian et al. (2010) to our results. Reference to the article has also been added to the manuscript.

625 (15.3)

See minor additions in Section 3.3 and Section 3.7.

(16.1)
630 Page 22, lines 507 - 508. As highlighted above, this reviewer has concerns regarding the estimated plume ages.

(16.2)
Appropriate changes have been made to the main conclusions from this paper, as described in more detail in Comment 1.1
above. Most importantly, all blanket statements regarding an aging timescale of more than one day required for thick

635 coating have been altered or removed.

(16.3)

See revised manuscript for tracked changes. Specifically section 3.7 and section S2 in the Supplement.

640
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665

670

(17.1)

Supplemental: page 1. As noted earlier, there is no table 3 in the main manuscript.

(17.2)

The table was accidently omitted. Apologies for any confusion.

(17.3)
Table 3 has been merged with Table 2. The old Table 3 is now part of Table 2.

(18.1)

Supplemental: page 1, line 7. Suggest that the authors review Lund et al., [(2018) Short Black Carbon lifetime
inferred from a global set of aircraft observations, npj Climate and Atmospheric Science 1, 31 doi:10.1038/s41612-
018-0040-x]

(18.2)

Thank you for the suggested article. The mean BC lifetime of ~4 days over the Pacific as suggested by Lund et al. (2018)
further supports our estimated range of source-to-receptor timescales. We would like to clarify here that our loosely
restrained timescales are only meant to give readers an idea of the range of possibilities regarding how long measured
particles were transported in the atmosphere. Since the estimated value of ~4 days was meant to represent the mean,

individual particles measured during our campaigns could certainly have been aged longer (i.e. ~week).

(18.3)
Citation added to text.

(19.1)
Supplemental: page 7. This is a stylist comment. Would suggest using a different color to denote the sample location

on Catalina Island. The currently used green color is hard to discern with the yellow star.

(19.2)
Style change made as suggested.

(19.3)
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700

705

Green circle removed from the figure as it was unnecessary.
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Abstract. The effects of atmospheric black carbon (BC) on climate and public health have been well established, but large
uncertainties remain regarding the extent of BC’s impacts at different temporal and spatial scales. These uncertainties are
largely due to BC’s heterogeneous nature in terms of its spatiotemporal distribution, mixing state, and coating properties.
Here, we seek to further understand the size and mixing state evelation-of BC emitted from various sources and aged over
different timescales using field measurements in the Los Angeles region. We measured refractory black carbon (rBC) with a
single-particle soot photometer (SP2) on Catalina Island, California (~70 km southwest of downtown Los Angeles) during
three different time periods. During the first campaign (September 2017), westerly winds were dominantdeminated and this
period-waslargely measured air masses were dominantly aged and representative of well-aged background over the Pacific

emisstonsfrom-the LosAngelesbasin)—In the second and third campaigns (December 2017, November 2018), atypical Santa
Ana wind conditions eatused-measuredallowed us to measured rBC from air masses dominated by te-inelude-tmpertant

contributiensfrem-large biomass burning events widfires-in California (BCwb) and urban fossil fuelarbas emissions from the

Los Angeles basin (BCtr). We observed that emissions source type and aging influenced both the size distribution of rBC

cores and rBC mixing state. BCHrom-biomass-burning-dominated-periods{BCuw) We-observed-thatbiomassburning

dominant emiccione nro. dneced +sBC
oo

COmant T S>ToOS progutot

fromfossttfuel - G-e—urban)-dominated-periods{(BBir). We observed an meanaverage coating thickness (CTzc) of ~40-70 nm
and count mean diameter (CMD) of fossil-fuel-{urban)-deminantemissions-~120 nm for BCpbs. For BCrr, while-we observed
CTsc of ~5-15 nm and CMD of ~100 nm-ferBECs Generally, our observations provided evidence that aging led to alse
appears-to-increased e-inereased-CTpc -the-coatingthicknessoffor both BCyy, and BCrr. ralthoushthe rate-efecoating
accumulationinereaseiappears-to-be hiehlysnon-hnear—Aging timescales < ~1 d efless-than-ene-day-were notinsufficient to
thickly -coat freshly-emitted BCrr. but-However,—we

the BCcon-was-identified-and-characterized by averageaaged CTpc for aged BCrr from mixed-eentinentalaged background
plumes that-was ~ef~70-nm-—whichis-more-than>35 nm thicker than-typical the-meanaverage fresh-CTsc for fresh BCrr.

teles-withhad -mere-thicker coatings- and larger core diameters -than BC




Bobercentee i PO e L DO T Ten e, Bepiadbe e Boepnn e Bloisse beaiae bipener vee [ound sheosbemod
that CTsc for aged BCub was ~18 nm thicker than CTsc for fresh BCub. The results presented in this study highlight the wide

800 wvariability in BC mixing state, and furthereconfirmprovide additional evidence hewthat emissions source type and aging
various-external-factors-drastically-could-influence BC physical properties.
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1 Introduction

Atmospheric black carbon (BC) is a carbonaceous aerosol that can result from the incomplete combustion of carbon-
containing fuels. Major energy-related sources of BC include vehicular combustion, power plants, residential fuel-use, and
industrial processes. Biomass burning, which can be either anthropogenic or natural, is another significant BC source. BC is
a pollutant of particular interest for two main reasons: (1) it strenghy-absorbs solar radiation, which results in atmospheric
warming (Ramanathan and Carmichael, 2008), and (2) it is associated with increased risk of cardiopulmonary morbidity and
mortality (World Health Organization, 2012). Regarding its effect on climate, BC is widely considered to be the second
strongest contributor to climate warming, after carbon dioxide (Bond et al., 2013). Although it has been established that BC
is a strong radiative forcing agent in Earth’s atmosphere, there remains considerable uncertainty about the extent to which

BC affects Earth’s radiative budget, from regional to global scale (IPCC, 2013; Bond et al., 2013).

Since the lifetime of BC is relatively short (~days to weeks), the spatiotemporal distribution of BC is highly heterogeneous
and thus; makingit-difficult to quantify (Krasowsky et al., 2018). The quantification of where and when BC is emitted
around the world is also a challenging task that causes significant sreertainties-uncertainty (Bond et al., 2013). In addition to
the difficulties that come with tracking the emissions and distribution of BC, there are complex physical and chemical
processes that govern the transformation of BC in the atmosphere, which ultimately impact its climate and health effects.

These atmospheric processes, -nflaeneerin addition to the emissions source type, influence the BC mixing state in a highly
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heterosenous-and-dynamic manner. A hypothetical BC particle that exists-completelyis completely—physically separated
from other non-BC aerosol species is considered- externally mixedeitted-osthy-as-an—external —mixturephysically
separatedfrom-otheraerosel-speetes. On the other hand, BC is considered internally mixed if it is physically combined with
another non-BC aerosol species (Bond et al., 2006; Schwarz et al., 2008a)-. —AltheughBC-islikelycoated-to-some-extentby

133 5

coneeptually-considered-uneoated—As freshly emitted BC- particles areis transported in the atmosphere, they can #-obtains

inorganic and organic coatings from either gaseous pollutants that condense onto the BC, oxidation reactions on the BC

surface, or the coalescence of other aerosol species onto the BC, making them more ienxternally mixed (He et al., 2015). 1

—In general, the

mixing state of BC describes the degree to whichhew—mueh BC is eitherexternally-orinternallyinternally -mixed; with—bare

ot C a1y SYES P S S at0o y ao S S a—o

state-speetrom-withina-breaderaeresolpopulation-(Bond et al., 2013). The BC mixing state nearat the point of emission as

well as the evolution during aging in the atmosphere of the mixing state can vary widely, depending on the source of

emissions as-welasand atmospheric proeesses-and-conditions-aging proeesses-context.proeesses:

The evolution of rBC mixing state as the-BC ages in the atmosphere is crucial to understand for two reasons. First, it has
been shown that non-refractory coatings on BC can enhance its absorption efficacy, implying that internally mixed BC with
thick coatings can have stronger warming potential in the atmosphere compared to uncoated or thinly-coated BC (Moteki
and Kondo., 2007; Wang et al., 2014). Second, coatings on BC can alter the aerosol’s hygroscopicity and effectively shorten
its lifetime by increasing the probability of wet deposition (McMeeking et al., 2011a; Zhang et al., 2015). In short, freshly
emitted BC particles are generally hydrophobic, but coatings acquired during the aging process can make BC-containing
particles hydrophilic, and therefore, more susceptible to wet deposition. Thus, uncertainties in the evolution of rBC mixing
state directly translate to uncertainties regarding BC’s impact on Earth’s climate due to both the radiative impact per particle

mass and spatiotemporal variation of atmospheric BC loading.

Although there have been a number of laboratory experiments (Wang et al., 2018; He et al., 2015; Slowik et al., 2007; Knox
et al., 2009) and field campaigns (Krasowsky et al., 2018; Metcalf et al., 2012; Cappa et al., 2012; Schwarz et al., 2008a)
studying rBC mixing state, there is considerable variability in results. For example, field studies in China suggest that the
mass absorption cross-section (MAC) of BC that has aged for more than a few hours should be enhanced by a factor of ~2
(Wang et al., 2014), while other studies in California reported an absorption enhancement factor of ~1.06 (Cappa et al. 2012)
and ~1.03 (Cappaetal2642-Krasowsky et al., 2016). Preceding these studies, Bond et al. (2006) suggested an enhancement

factor of ~1.5 based on a review of laboratory and field studies. The wide range of reported values is not surprising given

that rBC mixing state is expected to be influenced by a variety of spatiotemporal factors such as source type, season, and
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regional atmospheric composition (Krasowsky et al., 2018). In other words, BC aged in different places_and; at different
times; may have significantly varying mixing states, resulting in a wide range of absorption and hygroscopicity

enhancements in the real world.

Quantifying fBC mixing state is challenging because it requires single-particle analysis (Bond et al., 2006). There are two

main methods to measure rBC mixing state: (1) microscopy (Johnson et al., 2005; Adachi et al., 2010, 2016), and (2) real-

time, in-situ measurements (Hughes et al., 2000). In our study, we quantify rBC mixing state by taking real-time, in-situ
measurements with a single particle soot photometer (SP2). The SP2 uses laser-induced incandescence to measure refractory
black carbon (rBC) mass per particle, which can be used to directly compute the mass concentration, number concentration,
and mass size distribution, and indirectly compute the number size distribution (Stephens et al., 2003). The SP2 can also
measure the iternal-mixing state of rBC using one of two different methods. In the lag-time method, each sensed rBC-
containing particle is deemed as either thinly-coated or thickly-coated using the measured time difference between the peak
of the partiele’s-incandescence and scattering signals induced by the particle (Moteki and Kondo, 2007, 2008). In the
leading-edge-only (LEO) method, the actual coating thickness for rBC-containing particles can be explicitly quantified (Gao

et al., 2007). Further detail regarding these two methods can be found in section 2.3 and 2.4. In this study, we used both
methods to quantify the rBC mixing state.

In this study, we measured rBC with an SP2 on Catalina Island, California (~70 km southwest of Los Angeles) during three
different time periods, with the goal of observing how rBC loading and mixing state varied as a function of source type and
source-to-receptor timescale. During the first campaign (September 2017), westerly winds dominated and thus the sampling
location was upwind of the dominant regional sources of rBC (i.e., urban emissions from the Los Angeles basin). We suspect

measurements during this period to represent well-aged particles; evidence suggests that; some ef-which-might-of the

measured particles have-originated from wildfires in Oregon and Northern California. In contrast, the second and third

campaigns (December 2017, November 2018) were dominated by northerly-to-easterly “Santa Ana conditions”, which
advected fresh and aged rBC-containing particles from both biomass burning emissions and urban emissions. Several
significant wildfires were active in the Southern and Northern California regions throughout the second and third campaigns.
In particular, the Thomas Fire, which was active in Southern California during the second campaign, was the second largest
wildfire in modern California history. The Camp Fire, which was active in Northern California during the third campaign,
was the 16" largest fire in terms of burn area size, and was also considered the deadliest and most destructive wildfire in
modern California history. Table 1 lists the two most significant wildfires for each campaign period that we-suspeet-hae
seme-impacted en-our rBC measurements, along with the total burn area and time period of non-containment for each fire.
Mass and number concentrations of rBC-containing particles, rBC size distributions, the number fraction of thiekly
eoatedthickly-coated rBC-containing particles (i.e., using the lag-time method), and absolute coating thickness values (i.e.,

using the LEO method) are reported. We then evaluate how the rBC loading, size distribution, and mixing state relate to the
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meteorology and major sources at the time of measurements in order to further understand the microphysical transformation
of BC as it ages in the atmosphere. While a few past studies have investigated the mixing state of rBC in the Los Angeles
region using the SP2 (Metcalf et al., 2012; Cappa et al. 2012; Krasowsky et al. 2018), this study is the first to use fixed
ground-based measurements off the coast of Los Angeles to focus on how (a) wildfire source-to-receptor travel time, and (b)
wildfire versus urban emissions, influence rBC mixing state.

Table 1. Major wildfires that were active during the three campaigns. Only the two largest fires from each campaign (in
terms of burn area) are listed in the table below. Note that there were numerous other smaller fires that were active during the
three campaigns, but not listed in this table.

Area

i t
(km?) Start date Containment date

Campaign Wildfire name Location

Rogue River—
Chetco Bar Fire Siskiyou National 773 12 July, 2017 2 November, 2017

First Forest, Oregon

(September
2017)

Eclipse Complex  Siskiyou, California 318 15 August, 2017 29 November, 2017

. Ventura and Santa
Second Thomas Fire Barbara, California 1,140 4 December, 2017 12 January, 2018

(December
2017) Creek Fire Los Ange!es, 63 5 December, 2017 9 January, 2018
California
Third Camp Fire Butte, California 620 8 November, 2018 25 November, 2018
(November
2018) Woolsey Fire Ventura angi LOS. 392 8 November, 2018 22 November, 2018
Angeles, California
2 Methods

2.1 Measurement location and time periods

All measurements reported in this study were conducted at the USC Wrigley Institute for Environmental Studies on Catalina
Island (~33°26'41.68"N, 118°28'55.98"W). Catalina Island is located approximately 70 km (43.5 miles) southwest of
downtown Los Angeles. Figure 1 shows the location of the sampling site relative to the Los Angeles metropolitan area. The
three campaigns were conducted from 7 to 14 September 2017, 20 to 22 December 2017, and 12 to 18 November 2018,

Pacific Time (local time).
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Figure 1. Overview map showing the location of the sampling site with respect to the Greater Los Angeles (LA) area.

2.2 Instrumentation

An SP2 (Droplet Measurement Technologies, Boulder, CO) was used to quantify the physical characteristics of rBC-
containing particles for all three campaigns. In short, the SP2 uses laser-induced incandescence to quantify rBC mass on a
particle-by-particle basis. The SP2 uses a continuous Nd:YAG laser (A = 1064 nm) that is oriented perpendicular to the flow
of air containing rBC-containing particles. As each particle passes through the intra-cavity laser, any coating on the rBC
particle vaporizes while the core incandesces and emits thermal radiation. The scattered and thermally emitted radiation is
measured by optical sensors and converted to signals that can then be used to obtain information about the mass and mixing

state of the sampled rBC-containing particles. In this study, an assumed rBC density of 1.8 g cm™ was used. The SP2 has

detection limits from ~0.5 to 50 fg rBC per particle. Further details regarding the governing principles and operation of the
SP2 can be found in numerous publications (Stephens et al., 2003; Schwarz et al., 2006; Gao et al., 2007; Moteki and Kondo,

2007; Laborde et al., 2012; Dahlkétter et al., 2014; Krasowsky et al., 2016).
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The inlet of the SP2 was positioned on the roof of a three-story research building at the Wrigley Institute as shown in Fig.ure
S1. The height of the inlet was approximately 15 meters above ground level. A fine mesh was secured to the tip of the inlet
to prevent clogging by small insects, and a small plastic cone was also attached to block any potential precipitation from
entering the inlet. The inlet tube was fed in through a window of a secure laboratory room on the top floor of the building
where the SP2 was housed for the duration of sampling. The SP2 ran continuously for the duration of the three
measurementsampling periods. Desiccant used to remove moisture from the sample air was replaced on a daily basis, and the

data during these replacement periods were subsequently removed during the data analysis.

2.3 Auxiliary data

Model simulations and publicly available auxiliary datasets were used to supplement our SP2 measurements.

The National Oceanic and Atmospheric Administration’s (NOAA) Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model (Stein et al., 2015) was the primary tool used to identify dominant emissions sources. The HYSPLIT
back-trajectories were also used to estimate the age range of measured rBC-containing particles and the path of the air
masses carrying these particles. The HYSPLIT trajectory model requires the user to specify the following input parameters:
meteorological database, starting point of the back-trajectory, height of source location, run time, and the vertical motion
method. A height of 15 meters above ground level was chosen to approximately represent the height of the SP2 inlet
positioned on the roof of the laboratory facility. For the first campaign (September 2017), the Global Data Assimilation
System (GDAS) meteorology database with 1-degree resolution (~110 km for 1-degree latitude and ~85 km for 1-degree
longitude) was selected, and one-week back-trajectories were simulated for every day of the first campaign. For the second
and third campaigns (December 2017, November 2018), the High-Resolution Rapid Refresh (HRRR) meteorology database
with a 3-km resolution was selected, and 72-hour back-trajectories were simulated starting on every hour. The GDAS
database was selected for the first campaign simulations because a 1-degree resolution was sufficient to show that the
measured air masses were generally coming from the west. In contrast, the HRRR database was used for the second and third
campaigns because a finer resolution helped determine the sources that contributed to measured rBC. The default vertical

motion method was selected for all back-trajectory simulations.

Data from local weather stations were used to identify the meteorological regimes during all three campaigns, and to
supplement the HYSPLIT back-trajectories used for source characterization. Hourly weather data from Los Angeles
International Airport (LAX), Long Beach Airport, Avalon (Catalina Island), Santa Barbara, and Oxnard, during September
2017, December 2017, and November 2018, were obtained using the NOAA National Center for Environmental Information

online data tool (https:/www.ncdc.noaa.gov/cdo-web/datatools/Icd, last access: 26 August 2019). Five-minute weather data
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at the same weather stations and time periods were obtained from the lowa Environmental Mesonet website
(https://mesonet.agron.iastate.edu, last access: 26 August 2019; Todey et al.,2002). Wind data from the USC Wrigley
Institute on Catalina Island were also examined when available (7 to 13 September 2017) on the Weather Underground
website (https://www.wunderground.com/weather/us/ca/catalina, last access: 26 August 2019), though these data are not
validated by NOAA. Data from Santa Barbara, Oxnard, and USC Wrigley Institute were assessed to support conclusions
made in this stady;-butstudy but are not directly presented in any of the analyses here.

In addition to meteorological data, weather information from local news reports, NASA satellite imagery, and global aerosol
model data were used in conjunction to explain the variability in rBC concentrations and mixing state during the sampling
campaigns. Local weather news reports between 20 December and 22 December 2017 were used to obtain information about
the active fires in Southern California and the dominant wind conditions for each day in the second campaign (December
2017) (CBS Los Angeles, 2017a, 2017b, 2017c, 2017d, 2017e, 2017f). There were generally two local weather reports
retrievable per day: one in the early morning and one later on in the evening. The information from these reports was used to
get a holistic picture of the local fire and weather conditions at the time of sampling. Data from the California Department of
Forestry and Fire Protection (https://www.fire.ca.gov/incidents/, last access: 26 August 2019) was also used to verify basic
spatial and temporal information about significant fires occurring during sampling periods. The local weather reports were

used to cross-validate wildfire timelines, but they are not directly presented here.

NASA satellite imagery and data were accessed through NASA’s Worldview online application
(https://worldview.earthdata.nasa.gov/, last access: 26 August 2019), which provides public access to NASA’s Earth
Observing System Data and Information System (EOSDIS). Moderate Resolution Imaging Spectroradiometer (MODIS)
images taken from two satellites (Aqua and Terra) were examined for all sampling days. MODIS images were used to
identify visible plumes of aerosols, particularly those from large wildfires. The general movement of air masses was also
assessed from the visible movement of large-scale clouds from these satellite images. In addition to the MODIS images,
aerosol index, aerosol optical depth (AOD), and fires and thermal anomalies data products were examined to supplement the
source identification process. For aerosol index, the OMAERUYV (Torres, 2006) and OMPS _NPP_NMTO3 L2 (Jaross,
2017) products were used. For AOD, the MYD04 3K MODIS/Aqua and MYD04 3K MODIS/Terra products were used
(Levy et al., 2013). For fires and thermal anomalies, the VNP14IMGTDL NRT (Schroeder et al., 2014) and MCD14DL
(Justice et al., 2002) products were used. Examples of NASA data products used for source identification analysis can be

found in the Supplement.

An open-source online visualization tool (earth.nullschool.net, last access: 26 August 2019) was used to visually assess the
European Centre for Medium-Range Weather Forecasts (ECMWF) Copernicus Atmosphere Monitoring Service (CAMS)

model output data (Beccario, 2019; https://atmosphere.copernicus.eu/, last access: 26 August 2019). The CAMS model
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provides “near-real-time” forecasts of global atmospheric composition on a daily basis. Specifically, the PMa.s concentration
output data from CAMS were examined using earth.nullschool.net. The CAMS output visualizations were particularly
helpful for understanding where certain sources were located and when they were likely affecting our measurements. The
concentration gradients of PM2 s were examined on the visualization tool on an hourly interval for every day of active
sampling in order to supplement the HYSPLIT analysis and confirm the contribution of certain emission sources. Access to

the CAMS visualizations for the three campaigns can be found in the Supplement and Video Supplement.
2.4 Estimation of source-to-receptor timescale

Characteristic timescales of transport between the sampling site and nearest source(s) were estimated based on the HYSPLIT
trajectories simulated for source identification. The approximate source-to-receptor timescale characterizations by HYSPLIT
were cross-validated with approximate calculations of transport time performed with representative length scales between
sources and the sampling site, and the average wind speeds during the time periods of interest. Further details regarding the
calculations of the timescale characterizations are in section S1 of the Supplement. Although we cannot fully capture the
intricacies of particle aging timescales with our estimates, they are meant to be conservative approximations based on
available meteorological data. These estimated source-to-receptor timescales were used to help categorize different LEO
periods by source(s) (see Table 2 and Fig.ure 96), and also used in our discussion of how rBC mixing state evolves with

particle aging (see Section 3.76).
2.5 Time series filtering

rBC mass and number concentrations during the first campaign (September 2017) showed anomalous spikes likely due to
unexpected local sources. In an effort to obtain representative background concentrations, we filtered these spikes by
removing values above a threshold of 0.08 pg m™ and 40 cm™ for mass and number concentrations, respectively. Figure S2
in the Supplement shows the time series for the first campaign before and after removal of spikes. Figure S3 in the
Supplement shows the median rBC concentration for the first campaign as a function of the cut-off threshold value. Median
rBC mass and number concentrations appeared to asymptote at cut-off values of approximately 0.08 pg m~ and 40 cm™,
suggesting that the median rBC concentration values become insensitive to the choice of cut-off threshold above these

values.
2.6 Lag-time method

The mixing state of rBC was examined using two different methods. The first method used to characterize mixing state is
called the lag-time method. This method categorizes each rBC particle as either “thickly-coated” or “thinly-coated” based on

a measured time delay (i.e., “lag-time”) between the scattering and incandescence signal peaks. This method has been
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previously described and used in various studies (Moteki and Kondo, 2007; McMeeking et al., 2011a; Metcalf et al., 2012;
Sedlacek et al., 2012; Wang et al., 2014; Krasowsky et al., 2016; Krasowsky et al., 2018). In short, as a coated rBC-

containing particle passes through the SP2 laser, the sensors will detect a scattering signal as the coating vaporizes. Shortly
after, there will be a peak in the incandescence signal as the rBC core heats up and emits thermal radiation. A probability
density function of the lag-time values often results in a bimodal distribution. Based on the data for a particular campaign, a
lag-time cut-off is chosen between the two peaks of the bimodal distribution to bin each rBC particle as either thinly or
thieldy-eoatedthickly-coated. The fraction of rBC particles that are thickly-coated (fzc) is then determined based on this
categorization. For our study, a lag-time cut-off of 1.82 us was chosen to quantify whether an rBC-containing particle was

thickly-coated. Only particles with an rBC core diameter greater than 170 nm were included in the calculation of fzc to

account for the scattering detection limit of the instrument. As discussed previously by Krasowsky et al. (2018), the lag-time

method is inherently susceptible to biases since fzc can depend on the selection of the lag-time cut-off value. For example,
Krasowsky et al. selected a cut-off value of 1 ps for a near-highway SP2 campaign in the Los Angeles Basin, which is
significantly different than the value of 1.82 ps used in this study and others. There remains an unresolved issue of
maintaining consistency between different studies utilizing the lag-time method, while simultaneously representing the
unique mixing state characterization of each measured rBC population; the definition of “thickly-coated” likely varies by the

aerosol population sampled and thus is not necessarily comparable from one study to the next.

2.7 Leading-edge-only (LEO) method

BC mixing state was also characterized using the LEO method. In brief, this method reconstructs a Gaussian scattering
function from the leading edge of the scattering signal for each rBC-containing particle. The width and location of the
reconstructed Gaussian scattering function is determined by a two-element avalanche photodiode. -Assuming a core-shell
morphology, the rBC coating thickness is subsequently calculated from the reconstructed scattering signal and the

incandescence signal (Gao et al., 2007; Moteki and Kondo.-et-al- 2008). The Paul Scherrer Institute’s single-particle soot

photometer toolkit version 4.100b (developed by Martin Gysel et al.) was used to perform the LEO method in Igor Pro

version 7.09.

Eor-ourln this study, the LEO “fast-fit” method was used with the-first-three points-eftheleadingedge, and particles
analyzed were restricted to those with rBC core diameters between 1802686 and 30250 nm. Although the SP2 has been
reported to accurately measure the volume equivalent diameter (VED) of scattering particles down to ~170 nm, a more
conservative lower threshold of 180200 nm was used for our study to reduce instrument noise at smaller VED values near
the detection limit ;-as-dene-in-ourprevious-study-(Krasowsky et al., 2018)._Specific rBC core diameter ranges were used for

different analyses in this study and these ranges are explicitly defined within each respective discussion. One exception was

made to the 180-300 nm rBC core diameter restriction; in section 3.7. For the analyses-analyesanalyses and discussion
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presented in section 3.7, the LEO coating thickness was calculated for all detectable rBC particles with non-saturated

scattering signals. The rBC core size was not restricted in this section because the relative comparisons between

characteristic coating thickness values were more important for the analysis, rather than the absolute value (which would

likely be biased, as discussed further in section 3.8). In other words, the LEO-derived coating thickness values in section 3.7

from-this-sectton-were not used to report-a representative averages for selective time periods, but rather were used mere

qualitatively-for comparisen-for comparative and/or gualitative-deseriptivequalitative purposes.—{e-e--these-values-werenot

3 Results and discussion

Bnsertshortroadmap-ofthisseetion]This section starts by discussing the major identifiable sources and meteorological

patterns in each of the three campaigns (section 3.1)s. Then, the overall mass and number loading of rBC is discussed and

compared to past literature values (section 3.2). Following that, the rBC mixing state results from the lag-time and LEO

analyses are discussed (sections 3.3—3.5). The impacts of emissions source type and atmospheric aging on rBC mixing state

and core size are subsequently discussed (sections 3.6, 3.7). Section 3 then ends by comparing rBC coating thickness values

calculated in this study to thesereportedinpast-similarstudies-reported values from past studies

3.1 Source identification and meteorology

In this section, we summarize the dominant pollutant sources and wind patterns for each of the three campaigns. For all three

campaigns, we used HYSPLIT back-trajectories, HYSPLIT dispersion model, CAMS model data, and NASA data products

(i.e., satellite imagery, aerosol index products, and AOD products) in conjunction to identify the most likely sources of
measured rBC-containing particles. For the first campaign (September 2017), the Oregon wildfires were identified as
probable sources of measured rBC. Furthermore, we also identified long-range transport from East Asia and ship/aviation
emissions as potential sources contributing to measured rBC. Overall, we expect measured rBC during the first campaign to
be aged. For the second campaign (December 2017), fresh urban emissions from the Los Angeles basin and biomass
burning emissions from the Thomas Fire in Santa Barbara and Ventura County (along with other smaller Southern California
fires) were the main sources identified by our analysis. For eusthe third campaign (November 2018), fresh urban emissions
from the Los Angeles basin and fresh biomass burning emission from the Woolsey Fire in Ventura (along with other smaller
Southern California fires) were the main sources identified for approximately the first four days of the campaign. For
appreximately-the last two days of the third campaign, we-suspeet-thatthe Camp Fire in Northern California (along with
other smaller fires in Northern and Central California) had-signifieant-centributionscontributed significantly to measured
rBC. Figure 2 displays the-pereentage-ofwind-coming fromdifferentdirections;wind roses for each campaign; at three
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different weather station locations (public data provided by NOAA, see section 2.3). Furthermore, Figur.e 3 shows
HYSPLIT back-trajectories simulated for each of the three campaigns and further highlights -#-detail;-the differences in
wind conditions between the three campaigns. These figures elearly-show the distinct meteorological regimes of each

campaign. A more detailed description of the source identification process can be found in section S2+ of the Supplement.-

For the restremainder of the manuscript, we refer to rBC measured when the dominant source was biomass burning

emissions willbereferredto-as BCBuw, and -rBC measured when the dominant source was fossil fuel (i.e., urban) emissions

will be referred to as BCB#. rBC measured in the first campaign (September 2017), when the measured air masses were
deminantly-asedandrepresentative of the-centinental-sealewell-aged background over the Pacific Ocean-continental
baeckgroundlevels, will be referred to as BCreonaged _bgt.s8H ; ;

to-as BBeont:
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Figure 2. Wind roses for the September 2017 (first row), December 2017 (second row), and November 2018 (third row)
sampling periods. Wind roses are based on five-minute ASOS airport data from LAX (first column), LGB (second column),
(105 and AVX (third column), provided by NOAA.
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Figure 3. HYSPLIT back-trajectories for all three campaigns. The star denotes the start location of each back-trajectory, i.c.,
the sampling location. The trajectories for the first period (September 2017) (i.e., panel a) represent week-long back-
trajectories for each day of the campaign. The trajectories for the (b) second (December 2017) and (c) third (November
2018) periods represent 72-hour back-trajectories for each hour of the campaign. Panels (d) and (e) show more zoomed-in
maps of the second and third campaign back-trajectories along with active Southern California fires.
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3.2 rBC mass and number concentration

Figure 4 shows time series for rBC mass and number concentrations, rBC coating thickness (C7sc), number fraction of

thickly-coated particles (-are-fzc), and rBC count mean diameter (CMD) for all three measurement campaigns. The mixing

state (CTpc and f3c) and rBC size are discussed in following sections. The mean mass and number concentration (+standard

deviation) for the first campaign (September 2017) was 0.04 (£0.01) pg m™ and 20 (+7) cm?, respectively. For the second
campaign (December 2017), the corresponding mean concentrations were 0.1 (£0.1) pg m™ and 63 (£74) cm?, with
concentrations reaching as high as 0.6 ug m™ and 381 cm?. Likewise, for the third campaign (November 2018), the
corresponding mean concentrations were 0.15 (£0.1) g m™ and 80.2 (£54.5) cm™. The range of observed rBC
concentrations is larger for the second and third campaigns compared to the first campaign, and there are distinct prolonged
peaks in concentrations that can be observed during these times;-. #n-In comparison, the first campaign shows relatively

stable concentrations.

Given the remote location of the sampling site and the consistent westerly winds during the first campaign (September
2017), the observed rBC concentrations establish an appropriate baseline for ambient conditions away from the broader
urban plume in the Los Angeles basin. On the other hand, the concentrations during the second and third campaigns
(December 2017, November 2018) were more variable, and-thewith mean concentrations that were swere-higher than than-the
mean-coneentration-for-the first campaign due to periods of northerly-to-easterly winds driven by Santa Ana wind conditions
as described in section 3.1. Figure 5 shows rBC mass and number concentrations along with wind speed and direction during
the second campaign. Wind direction was directly related to elevated concentrations for all three peaks shown. Peak P1 is
clearly preceded by a prolonged period of northerly winds. Similarly, Peaks P2 and P3 are preceded by periods of easterly
winds. An analogous plot for the third campaign is shown in Fig.ure S89, but the relationship between wind direction
measured at LAX and the rBC concentration is not clearly discernible since long distance biomass emissions were impacting
the measurements in addition to local sources near the LA basin. The impacts of different sources on measurements during

the third campaign are described in detail in section S2 of the Supplement.

On-averagertheThe mean concentrations for the first campaign (September 2017) wasere approximately an order of
magnitude lower than the average mean concentration of ~0.14 pg m™ observed by Krasowsky et al. (2018) near the
eutskirts-downwind edge (assuming dominant westerly wind flows) of the LA Basin (i.e., 7##n-Redlands, CA). Concentrations
during the most polluted time periods in our measurements (-e—parts-of the-second-and-third-eampaigns)}-were comparable to

recently measured concentrations in the Los Angeles basin (Krasowsky et al., 2018) but at least one to two orders of

magnitude lower than average concentrations found in other heavily polluted cities around the world. Mass concentration

values of ~0.9 pg m3, ~0.5 to 2.5 pg m>, ~0.9 to 1.74 ug m3, and ~0.6 ug m were measured with an SP2 in Paris, Mexico

City, London, and Houston, respectively (Laborde et al., 2013; Baumgardner et al., 2007; Liu et al., 2014; Schwarz et al.,
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2008a). In urban areas of China, an average mass concentration of ~9.9 ug m was reported for a polluted period in Xi’an

(Wang et al., 2014).
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Figure 4. Time series of (a) BC absolute coating thickness, (b) number fraction of thickly-coated rBC particles, (¢) rBC
count median diameter, and (d) rBC concentrations, for all three measurements campaigns. The boxed annotations (i.e., L1
to L10) refer to specific LEO periods, which are further described in Section 3.4. In panel (a), each blue dot represents an
individual particle. The hourly median is shown in the dotted pink line, and the corresponding 10" and 90™ percentiles are
shown in purple. In panel (b), green dots represent one-minute means while the black curve shows hourly means. Panel (c)
shows the one-minute mean for the count mean diameter. Panel (d) shows the one-minute means for rBC concentration.
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Figure 5. Meteorological variables and rBC concentrations during the second campaign (December 2017). Panel (a) shows
wind speed and (b) shows wind direction measured by a NOAA weather station located at Los Angeles International Airport
(LAX). Panel (c) shows rBC mass and number concentrations and identifies three peaks of interest. The two dashed ovals in
panel (b) highlight periods of northerly and easterly winds, which occur ~0.5-1 days before each of the three peaks,
1160 suggesting that the elevated rBC concentrations included important contributions from the local Thomas Fire (and other
smaller fires) and urban emissions from the Los Angeles basin.
3.3 Lag-time analysis: number fraction of thickly-coated rBC-containing particles
Figure 4, panel (b) -shows both one-minute and one-hour means averages-for fzc over the course of all three campaigns. On
average, fgc was larger during the first campaign (September 2017) than during the second and third campaigns (December
(165 2017, November 2018). The mean values (+standard deviation) of fzc were 0.27 (+0.19), 0.03 (+0.09), and 0.14 (+0.15) for
the first, second, and third campaigns, respectively. This implies that about one-quarter of the rBC-containing particles that
were measured in the first campaign either had sufficient time in the atmosphere to become aged with thick eeatings;
coatings or originated from biomass burning emission sources, which have been shown to emit more thickly-coated particles
compared to fossil fuel emissions (Dahlkotter et al., 2014; Laborde et al., 2013; Schwarz et al., 2008a). Mwhile-most of the
170  rBC particlestB€ measured in the second campaign wereas thinly-coated, implying the-deminantseureeistmpaetsfrom

fresh-urban-emisstonsBCr wasbeinrgdominated measurementse. from-the EA-basinfresh—The rBC from the third campaign
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exhibited mostly thinly-coated rBC for appreximately-the first ~four days of the campaign and an increased fzc¢ for
appreximately-the last ~two days of the campaign.

Compared to past studies in the Los Angeles region, the meanaverage fzc for the first campaign (September 2017) (fpc =
0.27) is close to the lower end of values from past-aircraft measurements (fsc = 0.29) (Metcalf et al., 2012) and the upper end
of previous ground-based measurements (fzc = 0.21) (Krasowsky et al., 2016). In contrast, the mean value of fzc for the
second campaign (December 2017) is almost an order of magnitude lower than the-meanaverage-for the first campaign.
There are some periods with slightly elevated fzc during the second campaign, but the overall trend suggests that most of the
rBC-containing particles in this period are thinly-coated or essentially uncoated. The Santa Ana wind conditions during the
second campaign advected fresh (a) urban emissions from the Los Angeles basin, and/er (b) biomass burning emissions from

active fires in Southern California, as discussed in section 3.1.

The third campaign (November 2018) is unique in that both “fresh” and “aged” :BC-centaining-aeresolsfrom-biomass
burning-were-measturedBChy, in addition to fresh wrban-emisstonsBCs were measured. As shown in Fig.ure 4, there is a

distinct period of relatively higher fsc and rBC concentrations starting at appreximately~noon on 16 November 2018 and

lasting through the end of the campaign on 18 November 2018. This is the only period from all three measurement
campaigns where we observed both high an-elevatedrBC mass/number loadings and_high fzc values. In section 3.1, we

identified the Camp Fire to be the predominant source during this time period within the third campaign. Thus, This-time

atthe biomass burning rBC areparticles measured in this

portion of the third campaign are more thickly-coated than our measured its-urban eounterpartrBC. PreviousThis-confirms
whatmany previous laberatery-andfieldfield studies have reportedfeund that xxyy=zzBCrr generally have a lower fzc
relative to BCob (Schwarz et al., 2008a; Sahu et al., 2012; Laborde et al., 2013; McMeeking et al., 2011b; Akagi et al.,
20122)4 . For example, Schwarz et al. (2008a) reported that
fec~ 10% for urban emissions and eempared-to-fsc ~ 70% for biomass burning emissions¢Sehwartz). The impact of source
type on rBC mixing state will be further discussed in section 3.7..-and-it-will be-further discussed-insection3-+

3.4 Negative lag-times and rBC morphology

A number of previous studies (Moteki and Kondo., 2007; Sedlacek et al., 2012; Moteki et al. 2014; Dahlkotter et al. 2014;

Sedlacek et al., 2015) reported negative lag-times from both laboratory and field measurements of rBC. In-shertIt has been
hypothesized that a negative lag-time is observed when rBC fragments “disintegrates”{t-e-fragments)-from its tBC-free
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coating material, resulting in a scattering signal that follows an incandescent signal. Dahlkotter et al. (2014) summarized that
this-phenomenennegative lag times can occur when either: (i) rBC is very thiekly-eeatedthickly-coated in a core-shell

configuration, (ii) rBC is thiekly-coatedthickly-coated and the core is offset from the center in an eccentric arrangement, or

(111) rBC is located on or near the surface of an rBC-free particle. The morphology of rBC-containing particles is of

importance because the enhancement of BC light absorption can vary widely depending on whether the morphology more

closely resembles a core-shell configuration or near-surface attachment (Moteki et al., 2014). Although the fraction of

negative lag-times (fiagneg) cannot definitively identify the morphology of individual rBC-containing particles (Sedlacek et

al., 2015) or accurately quantify the actualactual percentage of all fragmentingdisintegrating rBC-containing particles

(Dahlkotter et al. 2014), it can offer some general insights about rBC morphology, especially when it is paired with other
information; like the emissions source typetype and-population-averagedeconcurrent rBC coating thickness-mixine state.

flag.neg 18 @ conservative lower-bound estimate for the fragmentation rate since there may be rBC particles with positive lag-

times that still fragment in the SP2 (Dahlkotter et al., 2014). Dahlkotter et al. (2014) used a method examining the tail end of

the time-dependent scattering cross-section in order to determine if a rBC-containing particle was fragmenting-er-net,

thereby calculating a higher fragmentation rate relative to fisgneo. Details of the time-dependent scattering cross-section

method can be found in Laborde et al. (2012) and Dahlkoétter et al. (2014). This method to calculate a refined fragmentation

rate was not used in Sedlacek et al. (2012), nor in-and this study.

Furthermore, Sedlacek et al. (2012, 2015) suggest that fiug.nec and the lag-time distributions may previde-assist ininsight-into

source attribution. More specifically, Sedlacek et al. (2012) measured a confirmed biomass burning plume in August 20115

and they-found high positive correlation between biomass burning tracers and fiag.nee during the period of impact, suggesting
that fiue.nee may be a useful indicator of biomass burning influence.biomass-burning +rBC-may-have a-hich-frequeney-of

In this study, we observed negative lag-times, although at a relatively low rate, with free.lag.nes calculated to be muehless

thanmuch less than 0.1 throughout most of the measurement periods (see Fig. 6). We defined fiae.nee to be identical to the

"fraction of near surface rBC particles" metric used by Sedlacek et al. (2012), using a lag-time threshold of -1.25 us to

account for uncertainties associated with the lag-time determination. The campaign-widewide averagedfiagnee was 0.017—our

eampatgns-we- for the first campaign (September 2017), 0.018 for the second campaign (December 2017), and 0.026H for
the third campaign (November 2018). Comparatively, Dahlkotter et al. (2014) observedreperted fiag.nee 0f ~0.046 during an

airborne field campaign measuring an aged biomass burning plume-in-Germany, and additionally calculated a amuch
highern-overall-much-higher fragmentationdisintegration rate of ~0.4 to 0.5, based on a-method-thatexaminesthe tatlend-of
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the time-dependent-scatteringcross-sectiontheir aforementioned alternative method (Laborde et al., 2012). Betatlsefthe
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et al. (2012) reported fiag.nee > ofmore-than-0.6 for ground-based measurements of a biomass burning plume in Long Island,

New York, originating from Lake Winnipeg, Canadas.

fneg, lag
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Figure 6. Panel (a) shows the 10-minute mean time series for number fraction of rBC particles with negative lag-times (foeg,
lag). The threshold for negative lag-times was set to -1.25 us to account for uncertainties in the lag-time determination
(Sedlacek et al., 2012). Panel (b) shows the time series of lag-time values for each individual particle, corresponding to
individual dots on the graph. Panel (c) shows the one-minute mean rBC number concentration for reference.

The widely varying fignee between these different studies (including thisour and-this-study) Gneludine this-study)suggests
that the-abselute-masnitudeoffiue.nee may not be a helpfatuseful metric when comparing between studies. fn-faetthis
confirms-Oene of the key findings from Sedlacek et al. (2015) shows thatt SP2 operating conditions -ean-strongly affects the

frequency of negative lag-times, and suggests that inter-study comparisons of the-magnitadeoffiuo.nee could prove-fruitlessbe

meaningless, or at worst misleading, if the laser power and sample flow rate are not reported. See the section S3 in the

Ssupplement for more details.
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The higher mean value of fiug.nee (0.026) during the third campaign (November 2018), relative to the first (0.017) and second

(0.018) campaigns, shows that fiugneg could potentially be a useful as a supplemental metric when identifying impacts from

biomass burning sources, as mentioned by Sedlacek et al. (2012, 2015). Figure 7 also shows that the 10-minute

meanaveraged negative lag-times increase in magnitude with increasing rBC core diameter between the range of ~100 to 115

nm (i.e., higher rates of fragmentation with increasing core size). This follows a similar trend observed by Sedlacek et al.

(2012, 2015), who attributed this trend to increased heat dissipation to surrounding gases for smaller rBC cores, which in

turn decreases the particle heating rate and consequently decreases the fragmentation rate. ThisOur observations trend

confirmsadd to the limited past observations that show that the fragmentation rate of rBC particles in the SP2 depend on

physical factors like the core size. This further complicates the practical use of fiug.neg as a biomass burning indicator.

10-minute average

-10 —

-15

Lag-time (us)

-20 —

-25 —

I T I T
90 100 110 120 130
rBC core diameter (nm)

Figure 7. Scatter plot of 10-minute mean negative lag-times versus 10-minute mean rBC core diameters.

Our-data-alseindicate-thatCertain trends in fiug nee for this study further indicate that it should hkely-eannoetnot be used in

1solationalene to verify the relative abundance of biomass burning aerosol versus non-biomass burning aerosols. There are

peaks in the fiagnes time series (Fig. wre-6) that do not follow the expected trends based on identifiable source impact time
periods. For example, the two peaks on 22 December 2017 (urban-emissions-dominated-peaksBCr periods) correspond to
flag.neg Values exceeding 0.02, but fiug.neg hovers around 0.02 on 17 November 2018, when we eenfirmedhad expected direct
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impact from the Camp Fire. WeknowAs evidenced from the meteorology (Section 3.1), mixing state (Section 3.3), rBC

concentrations (Section 3.2)meteorology, and rBC core size (to be discussed in Section 3.6),-and+BC-massloading
coneentrations; measurements on-measurements-onBCry was-measured-on that- 17 November 2018 were dominated by

biomass burning emissionswas-elearl, ywere-more-dominated by biomass burningemissions;but fiue.nee fails to show that

independently. These anomalous observations show that fiug.neg needs to be used with caution, and that measurementsfuture

studies are necessary-should-be-conducted to extensively quantify the relationship between fiugnee and source type.

The direct-observations of negative lag-times in this study confirms that ambient rBC likely do not -striethy-adhere strictly to

core-shell morphology. The exact morphology of measured rBC cannot be eemmented-onquantified based on our

measurements-atone, but the presence of negative lag-times in this study highlights the need to further understand rBC

morphology and its effect on absorption enhancement in future studies, as well ast the potential for fiugnes to be used as a

supplemental source identification tool.-GEORGE LEET OFEHERE:

3.54 Leading-edge-only (LEO) fit analysis: rBC coating thickness

To further examine the mixing state of rBC-containing particles, the leading-edge-only (LEO) fit method was used to
quantify rBC coating thickness (CTsc) duringvarious-timeperiods-efintereston a particle-by-particle basis. Figure 4 shows

the time series of CTpc throughout all three campaigns. The time series of CTsc shows that each campaign was characterized
by different mixing statesa-distinet-mixing state-distribution, and that certain-trends-emersed-within-campatgns:there are
distinct trends within each campaign-as-wel.—fiugnee
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The inter-campaign differences are further-highlighteds in Fig.ure 8, which shows the CTsc distribution for each distinet

campaign, as well as the eamulative-distribution including rBC from all campaigns. For both rBC core diameter ranges

(180-220 nm and 240-280 nm), we elearky-observe that the first campaign has the largest meanaverage CTzc, followed by

the third and second campaign, respectively. The meanaverage CTsc (£ standard deviation) for the first, second, and third

campaign was 52.5 (£45.5) nm, 22.3 (£ 25.0) nm, and 40.3 (£ 41.5) nm, respectively, for particles with a rBC core diameter
between 180 and 220 nm.

Comparing the time series of CTpcto the time series of fzc (Fig.ure 46), we observe similar trends over time, which is

expected and also reported in past studies that have employed both the lag-time and LEO methods (Metcalf et al., 2012;

Laborde et al., 2012; McMeeking et al., 2011a). Figure S9 shows that there is a statistically significant correlation between
10-minute mean CTgcand fac throughout all three campaigns{—0-82-and+=0-62). The Pearson correlation test (i.e., linear

correlation test) was conducted to quantify the linear correlation between the two variables and to infer the statistical
significance of the potential correlation. For the test, o = 0.05 (i.e., 95% confidence level);. which-means-thereis-a5%
ation)-whenitistrue-The test returnedresulted in a-pp-value

chance-o
SHARcCo

aldsuggesting
strongly-infer a statistically significant correlation. The sample Pearson correlation (r) was 0.82—where—1imphiesperfeetly
negative-correlationand—+Hmplesaperfectly positivecorrelation. The statistically significant, positiveThis correlation
confirms that these two methods are in general agreement-with-each-other, and that they can be used together to robustly
describe the rBC mixing state.-from-abroad time-averaged perspeetive:
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1335  Figure 8. Distributions of BC coating thickness (CTsc) aggregated by campaign are shown in red (1% campaign), green (2™
campaign), and purple (3™ campaign). The combined distributions for all campaigns are shown in black. Panels (a) and (b)
show the normalized frequency distributions, while panels (c) and (d) show the absolute frequency distributions. The
distributions are also distinguished by the rBC core diameter ranges included in the LEO analysis. The top panels (a) and (c)
show distributions for particles with rBC core diameters between 180 and 220 nm. The bottom panels (b) and (d) show

1340 distributions for particles with rBC core diameters between 240 and 280 nm.

In addition to aggregating CTzc by campaign, we also examined ten -discrete time periods of interest withinin-campaign-to
getexplore a more fine—eraineddetailed understanding of the mixing state wariability—andvariability-and-explore how-they

pends-on-a-variety-of external-factors-can-influenced-the-mixing state. Two time periods from

1345 the September campaign, three time periods from the December campaign, and five time periods from the November
campaign were selected to represent a diverse range of meteorological conditions, emission sources, and age of aerosols.
Table 2 lists the ten LEO-fit periods, and their median and mean C75c. The LEO-fit periods are also annotated on the rBC
concentration time series (see Fig.ure 4) to show when they occurred in the context of all three campaigns. The median CTc
for the LEO periods ranged from —0.43 to 545.09 nm. L6 had the lowest median C7sc (0.43 nm), while L9 had the highest
350 median CTsc (545.09 nm).

Table 2. Details of the ten different LEO time periods. Further details about the source-to-receptor characteristic timescales
can be found in the Supplement, section S1.

. Total number Mean Median
LEO Period of rBC coatin coatin Characteristic
Time Date/Time (Pacific Time) Length . . & ) & .
. . particles thickness thickness timescale
Period (mins) a
analyzed (nm) (nm)
L1 9 Sep. 2017, 12:00-1:00am 60 397 62.2 53.5 ~days to week
L2 13 Sep. 2017, 11:59-12:58pm 59 467 28.1 23.6 lell““tes to
ours
L3 20 Dec. 2017, 12:59-2:00pm 61 79 49.3 47.7 ~days to week
L4 21 Dec. 2017, 12:29-1:00pm 31 318 14.3 12.0 ~3 hours
L5 22 Dec. 2017, 9:59-10:15am 16 1,176 14.6 12.2 ~12 hours
L6 12 Nov. 2018, 12:00-1:00pm 60 1,752 5.6 -0.4 ~8 hours
L7 14 Nov. 2018, 5:00-6:00am 60 2,879 10.7 8.2 ~17 hours
L8 17 Nov. 2018, 5:00-6:00am 60 2,712 57.2 48.4 ~days to week
L9 17 Nov. 2018, 7:00-8:00pm 60 1,254 67.2 54.0 ~days to week
L10 18 Nov. 2018, 10:00-11:00am 60 4,778 40.6 31.2 ~days to week

(355 *LEO coating thickness calculations shown in the table only include rBC-containing particles with core sizes between 200
and 250 nm.
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Figure 96 illustrates the CTsc distributions and statistics of each LEO period. L1 and L2 were from the first campaign
(September 2017). L1 is representative of ambient background rBC-containing particles from the first campaign. A period
that did not exhibit any anomalously large rBC mass concentration values was chosen so that contributions from possible
nearby sources would not skew the meanaverage CTsc. On the other hand, L2 intentionally spans a period with many
anomalously high rBC mass concentration values. Although these anomalous values were removed from the concentration
time series discussed previously in section 2.4, the values were not removed for the LEO analysis of L2 in order to examine
the relationship between CTc and possible nearby emissions. As hypothesized, the rBC-containing particles from L2 were
generally more thinkyeeatedthinly-coated than those from L1. The median CT3c from L2 was ~was-30642-5 nm
lowerthinnrer than that for L1, which corroborates our hypothesis that the anomalously high mass concentration values in the

first campaign included contributions from nearby, unidentified fossil fuel sources.

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10
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Date and time (Pacific Time, in chronological order)
Figure 9. Violin plots that show the distribution of rBC coating thickness values calculated for each LEO time period, L1
through L10. Each circle marker in the plot represents a particle analyzed by the LEO analysis and the curves for each
“violin” shape represents the normalized probability density function of the coating thickness for each LEO period. The
violin shape results from mirroring each probability density distribution along a vertical axis. Box-and-whiskers plots are
also overlaid to show the quartiles (25%, 50", and 75" percentiles) of the coating thickness distributions. The 95% confidence
intervals (CI) based on Student’s t-distribution are shown above each violin plot to demonstrate when the mean coating
thickness values are statistically distinguishable from one another. The mean (unfilled diamond) and median (solid diamond)
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coating thicknesses are also indicated above each violin plot, and a brief description of sources for each LEO period is
annotated below each distribution.

L3 through L5 are time periods from the second campaign (December 2017). L3 represents a period near the start of the
second campaign (December 2017). The predominant wind direction during .3 was westerly, with ar meanaverage wind
speed of ~4.5 m s'. HYSPLIT back-trajectories and CAMS data show that L3 likely included important contributions from
the Thomas Fire in Santa Barbara and Ventura County. The PM2.5 concentration gradient from CAMS was examined over
time to track the movement of plumes that influenced the measurements during this time period. A few days prior to the start
of the second campaign, the Thomas Fire emitted-resulted in a large aerosol plume westward over the Pacific Ocean. From
visually tracking PM2.s concentration gradients, it appears that a large-scale, clockwise, atmospheric circulation brought
aerosols from the Thomas Fire to Catalina Island around the time of L3 (see video 2 of Video Supplement). The average
concentration during L3 was about an order of magnitude lower than the average concentration for the September campaign.
This could be partially attributed to the fact that L3 was around 1 to 2 pm, when the planetary boundary layer would be
expected to increase in height, causing pollutants concentrations to decrease due to dilution. The median CT3c for L3 was
47.72 nm, which is slightly thiekerthanthe-medianlower EFnc-than feund-for L1, which is representative of the ambient
background conditions. The slightly larger CT5c for L3 likelymight reflects the fact that mixing state is sensitive to the

source of emissions. In this time period, urban emissions were likely mixed into the plameregional air mass, slightly

lowering the median CTpcslightly. A number of previous studies have suggested that rBC from biomass burning emissions

are generally more thiekly-eeatedthickly-coated (Sahu et al., 2012; Schwarz et al. 2008a; Dahlkétter et al., 2014). In this

case, we have evidence to suspeet-support that a larger fraction of measured rBC during L3 came from the local Thomas
Fire, while L1 represents a mix of influences, including, but not limited to, aged biomass burning aerosols. The effect of

emissions sources on rBC mixing state is thoreughly-discussed in section 3.7.

L4 through L7 represent periods eftime-when the Los Angeles basin,-and Santa Barbara/Ventura counties, (whieh-ineludes
beth-biomassburning-andurban-emissions)-and San Diego county (to a lesser degree) were identified as major sources. Air

masses measured during these periods likely contained a mixture of both urban emissions and biomass burning emissions

(see Supplement section S2 and accompanying figures), although urban emissions were likely dominant—The H¥SPEIT

ia. Overall, these LEO periods exhibit the
lowest median C7sc, ranging from -0.4 to 12.2 nm. The potential relationship between aging time and CTsc;-espeeiathy-for

these-urban-emissionsinflueneedperiods; is discussed further in section 3.76.
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L8, L9, and L10 are the unique LEO periods from the third campaign (November 2018) with concurrently elevated-increased
rBC concentrations and fzc (discussed in the previous section). We also observed the-highest-mediansignificantly higher
CTsc values during these periods_compared to urban-emissionsinfluenced periodsBEal 4-1.7, with median CTpc-values
ranging from 31.2 to 54.0 nm-—ES8-and-E9-were-both-periods-of stableelevated focand rBCeoneentrations. We have strong

evidence to support that the sampled particles include important contributions from aged rBC from the Northern California

fires, particularly the Camp Fire (see section S2 in Supplement). The relatively high CT5c values in L8 and L9 (compared to

other LEO periods) further support our claim that rBC-containing particles from Northern California fires were dominating

our measurements during this time. L10 has a median C75c of 31.2 nm, whichthat is ~230 nm lowerssaler than the median
value for siaE8-and-1.9. This reduction in the median CT3c is also reflected in the decrease of the f3c values near the end of
the campaign. Meteorological data, MODIS satellite images, and CAMS data during this time period suggest that sources
from the Southern California (and possibly Central Valley) region contributed more to measurements during L10 than they
did during L8 and L9, explaining the lower CTsc and higher overall concentrations. Wind speeds were lower on average for
L10 compared to L8 and L9. The mean wind speed for L10 at LAX, based on 5-minute NOAA data, was ~1.3 m s}, while
the mean wind speeds for L8 and L9 were ~2.1 m s and 1.6 m s’!, respectively. There was also a general shift of wind
direction from westerly to north-easterly, approximately a half day before L10 (see Fig.figare S89 in Supplement). MODIS
satellite imagery and CAMS data also confirm that local to regional sources were likely impacting the measurements more
during this period (see video 3 and 4 of Video Supplement), compared to L8 and 9. The stagnant-meteorology, in addition
to local to regional sources of emissions from the Los Angeles basin and Southern California-mere-broadly, likely explain

the reduction in C7sc and the near doubling of the rBC concentration level.
3.65 rBC core size-distributions

The number- and mass-based size distributions for rBC cores were assessed for periods L1 to L10. Similar to past studies,
rBC core mass equivalent diameters between 70 and 450 nm are reported (Gao et al., 2007; Moteki and Kondo, 2007;
Dahlkotter et al., 2014; Krasowsky et al., 2018). Figure 107 shows both log-normal fits of the rBC core size distributions and
measured rBC core diameters for three LEO periods (L1, L5, and L10); we investigated these three LEO periods to assess
whether log-normal fits adequately represent the actual rBC size distributions before presenting log-normal fits for all LEO
periods. Previous studies have shown that rBC core size distributions in#atare-are generally log-normal in the accumulation
mode (Metcalf et al., 2012). Figure 107 shows that log-normal fits adequately capture the measured size distributions,

though we cannot rule out the possibility of another rBC mode outside the detection limits of the SP2. Although the peak of

the observed petntssize distribution is not always discernible (e.g., number size distribution for L5 in Fig.ure 10), it is

reasonable to fit these points assuming that a log-normal distribution is a realisticreasonable representation of ambient rBC

number size distributions in the Aitken mode.-Therate-of chanee-of the-observed pointsis-also-captured-very-well
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Figure 10. Measured rBC core size distributions and corresponding log-normal fits to the measurements for LEO periods
L1,L5, and L10.

A survey of past studies that have reported log-normal fit rBC mass median diameter (MMDsi) and count median diameter

(CMDsit) shows that the source of emissions has a strong influence on rBC core diameter (Cheng et al., 2018). The MMD#i;

[CMDsit] for biomass-burninginflueneed+rBEBC b, which has been reported to range from ~13052 nm to 210 nm [100 to 140
nm], is generally smmeh-larger than the MMDs: [CMDsi ] MMDB-for urban-emissionsinflaeneed+BCEBCrr, which has been
reported to range from ~100 nm to 178 nm [38 to 80 nm] (Shiraiwa et al., 2007; Schwarz et al., 2008a; McMeeking et al.
2010; Kondo et al., 2011; Sahu et al. 2012; Metcalf et al., 2012; Cappa et al., 2012; Laborde et al., 2013; Liu et al., 2014;
Taylor et al., 2014; Krasowsky et al., 2018). The MMDyit [CMDsi] for well-aged-air-masses-inremoteregions BCeonaged
background BC were reported to range from ~180 nm to 225 nm [90 nm to 120 nm] (Shiraiwa et al., 2008; Liu et al, 2010;
McMeeking et al., 2010; Schwarz et al., 2010).

Figure 118 shows the median+BC-eore-diameterrBC MMDsi: and CMDyi: based-en-thelognormalfits-for each LEO period

in this study. Based on the source identification discussed in section 3.1 and section S2 in the Supplement, the MMDs: and

CMDsit values in this study are generally consistent with the ranges reported inmentioned-from past studies. For EEOQ-periods
i isstonsBCub (L3, L8, .9, L10-148), MMMD ranged

from 149 nm to 171 nm, which is within the range of ~130 nm to 210 nm eempied-fremreported in past studies. FSimiarkye
isstons-(L2, L4, L74-12), the MMDsi: dropped, ranging
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from 112 nm to 1293 nm. This falls within the range of ~100 nm to 178 nm previously reported for measurements of urban

emissions-frompast-studies. LEFT OFE
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Figure 11. Median rBC core diameter for both mass and number size distribution lognormal fits.

-There were some periods in

which we observed a relative increase in the MMDs, but concurrent decrease in the CMDsi. For example, L5 exhibits a

relatively high MMDsii (~171 nm), which might-suggests that this was a biomass burning dominated attime period, but the
CMDsi is the second lowest fremof all the LEO periods (~53 nm). L 10 alse-exhibits a similar pattern. In thesetypes-ofsuch
ambiguous-seemingly contradictory situations, itcould-be-useful-to-considerthea-hypothetical scenario-in-whiechit is likely
that biomass burning aerosols are entrained into a broader urban plume (e.g., from Los Angeles basin). An urban plume with
no biomass burning influence wilHikelyis expected to exhibit a very low CMDsi. As-a biomass burning inflaeneestartsto
mbx-with-to-trerease-within-thatinitially—pure”urban-plameacrosol gets entrainced, anrerementalinerease-in-btomass-
burning-aerosoHoad-will-have-a-muchlargereffeetonthe MMDri: is expected to change more than enthe-CMDs: due to its

larger rBC core size relative to urban rBC cores. (For a unit increase in diameter, the mass weighting will increase

proportionally to the third power, while the size weighting will increase proportionally on a first order basis.) This may

explains why inn some cases we observe semesee-relatively high MMDrxi: values simultaneoushyalong with relatively low

CMDsii values,— This-highlightings the need to examine both the number and mass size distributions for rBC core size
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In-additiento-varyine source-type;The-otherAnother explanation for varying rBC core size is coagulation is-the-enlyphysical
mechanism-thatinereases¥BCecoresize-(Bond et al., 2013). Shiraiwa et al. (2008) observed an increase in rBC core

diameters in aged plumes compared to mere-fresher urban plumes, suggesting that coagulation can alter the rBC size

distribution during atmospheric transport (i.e., aging). Although the emissions source type appears to be the dominant

influence on rBC core sizes in thisour study, there is evidence to suggest that coagulation did-eeeuralso played a role during
transport from the Los Angeles basin to Catalina Island (~70 km away)4n-thisstady. For example, we observed an MMDsi

[CMDsi] of 112 nm [53 nm] during L4, when BCsr was measured.which-was-dominated-bywhen-we know-thaturban
emisstons-were-dominant; butandtThis is noticeably larger than values of 93 nm [42 nm] reported in Krasowsky et al. (2018)

for measurements conducted 114 meters downwind of a major highway in Los Angeles. Furthermore, Laborde et al. (2013)
observed an MMDygic of ~100 nm when-impaetedmeasuringbyfresh-traffie emissionsfor BCyr in Paris, which is again lower
than the value of 112 nm calculated for L4. Even though it was determined that [.4 was-predeminantly-urban-emissions
influeneedwas characterized by BCrr, we cannot rule out the-pessibiity-efthe effects of local wildfires influencing the size

distribution as well (as explained in the Supplement section S2). While the rBC size distribution from L4 suggests that

coagulation plays at least a minor role, both factors (source type and coagulation) likely influence rBC size distributions to

varying degrees in areas with heterogeneusvarying emissions source profilestypes and relatively elevated rBC concentrations

(e.g., polluted urban areas).
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The dominant drivers-forinereased-factors that influence rBC core size (i.e., emission source type and aging) also
influenceare-also-the-drivingfactorsthe same-factorsinflueneing rBC mixing state. Figure 12 shows a scatter plot of eountas
a-funetion-ofone-minute mean C7c versus one-minute meanand rBC core diameter. A statistically significant, positive
correlation (p < 0.001) was found, with r = 0.55- PEEASEADD P VALEUE — THATS WHAT DETERMINENS
SIGNIEICANCE- .- Further details regarding the statistical tests used to calculate the correlation coefficients and to conduct
the hypothesis testing can be found in section 3.5. BeththeaPearsoncorrelationtest (e linear correlationtestyand

The statistically-significantsignificant correlation-{&=0-55-5=0-43) confirms that thereis-anindirectrelationship-between

wo-physicalscharacte haraete sroperties-arerelateds of BC In-other words—that larger

contributions from biomass burning (as opposed to fossil fuel) and longer aging timescales generallyare associated with

seemto-increases in both the rBC core size and the BC coating thickness;-and-vice-versa. Figure 13 shows the CTsc

distributions for different rBC core size ranges, and a similar relationship between the two variables can be observed. As the

core size increases (lighter to darker curves), a broader right-hand side tail is observed in the CTsc normalized distributions

for each campaign, implying higher meanhigherlargeraverage CTpc for particles with larger rBC cores.

56



150 — Fit Type: least squares fit

i‘ ':%aésc orrelation Test: Coefficient values + one standard deviation
p-value < 0.001 g = ;123110:‘6;-92
100 —
€
£
Q
o
-
© 50
0
I I I

100 120 140
rBC core diameter (nm)

(580 Figure 12. rBC coating thickness versus rBC core diameter. Each point on the plot represents a 1-minute mean. Data from
all three campaigns are shown. CTsc values are calculated for particles with rBC core diameters between 200—250 nm. The
line represents the least-squares linear regression to the one-minute mean data points. There is a statistically significant
positive correlation shown between CTzcand rBC core diameter, as shown in the summary box in the top left corner.
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Figure 13. Distributions of BC coating thickness (CT3c) aggregated by campaign and varying rBC core diameter ranges
used in the LEO analysis. Panels (a) through (d) in the left column show the normalized frequency distributions, while
panels (e) through (h) in the right column show the absolute frequency distributions. Within each panel, each line represents
a distribution for a particular rBC core diameter range, with darker lines representing larger diameter ranges and vice versa.

The time evolution of both CTsc and rBC core size is represented in a series of scatter plots in Fig. 145 and 156. In each of

the figures, the scatter between one-minute mean C7sc and rBC CMD eount-mean-diameter-are grouped into six-hour time

intervals for both the second (December 2017) and third (November 2018) periods, respectively. In these figures, the time

evolution of the rBC physical properties can be examined in detail and compared to periods of known emissions source

impacts. There are a few significant patterns worth mentioning here. First, the influence of BCBuwb can be elearly-observed
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between 16 and 18 November 2018 in Fig. 15. Both CTsc and CMD drastically increase for a prolonged period of time,

implying an elear-impact from the Camp Fire plume from Northern California. Second, the scatter plots for 20 to 22
December 2017 and 12 to 15 November 2018 show that there is some variability over time -time-in-the rfBC-mixine state-and

stzein the cluster shapes, which can be explained by the local wildfires that were confirmed to influence the broader LA

basin plume (see Supplementsection S2 for details regarding source attribution). Although the scatter plots during these time

periods support that BCtr wasere largely dominant, there are some periods where the CMD spread deviates quite noticeably
(e.g., Fig. 14, 06:00 21 Dec. 2017), or even periods that show two distinct clusters (e.g., Fig. 15, 12:00 12 Nov. 2018),
supporting our claim that local biemass-burninginfluencewildfires were indeedas influencing our measurements.

A similar figure for the first campaign (September 2017) is included in the Supplement as Fig. S23. but not shown here

because of the relatively stable mixing state and size of BCaged bgBEcont.- These figures confirm the general patterns noted in

previous sections abeveregarding the effects of different sources on rBC mixing state.
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Figure 14. Matrix of scatter plots showing the time evolution of C7sc (nm) and rBC count mean diameter (nm) for the
second campaign (December 2017). Axes labels are shown in the upper left. A scatter plot is shown for each six-hour time
interval of the day, starting at 00:00 Pacific Time, and for each day of the campaign. The columns of the matrix denote the
time interval of the day, and the rows of the matrix denote the days of the campaign. Each point within a plot represents a
one-minute mean value for both CT5c and count mean diameter.
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Figure 15. Matrix of scatter plots showing the time evolution of CTsc (nm) and rBC count mean diameter (nm) for the third
campaign (November 2018). Axes labels are shown in the upper left. A scatter plot is shown for each six-hour time interval
of the day, starting on 00:00 Pacific Time, and for each day of the campaign. The columns denote the time interval of the
day, and the rows denote the day of the campaign. Each point within a plot represents a one-minute mean value within that
six-hour interval for both CTsc and count mean diameter.
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When the scatter plots of one-minute mean C7scand rBC mean diameterEMD-core-diameter are further
aggregatedereupedagsresated by campaign, distinct medes{i-esor—ehasterspatterns emerge. Contour plots efeountasa
funetionoftheserepresenting the 2-d joint histograms of these two variables are shown in Fig.ure 164. Each campaign
exhibits aas-a distinct “fingerprint_pattern and-some-inferences-ecanbe made-abeutthe-ewhiehthat is representative of the
emissions sources and relative age of the measured air masses. Identieal-elustering patterns-are-also-observedinFisure 15;
where-en-one-minute-meanlag-timesare plottedagainst C7pc—Figures 164b and 164e show a single cluster for the second

campaign (September 2017) characterized by relatively thin coatings and smaller rBC core diameters, eomparedcompared to
the other campaigns. Figures +416c¢ and $416f on the other hand shows two separatedistinet-distinct clusters for the third

campaign (November 2018). One cluster represents thickly-coated particles with larger rBC core diameters, and the other

represents more thinly-coated particles with smaller rBC core diameters. The thinly-coated/smaller rBC core cluster for the

third campaign exhibits some similarities to the single cluster for the second campaign. Figures +416a and 1416d show two

overlapping clusters for the first campaign (September 2017), which fall looselysemewhat in between the thickly-coated and

thinly-coated clusters from the third campaign-medes.clusters feagasfagafoafoFor easy reference, a cluster characterized by

thin coatings and smaller rBC cores will be referred to as athe “BCusithinly—eeated cluster,” a cluster with thick coatings and

larger rBC cores will be referred to as athe “-BCub thieldy—eeated-cluster,” and the bimodal, mixed cluster forasedairmasses
will be referred to as thea the-“BCaged.beBEcont aged-cluster.”
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Figure 16. Contour plots of count as a function of one-minute mean BC coating thickness (C73c) and one-minute mean rBC
core diameter. This figure can be interpreted as a 2-d joint histogram, converted to a contour plot. Each count represents a
single one-minute mean data point. The contours are created based on the 2-d joint histogram that is calculated using a
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50x50 grid within the range of all one-minute mean data. Panels (a), (b), and (c) in the first row show mass mean diameter
on the horizontal axes, while panels (d), (¢), and (f) in the second row show count mean diameter.

emisstons-source-stronely-influences the physical characteristiesof BC-Within the context of all-the statements-made-in
previeus-seetionssoureetdentification-diseussed-inprevious-seetionsthe identifieableidentifiable sources discussed in
previous sections (section 3.1 and S2), it is evidentelear that these distinct clusters in Fig. 4416 are largely~drivenstrongly
influenced by emissions source type. AFhe BCuy thiekly-coatedlarge-cluster is-enly present in the third campaign (November

2018); when impacts from long-range transported biomass burning emissions were eenfirmedidentified, but not in the
second campaign (December 2018). Furthermore, a BCyr a-thinly-eeated-cluster is present in both the second (December
2017) and third campaign, but not in the first campaign (September 2017). This definttively-showsimphiesshowseonfirms
that fresh (age < 1 d), urban-deminated emissions from the LA basin and the surrounding southern California region restlt

inlead-to-a-distinetclustercharacterized-byare characterized by thin coatings and smaller core size, confirming what has also
been observed in other past field studies (Laborde et al., 2012; Liu et al., 2014; Krasowsky et al., 2018).

The BCagedh:BEconaged cluster (Fig. +416a, +416d) exhibits two distinct modes within the same cluster. One appermode is
characterized by a peak CTpc [¢CMD]) that is ~20 nm [¢~10 nm]} largerhisherlarger than the other modeandapeakeeount
mean-diameterthat-is~10-nm-larger than-the other mode. Within the context of BCaged.beBEcont, this mode is referred to as the
larger mode, while the other mode with smaller CTzc and CMD is referred to as the smaller mode. This shewssuggests that
aged;continental —ambient-air BCaged beBCeont -massesblowingadvecting towards-Californiaover the Pacific Ocean during
typical meteorological conditions contain rBC from both biomass burning and fossil fuel (i.e., urban) emissions sources.

Continental-seale-Aged background air masses are likely to contain aerosol from a mix of beth-sources-as-variousplumes
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In addition to emissions source type, atmospheric aging also appears to have an observableed effect on the mixing state.

i ble off he nhvsical atsil FBC.

Table 3 lists the range of estimated “source-to-receptor” timescales for rBC-containing particles measured during LEO time

periods L1 to L10. In short, the first campaign (September 2017) is broadly characterized by source-to-receptor timescales

on the order of days to a week. The second campaign (December 2017) is characterized by timescales of less than one day.

EinallyAnd; the third campaign (November 2018) is characterized by timescales of less than one day for the first four days of

the campaign, and timescales of approximately days to a week for the last two days of the campaign.

With regards to aging, we ean-first observeconclude that tBCfromwithinfresh-urban-emisstons-dominated-airmassesBCrx
particles do not developexhibit thick coatings within the timescales observed in this studyen-average—in-thisstudy. This

suggests that a timescale of less than one day is not sufficient to thickly coat urban rBC-containing particles in the lower

boundary layer, in the Los AngelesA region. Although a modestly higher CTxc is observed during urban-dominated time

periods, relative to CTsc ~ 0 nm observed by Krasowsky et al. (2018) inside the LA basin, this is likely due to the effects of

local biomass burning emissions mixing into the broader urban plume in both December 2017 and November 2018, as

discussed above (also see section S2). While we observed mostly thinly-coated fBC from these urban-dominated time

periods-n-thisstudy, itmustbewe acknowledged that the timescale required to acquire coatings on BC will likely this

funetion-ofdiffer by location because of variations in local meteorology, pollution concentrations, and emission source

profiles—which-can-widely-vary from regtontoresion.

Pecnedipetheneipe o o0 the other hand, Bremmme s —boenine DO D Cppbiomnes boenine—onre e D0 o Ao oD 0 Lons

biomass-burning-sources were generally more thiekly-eoatedthickly-coated, although the time evolution of the mixing state

BChuy impacts-were-characterized-byhad slightly lowerthinner CTzc EFBE-compared to that of aged biomass burning+BC
partielesBCob (€.g., L3 vs. 1.98), but higherhisherlarger CTpcEFBE compared to fresh-urban+BC partielethat of fresh BCx
(e.g.,L3vs. L4).
relative-to-fresh-urban+BC-The overall higherlarger CTpc EFBE-for aged biomassburainerBCBChy, relative to fresh
biomass-burningBCu+BC€ indicates that thereis-some-tgnificant-significant coatingeeating formation thatcan occur s
between-thewithin timescales of ~1 day to ~1 week for biemassburning +rBEBCu, even after rapid coating formation that
occurs soon after emission. An important caveat is that C7Tzc EFBE-of BCwh, biomass-burnine+BC-may not be -simply
monotonically increasing over time.

Past studies have observed rapid coating of biemassburning+BCBCw, within the-firstfewhoursone day to more than 100 nm

(Perring et al., 2017; Morgan et al., 2020), but we observed a median CTscEFBE of 47.72 nm for L3, which suggests that
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CTrcETBC for BChb biomass-burninerBC-might decrease atsome-point-during atmospheric transport under certain
conditionsy and could thenagain increase later at longer timescales (¢.g., median CTpcEFBE of 54.068-6 nm for L9),

although we would need simultaneous measurements near the point of biomass burning emissions in order to confirm this

hypothesis-theory-withcertatntyfor a specific plume. Previous studies have noted that the competing processes of dilution-

driven evaporation and oxidation-driven condensation determine the decrease-orinerease-ofabundance ofrelative-changein

organic aerosol relative to carbon monoxide (AOA/ACOQO) in biomass burning plumes (Garofalo et al., 2019). Although the

time evolution of AOA/ACO is not necessarily indicative of rBC mixing state evolution, the same physical processes (i.¢.,
evaporation and condensation) must apply to OA rBC coating formation; and loss-pessiblypetential-evaporationless. The

conflicting observations from various studies showing AOA/ACO either increasing, decreasing, or staying relatively stable in

the near-field (timescale of ~hours) suggests that rBC coating in dense fresh biomass burning plumes may alse-beinfluenced

byundergo similar competing physical mechanisms. Preliminary results from EmerginedDeveloping research showeds that
well-aged BCuwb (>7 days) may-in-certain-cases-be-thinnerhavehad thinner coatingsgs than very-fresh BCpb (< 5 h), providing

emerging evidence that rBC coating may not always monotonically increase (Sedlacek et al., 2019). Further research is

necessary to confirm this process in more field measurements, and to determine the various mechanisms that may be driving

the loss of rBC coating in biomass burning plumes. We make no definitive claims about the rate of change of CTpc €FBC
for biemass-burntng+rBCEBChb, throughout atmospheric transport since we enly-observedmeasured the-CTscCTBEC froma
single-diserete-pointin-spaceat one location. Nonetheless.; but-our measurements do-suggest that CTpcEFBE for fresh

Southern California biemass-burning{fresh-biomass-burning)+rBC-BCh, were generally lower than CTpc EFBC-for aged

Northern California biemass-burnine{aged -biomass-burnine)} rBC-BChb.

The contour plots for the first campaign (September 2017), shown in Fig. 4416a and +416d, offer additional perspective on
how aging could-be-affectingcan affect rmight be-affecting BC mixing state within mixed-source-air-massescontinental-well-
aged background air masses over longer aging times-scales (~days to week). The first notable feature of the BCaged.beBEcont
agea-cluster is that the lowermedesmaller mode is significantly more coated than the thinlyeceatedthinty-eoatedBCirr clusters
found in-the Fig. 16figures for the second (December 2017) and third (November 2018) campaignseentinental-seale
transpert—. The peak of the lewermedesmaller mode of the BCagedneBEeont aged-cluster is at least 325 nm higher than the
peak of the thinly-eceatedthinly-eeatedrespective BCyr clusters in Fig. 16b, 16c, 16e, and 16f. Assuming that this fewer

modesmaller mode represents fossil fuel influenced BC (i.e., urban BC), this confirms that while urban BC may not become
thickly-coated within aa day, they seem tode acquire coatings over long—range-transporton-the timescale of daystoa
weeklonger timescales.

Another prominent feature of the BCaged.bgBEcontagea -cluster is the shift in mass mean diameter (MMD) (Fig. 4416a) and
count mean diameter (CMD) (Fig. 3416d) peaks, relative to the thinly-coatedBCub and thickly-coated-clusterBCrr clusters in

the December 2017 (Fig. 16b, 16¢) -and November 2018 (Fig. 16¢, 16f) plotsinFie—16. Assumine thatthislowermedeis
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representative-of i-fuelinfluenced-(urban) BC.Specifically-examinine theComparing peaks of the lower-medesmaller

oo
O

mode of the BCagedhsBEeon cluster in both Fig. +416a and 44164 to the respective peaks of the BCrr clusters in Fig. 16b, 16c,
16e, and 16f;; we observe that the MMD is generally lower-deereases for the smaller mode of BCaged.bgBEcent while the CMD
is generally higherinereases-telative to-the respective peaks-of the thinly-coated-clusters. The seemingly
contradietorvapparentlower MMD in BCaged.beBEcon: compared to BCrrdeerease-inthe MMD-with-age can be explained by
the impact of localfresh biomass burning sources-B€ in both the second (September 2017) and third (November 2018)

campaigns-, ; as previously mentioned in section 3.6.

On the other hand, the overall inerease-in-thehigher peak CMD for the lower mode of the BCagedpeBEcont cluster implies

-this-imphes-that either (i) urban BC is coagulating over long aging timescales (days to week), (ii) source-specific variables

like fuel type and combustion conditions are influencing the initial core size distributionertime-seale, or (iii) the urban area

in which the rBC is emitted contains a much higher concentration of rBC, permitting-mereleading to more coagulation in the

near-field before continental-scale transport. Any combination of these three explanations could contribute to the overall

increased in the peak rBC diameter of the urban mode. We do not attempt to quantify the extent to which each factor

explanation-contributes tohis core size increases in this study, though (1) is unlikely to be important given the dependencet of
coagulation rate on number concentrations.-hew-much-each-explanationisresponsible-forthe—s Further research needs to be

conducted to accurately characterize the relative importance of each factor.

Shifting ewrfeeusnowfocus to the uppermedelarger mode in the BCaged.beBEeont cluster in Fig. 4416a and +416d, which weis
Likely attribute torepresentative-of biomass burning BC, we notice lower a-deereaseinboth-the CMD and MMD, relative to
the thiekly-coatedBCub clusters mode-in Fig. 1416¢ and 1416f. Based on the assumption that the initial rBC size distribution

of the biomass burning rBC from the first campaign and third campaign are similar, selective wet deposition and/or

increased hygroscopicity of thickly-coated rBC eanmaycould explain this apparent decrease in the overall rBC core size.

Moteki et al. (2012) found that larger rBC particles were more effectively removed through wet deposition. McMeeking et

al. (2011a) alse-reported that more thickly-coated particles were more hygroscopic, which would in turn leads to a higher

likelihoodprebability of wet scavenging. Either, or both, of these mechanisms eancould explain why the peak rBC diameter

istower offer a-wellimere—aged+BCinthe biemass burningmedelarger mode in the BCaged.heBEeen: cluster is lower than the
peak rBC diameter of the BCub cluster.s—could
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TFhe evolution of rBC mixing state and rBC size distribution has important implications on accurately assessing the regional

climate benefits of black carbon reductions, particularly in California, and also reducing uncertainty in global radiative

forcing of BC-in-elimate-medels. Understanding the timesealesfor rBC-containing particlesto-acquire-eoatingsimpact of

varying emissions source types and atmospheric aging in different regional contextsregions is crucialimpertant for accurately

quantifying the enhancement of BC light absorption, and also for determining BC lifetime in the atmosphere since
hygroscopic coating material can enhance the particle’s susceptibility to wet deposition (Zhang et al., 2015). The rBC mixing

state results from this study add to a growing body of evidence that suggests that biomass burning emissions and longer

aging timescales generally lead to more thickly-coated rBC particles. These results also emphasize the need for more futare

field measurements of rBC mixing state in various regions around the world to elarifi-the-further understand how

relationship-between-different emissions source profilestypes and ;-atmospheric aging ultimately effect rBC physical
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3.87 Comparison to past studies quantifying CTgc using the SP2-the LEEO-metheod

Overall, the range of CTsc calculated in this study agree-welgeneralagreementare in generalagreement with reported

values from past studies. Table 3 presents a comprehensive list of CTsc values from various studies, categorized by dominant

emissions source type and sorted alphabetically by first author name. Hnsertbody-oftext]

tonsB Cob-inflaenee, the mean CTpc ranged between ~40—70 nm in

this study. This range overlaps with the range of values reported by Morgan et al. (2020), Pan et al. (2017), Sahu et al.
(2012), Schwarz et al. (2008a), and Sedlacek et al. (2012).

For periods-deminated by stronsfossifuel i-e—urban)-emissionsBCrs-influenee, the mean C7sc ranged between ~5—-15 nm
in this study. This range overlaps with the range of values reported by Krasowsky et al. (2018), Laborde et al. (2012), Liu et
al. (2014), Sahu et al. (2012), and Schwarz et al. (2008a).

For perieds-dominated-by-ased/continentalair massesBCaged beBCeont, the mean CTsc was ~60 nm in this study. This value
falls within the range of values reported by Laborde et al. (2013), Schwarz et al. (2008a), and Shiraiwa et al. (2008).

An important ebservation-to-netecaveat to notebe-noted when making inter-study comparisons is that the studies that

reported higher CTxc ranges (;-relative to this study); tended to have a lower value for the lower rBC core diameter threshold.

For example, Gong et al. (2016) reports a CTpc range of 110-300 nm for biomass burning emissions using an rBC core

diameter range of 80—180 nm. Since the scattering detection limit is accurate down to ~170 nm for the SP2, this implies that

ineludinethat the inclusion of particles with rBC core sizes smaller than 170 nm will bias the average CTsc values higher

becausesinee sma

m—Dahlkotter et al. (2014),
Gong et al. (2013), Perring et al. (2017), Taylor et al. (2014), Cheng et al. (2018), Metcalf et al. (2012), Raatikainen et al.

(2015), and Sharma et al. (2017) all reported CTsc for rBC-containing particles in a size range that includes rBC cores

smaller than 170 nm. There is value in reporting CTsc¢ for rBC particles with core sizes smaller than 170 nm because it will

show the relative abundance of coated rBC-containing particles exceeding ed-the lower scattering detection limit, but care

must be taken when comparing CTpc values calculated with varying rBC core size restrictions.—ea
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For future studies using the SP2, we suggest that at a minimum, the rBC core size range be explicitly stated if CTxc is being

quantified and reported. Furthermore, it would be useful to establish some standardized guidelines forregardine reporting of

865

orreportintheirstudy—As shown elearly-in Figure 13 and discussed earlier, the range of rBC core diameters used for the

calculation of CTgc has a significant effect on the CTpc statistics. These ranges must be considered in order to accurately

represent the physical parameterization of BC mixing state and fBC-cere-sizesize distributions in models.

69



Table 3. Summary table of rBC coating thickness values reported in previous studies using the SP2.

- Coatin rBC core
Dominant thicknes% diameter rBC age  Description Time period Reference
source
(nm) (hm)
~40-70a  200-250  ~days-wk  Ground-based measurements on Catalina Island (~70 km SW of Downtown LA) 17-18 Nov 2018 This study
105136  140-220 344 éerk:T?;:(;l measurements of the Pagami Creek Fire plume (Minnesota, US) conducted over 16 Sep 2011 Dahlkstter, 2014
110-300 80-130 —  Ground-based measurements in Shanghai, China 5-10 Dec 2013 Gong, 2016
11-15  200-260 — _ Ground-based measurements in Paris, France 15 Jan-15 Feb 2010 Laborde, 2013
100-300 3 _ EJ?;?]Z-based measurements in London, during periods significantly influenced by solid fuel 2924 Jan 2012 Liu, 2014
E&?;?ﬁ;s <30 _ — Ground-based measurements near central Manchester, UK 3-16 Aug 2010 McMeeking, 2011
emissions 40-120 - <3h Airbgrne meas_uremer!ts across the Amazon_and Cerrado Sep and Oct 2012 Morgan, 2020
11-54  190-210 <10s Burning experiments in laboratory combustion chamber - Pan, 2017
90-110  160-185 <2d Airborne measurements of the Yosemite Rim Fire, CA Aug 2013 Perring, 2017
20-80 200 — _Airborne measurements over California during ARCTAS-CARB campaign 15-30 Jun 2008 Sahu, 2012
65+12  190-210 0.5-1.5h  Airborne measurements over Houston and Dallas, TX 20-26 Sep 2006 Schwarz, 2008a
20-70 3 ~days Ground-ba_sed measurements of a wildfire plume from the Lake Winnipeg area in Canada, 2 Aug 2011 Sedlacek, 2012
conducted in Long Island, NY
79-110  130-230 1-2d  Airborne measurements over wildfires in eastern Canada and North Atlantic Jul-Aug 2011 Taylor, 2014
~5-15.  200-250 <1d Ground-based measurements on Catalina Island (~70 km SW of Downtown LA) 17-18 Nov 2018 This study
igjg iggjgg <3h Airborne measurements over the Athabasca oil sands in Canada 13 Aug-7 Sep 2013 Cheng, 2018
50-130 60-80 —  Ground-based measurements in Shanghai, China 5-10 Dec 2013 Gong, 2016
~0-24  240-280 <7h Ground-based measurements in the Los Angeles basin Aug-Oct 2016 Krasowsky, 2018
Fossil fuel 2410  200-260 —  Ground-based measurements in Paris, France 15 Jan-15 Feb 2010 Laborde, 2013
emissions 0-50 - — _ Ground-based measurements in London, during periods dominated by traffic sources 31 Jan—1 Feb 2012 Liu, 2014
99+20 90-260 — _Airborne measurements in the Los Angeles Basin and surrounding outflows May 2010 Metcalf, 2012
88+4p 180 ~hours  Ground-based measurements in Gual Pahari, India 3 Apr-14 May 2014 Raatikainen, 2015
0-40 200 — _Airborne measurements over California during ARCTAS-CARB campaign 15-30 Jun 2008 Sahu, 2012
20+£10  190-210 2-3.5d  Airborne measurements over Houston and Dallas, TX 20-26 Sep 2006 Schwarz, 2008a
30-40 200 ~6h Ground-based measurements of fresh emissions from Japan, conducted on Fukue Island, Japan Mar—Apr 207 Shiraiwa, 2008
~60a  200-250 ~days—wk  Ground-based measurements on Catalina Island (~70 km SW of Downtown LA) 7-14 Sep 2017 This study
130-300 60-80 —  Ground-based measurements in Shanghai, China 5-10 Dec 2013 Gong, 2016
37-93  200-260 —  Ground-based measurements in Paris, France 15 Jan-15 Feb 2010 Laborde, 2013
Remote / 188+31 90-260 — Airborne measurements in the free troposphere May 2010 Metcalf, 2012
background / 75-100  150-200 — _ Ground-based measurements at the Pallas GAW (Finnish Arctic) Dec 2011-Jan 2012 Raatikainen, 2015
continental / 9045 180 ~hours  Ground-based measurements in Mukteshwar, India 9 Feb-31 Mar 2014 Raatikainen, 2015
highly-aged 48+14  190-210 —  Airborne measurements over Houston and Dallas, TX 20-26 Sep 2006 Schwarz, 2008a
<30nm  190-210 — __Airborne measurements over Costa Rica, 1-5 km 6-9 Feb 2006 Schwarz, 2008b
20-36  160-180 —  Ground-based measurements in Alert, Nunavut, Canada (within Arctic Circle) Mar 2011-Dec 2013 Sharma, 2017
~60 200 ~days  Ground-based measurements of Asian continental air masses, conducted on Fukue Island, Japan Mar—Apr 207 Shiraiwa, 2008

a The range of values shown represent the approximate range of the mean CTsc.
b The absolute coating thickness was calculated from the ratio of rBC core diameter to particle mobility diameter as presented in the study.
Note: A dash (“-“) indicates that the value was not reported, or it could not be identified.
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4 Conclusion

This study investigates the concentration, size distribution, and mixing state of rBC on Catalina Island (~70 km southwest of
Los Angeles) using a single-particle soot photometer (SP2). Measurements were taken during three separate campaigns with
varying meteorological conditions and emission sources, in September 2017, December 2017, and November 2018. During
the first campaign (7 to 14 September 2017), westerly winds dominated and thus the sampling location was upwind of the
dominant regional sources of BC (i.e., urban emissions from the Los Angeles basin). The measurements from the first
campaign were largely characteristic of ambient background levels of rBC over the Pacific Ocean, away from the broader
urban Los Angeles plume. During the second and third campaigns (20 to 22 December 2017, 12 to 18 November 2018),
atypical Santa Ana wind conditions caused measured rBC to include important contributions from large wildfires in
California and urban emission from the Los Angeles basin. Furthermore, during the third campaign, rBC from the Camp Fire
in Northern California was measured, allowing us to compare the mixing state of aged biomass burning particles (from

Camp Fire) to fresher particles (from Southern California fires and urban Los Angeles emissions).

The measurements from these three campaigns showed that rBC physical properties (rBC core size and coating

thicknessmixing state) were-stronely influenced by (i1) emissions source type, and (ii2) atmospheric aging.

BCoh}-were generally had feund-to-havee-the-larger averase
core diameters than relative to+BCfromair masses-dominated-byurban-emissions{BCr). The MMD mass-mean-diameter
[CMDeeuntmean-diameter] of BCp, was observed to be ~180 nm [120 nm], while MMD [CMD] of BCtr was observed to be
~160 nm [100 nm]. fBCfromaged.continental air masses {BCaged) BCaged beBEeont showed a bimodal rBC core size
distribution, with MMD [CMD] peaks at ~170 nm [115 nm] for the upperlarger mode, and ~153 nm [109 nm] for the
lewersmaller mode. The bimodal rBC core size distribution in the wel-agedaged backgroundeesntinental air mass suggests
that eentinental-seale-atrmassesbackground rBCaged+B€ above the Pacific Ocean during typical meteorological conditions

are likely a mix of both urban (i.e., smaller rBC cores) and biomass burning (i.e., larger rBC cores) emissions. The larger

CMD of the lowersmaller mode for BCaged.beBEcontaged compared to the CMD of BCrr suggests that either (i) coagulation is

increasedsing the size of BCaged.bgBCeontarea Somewhere between the source and receptor, and/or (ii) the initial source and

combustion conditions for BCaged.pgBEcontaced were different than for BCrr speeifiealty-in this study. More accurate methods of

source apportionment would be needed to-definitively quantify the relative contribution of each factor, but both factors likely
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effect wel-aged urban rBC particles-to-some-degree. The smaller CMD [MMD] of the uppetlarger mode for
BCagedbeBEconcont was smaller than;aged-compared-to that of BCwb, which suggest-—targs that (i) selective wet deposition of
larger particles-duringlone-—range-transport, and/or (ii) increased wet scavenging of thickly-coated particles due to increased

hygroscopicity, contributes to the shift in the rBC size distribution for biomass burning rBC-containing particles over long-

range atmospheric transport.

Similar trends are A-similartrendds-observed for the impact of emissions source type on rBC mixing state. On average, BCr

werewas either uncoated or very thinly-coated, with mean coating thicknessdian (CTac) ranging from ~5 to eflessthan-15

nm; and mean fraction of thickly coated particles (an-averagefsc) of less than 0.15. In contrast, BCp, wasere mueh-more

thickly-coated, with mean CTc ranging from ~40 to 70 nm; and fzc ranging from ~0.23 to 0.47. BCaged bgBEcontaged Was

characterized by a mean CTc of ~60 nm and fzc -of ~0.27, confirming that a mix of biomass buraingburning and urban

emissions sources arewere likely entrained into these aged background;continental air masses.—Just-as

By estimating approximate source-to-receptor timescales (i.e., age) and also comparing the physical properties of fresh

rBCesnissions to that of BCagedbeBCeontazed, We were-also-ableto-identifvassessed the general-effect of aging on both BCyy and
BCir. For BCrr, we observed that timescales of less than one day were not lenseneughsufficient for urban rBC particles to

become thickly coated. This is in direct contrast to biomass burning rBC, which has been shown in previous studies to

acquire thick coatings within hours or even minutes, near the source of emissions. For BCpb, we observed higher values of

fac and CTpc during impaetsperiods that included contributions from the Camp Fire in Northern California, compared to

periods of fresh biomass burning impacts from local Southern California fires (e.g., L3). The average CTpc during the Camp

Fire impacted period was ~18 nm higher than the average CTpc In-generalagine—during .3, when we identified Southern

California fires as the main emission source. Likewise, we also observed an increase in the urban rBC-containing particles
by comparing the aged urban mode of the September 2017 +BEB Caged.beBEcont distribution—and-compare-its-mixing state
toef fresh BCer during periods ef-direetimpaetdfrom-thewhen emissions from the LA basin dominated.during-Santa-Ana
wind-ecenditions— We found that coatings on the-aged urban particles within the-eontinental-airmasses BCaged beBCeont Were

~35 nm thicker than BCy from fresh LA basin emissions. Overall, our measurements suggest we-confirm-that aging

increases the coating thickness on both BCirand BCuwb, which is consistent with previous research. althoush-wWe did not
quantify the rate of change of coating fermationthickness since we eould-hadno-meanstowere unable track the evolution of

the mixing state during source-to-receptor transport.in-transport

The measurements reported in this study agree well-with similarpast studiesresearch; that investigates and-they-also-confirm

the-impacts of source type and aging on rBC physical propertiesteportedin-that-anumberofprevious-studies-thathave been
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highlights the complexity of rBC mixing state and demonstrates how meteorology, emissions source type, and atmospheric

aging can drastically affect the size distribution and mixing state of BC, even within the same region. Further measurements

of rBC physical properties, along with ehemiealpollutant measurements for-a-mere-that allow for robust source

apportionment, willwould servete-improve our understanding of BC mixing state in various regions- with different

atmospheric contextsand

budeet. Given that there are less than 20 studies that quantify CTgc using the LEO method, this study confirms that further

measurements are necessary i-orderto narrow the quantitative bounds of rBC mixing state in our climate system,

particularky-sineett-which has important implications on BC absorption enhancement and atmospheric lifetime. We also

suggest that future studiess-alse further examine the BC mixing state as a function of heightaltitude, as well as the role of

combustion conditions on mixing state (e.g., flaming versus smoldering), especially in real-world field measurements.
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Data availability

1995  Processed data is available at the following Harvard Dataverse repository:
https://dataverse.harvard.edu/dataverse/catalina_rbc 2017 2018.

DOI citations to individual datasets:
Ko, Joseph, 2019, "Time Series Data for Catalina Island rBC Measurements 2017-2018",
2000  https://doi.org/10.7910/DVN/UJAGHY, Harvard Dataverse, V1

Ko, Joseph, 2019, "rBC Coating Thickness from Catalina Island rBC Measurements 2017-2018",
https://doi.org/10.7910/DVN/AAYMHH, Harvard Dataverse, V2

2005 Ko, Joseph, 2019, "rBC Size Distribution from Catalina Island rBC Measurements 2017-2018",
https://doi.org/10.7910/DVN/CIMVS4, Harvard Dataverse, V1
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Due to the extremely large file sizes for the raw SP2 data, they are not publicly available but may be available upon request
to the corresponding author.

Video supplement

alJCAMS model output showing the Camp

Fire and Southern California plumes during the November 2017 campaign:

https//detoreH0-5446/42893https://doi.org/10.5446/42893

NASA MODIS images showing the Camp Fire plume during the November 2017 campaign:
https://doi.org/10.5446/42892

CAMS model output showing the Camp Fire plume reaching Southern California during the December 2018 campaign:
https://doi.org/10.5446/42943

Large-scale circulation of aerosols off the California coast during the December 2018 Campaign:

https://doi.org/10.5446/42942
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