e Text highlighted by _ corresponds to the remarks from the first reviwer

e Text highlighted by _ corresponds to the remarks from the second reviwer

The changes not being highlighted:

e The abstract has been improved
e English writing has been improved and odd usages removed
e More information have been added in the caption of the figures.



Reply to Reviewer 1

Review of manuscript ACP-2021-971

The manuscript presents results from the observation of two events of aged biomass burning
aerosol over Lille (northern France) using a lidar with 3 elastic channels (1064 nm, 532 nm,
and 355 nm), 2 Raman channels (the N> vibro-rotational channel at 387 nm and a purely
rotational channel at 530 nm), which provide the capacity to measure aerosol extinction
coefficient — and lidar ratio — without assumptions, 3 depolarization channels (1064 nm, 532
nm, and 355 nm) to measure linear particle depolarization ratio, and 1 fluorescence channel
at 466 nm serving to identify the biomass. Other satellite observations, from CALIPSO and
from Suomi NPP, as well as ground-based observations from AERONET Sun/sky
photometers, are used as ancillary data.

The results permit to identify different properties of the aerosol in two case studies, which can
be related to different wildfire source areas and/or aging processes.

General remarks

The study carried out is interesting and points toward new methods to characterize aerosols
(not only biomass burning), but it looks a little inconclusive. Probably, it would benefit of
being less ambitious in its scope and focusing on the question of the title, “what can a multi-
wavelength Mie-Raman-polarization-fluorescence lidar provide?”, which is, in my view, a
little lost in rather inconclusive discussions on optical properties and on the possibility of
biomass burning aerosols acting as ice nucleating particles. Not that these issues should not
be dealt with, but probably with less detail, getting more to the facts, i.e. to what the
measurements show. Because lidars with Raman channels and depolarization capabilities
have long existed, I suggest that the paper focus more on the additional information provided
by the fluorescence-measurement capability of the lidar used in the study.

Reply: Thanks a lot for the suggestions. The changes of BBA properties during the aging process
and BBA acting as ice nucleating particles are very interesting topics, which fluorescence
measurements could contribute to. We agree that the discussion about the smoke aging and ice
nucleation is a bit too long and inconclusive. We need more observations, which are not presented
in this manuscript, to consolidate them. An article more relevant to ice nucleation in smoke layer has
been accepted by ACP. Therefore, we decided to follow the suggestion of the review, i.e. shorten the
discussion about ice nucleation and focus more on the fluorescence measurements. The
modifications can be seen in the new version of manuscript.

Specific remarks

1. Lines 141-142: the 530 nm Raman channel is described as “rotational Raman of nitrogen”.
However, it is unlikely that this channel picks up only lines from the nitrogen rotational
Raman spectrum; most probably it also collects lines from the oxygen rotational Raman
spectrum. Please check and correct if necessary.

Reply: Yes, the 530 nm channel includes the rotational spectrum of both nitrogen and oxygen. The
manuscript has been modified.

2. Line 148: although for the lidar configuration and its capabilities the reader is referred to
published references, I think that the less usual fluorescence capacity parameter would
deserve an explicit definition in the text. Probably it would fit right after “fluorescence
capacity” in line 148.



Reply: Two equations are added to define fluorescence backscattering coefficient and fluorescence
capacity. We also added some examples of fluorescence and non-fluorescence aerosols in the
manuscript.

3. Line 184 and figure 7(c): there seems to be some undefinition as to what is represented in

figure 7. The text (line 184) says that it shows the “relative fluorescence signal ?87, First
466

of all, in case it is this ratio what is represented, please specify if this ratio is calibrated.
Second, the caption of figure 7 says that what is represented is the backscatter coefficient
of fluorescence at 466 nm, which is not quite the ratio given in line 184. Check as well the
caption of fig. 9.

Change the caption.

4. Lines 185-186: strong depolarization seems to be unambiguously ascribed to the presence
of ice particles (“Ice particles with strong depolarization were detected within the smoke
layers above 8000 m”). My first remark is that a call to the figure showing that (figure
7(b)?) is missing; the period of time when the strong depolarization is observed should
also be specified. Secondly, this strong depolarization seems to come from cirrus clouds.
It is known that depolarization can also be produced by multiple scattering. Can multiple
scattering be ruled out as the cause of depolarization in this case? What’s the lidar field of
view? Even if the presence of ice is plausible, I think that the evidence for ice being the
cause of depolarization should be developed further.

Reply: (1) Reference to Figure 7(b) is added. (2) Indeed, it is not accurate to say that the increases of
volume depolarization ratio at above 8000 m are all caused by the presence of ice particles, because
some variations are aparently due to the fluctuation of BBA concentrations. To be more accurate, the
sentence is changed to “Ice particle featured with increased depolarization ratios were detected in some
high BBA layers, e.g at 8000-1000 m at 17:00-18:00 UTC . Multiple scattering can be excluded for
causing high depolarization ratios in the smoke layer, because firstly the lidar field of view is small,
i.e. 1 mrad, and secondly in this case, the concentration of BBA was too low to produce so strong
multiple scattering effect.

5. Line 205: “Figure 8(g) presents the WVMR, RH and temperature profiles”. However,
figure 8(g) doesn’t seem to contain a temperature profile.

Reply: It was a mistake. The temperature profile is plotted in Figure 8(d). The caption of the figure
and the text are corrected now.

6. Lines 209-210: Talking about figure 8(g), it is said that “The WVMR increases from the
plume center to the edge, suggesting that the WVMR is an important role in the aging
process.” I don’t see that increase in the WVMR profile in figure 8(g), rather that profile
follows the profiles of £ and [F.

Reply: The sentence quoted was not well written. I wanted to express that the WVMR in the core of
BBA plume, i.e. 5000-6000 m, was higher than at the edge 7000-9000 m, The sentence is rewritten

as follows:

“The WVMR in the core of the plume is obviously higher than at the plume edge, suggesting that the
WVMR is a potential indicator and/or factor in the aging process.”



7. Line 231: “A sharp increase of PLDR 064 to nearly 0.10 was detected at 8600 m, indicating
the presence of ice crystals”. Two remarks: a) Where should the reader look for that sharp
increase? b) See my second remark in point 4.

Reply: Reference to Figure 10(e) has been added.

8. Line 275: “The vertical variation of lidar ratios are also obvious in September (Figure 5)”.
First, it’s unnecessary to talk about September, as all the presented measurements were
carried out in September. Second, I don’t see that fig. 5(a) makes obvious that variation.
Although a variation in the lidar ratios can be seen between periods P1-P6 and periods P7-
P9, I don’t see that this variation is related to some vertical variation. For example, in
period P2 the BBA layer is detected between 5500 and 8500 m, and in period P7, with
lower lidar ratio, between 5400 and 8500 m, which is sensibly the same range as for P2.
Please check if the figure referred to should be figure 5 or else be more explicit about what
the reader should pay attention to.

Reply: (1) ‘September removed’. (2) Yes, it shoud be Figure 5. The statistics shown in Figure 5 are
taken from the plumes observed in different time interval. It means that, for one time interval, the data
points in the box plot are simultaneously presented at consecutive vertical levels. And the vertical
variations are reflected by the height of the boxes. In Figure 5(a), the vertical variations of lidar ratios
are important, especially in P3 and P4. For example, in P4, LRs3, varied from about 52 sr to 90 sr at
5500-7500 m.

9. Line 279: “From this aspect, the fluorescence capacity is a better parameter for aerosol
typing especially in low aerosol concentrations”. Please be more specific as to the meaning

of “typing” in this context.

Reply: Typing means classification, to classify aerosol types into different categories, such as pollen,
dust, smoke and so on.

Formal remarks and typos

1. In the bibliography, please insert the doi whenever possible.
Reply: doi numbers are now added to the bibliography.

2. As a general rule, I would prefer that the full wording of acronym is used before the
acronym; for example, in line 68, I would prefer “showed enhanced particle linear
depolarization ratios (PDLRs)” than the current “showed enhanced PLDRs (particle
linear depolarization ratio)”.

Reply: corrected

3. Line 31: “They could alternate the planetary radiation budget of the planet”. I think
that the meaning is “They could alter the radiation budget of the planet”.

Reply: Yes, it should be alter.
4. Lines 80-81: “could influence the ability in water diffusion”. This sentence sounds

strange. Should it be “could influence the ability for water diffusion”, or there is a
word missing? Please check.



10.

11.

12.

Reply: Yes, “the ability of water diffusion” is better.

Lines 96-97: ATOLL is defined (Atmospheric Observatory of LiLle), but is never used
afterwards.

Reply: Yes, after correction, ATOLL, instead of Lille, is refered when mentioning the
lidar site.

Figs. 1(c) and 2 are not cited in the text. Also, the text where the call to figure 2 should

be inserted (section 2.2) comes after the call to figure 3 in section 2.1, so the numbering
of these figures should be swapped.

Reply: corrected

Line 162: “and the height range of the layers are resented”. “resented” should be
“presented”.

Reply: corrected

Line 162: please insert the acronym LR after the lidar ratio is introduced, e.g. “Lidar
ratio (LR), i.e. the ratio between extinction coefficient and backscatter coefficient”.

Reply: corrected

Lines 171-173: “Apart from the temporal variations, vertical variations in the BBA
layers are also significant, such as lidar ratios in on 12 and 14 September, PLDRs on
11 and 18 September. Such variations are possibly indications of the variabilities in
the burning materials, combustion conditions and aging process”. Where are these
lidar ratios and PLDRs represented? Where the reader should look at?

Reply: The vertical variations in the BBA layers, indicated by the distance between
the bottom and the top of each box plot in Figure 5, are also significant, such as lidar
ratios in on 12 and 14 September, the PLDRs on 11 and 18 September.

Lines 188-189: “Figure 8 plots the parameters obtained from averaged observations
between 22:00 UTC, 11 September and 03:00 UTC, 12 September”. However, the
caption of figure 8 says that the averaging end time is 02:00 UTC.

Reply: Corrected. The caption was mistaken, it should be 03:00 UTC.

Line 197: “The increasing trend”. Should it be “decreasing”? (see the sentence just
before and fig. 8).

Reply: Corrected. It should be “decreasing”.

Line 205: Although evident for the expert, the acronyms WVMR and RH have not
been defined.

Reply: Definitions are added at the places where the two acronyms first appear.



13.

14.

15.

16.

17.

18.

Line 253: “episode of Canadian smoke over Europe”. Please insert references, even if
it implies repeating some of those already given in line 251.

Reply: References added.

As general rule, increase the size of legends, labels and scales in the graphs. Be also
explicit in the labels. For example, the label of the color bar of figure 4(b) should read
“Volume depolarization ratio at 1064 nm” instead of “VDR_1064 AN”.Idon’t know
if specifying that measurements are obtained from analogue (AN) or photon counting
(PC) channels is relevant in the context of this paper.

Reply: The size of the labels have been increased. ‘AN’ and ‘PC’ are indeed
unnecessary information and have been removed.

Figure 2: the labels (a) and (b) are missing in the figure panels.
Reply: labels are added.

Figure 5. Please explain that P1, P2,...P9 in the horizontal scales refer to the periods
identified in table 1.

Reply: The explanation has been added.

Figure 5 caption, 3" line: “The dot and bar in the box indicate the mean value and the

99 <

middle value”. “middle value” should probably be “median value”.
Reply: Corrected.

Although the English writing is very good in general, I would suggest a review by a
native English speaker to fix some odd uses. Just as an example, in lines 12-13, the
“varied” in the sentence “It reflects that the properties of aged BBA particles are highly
varied” should probably be “variable”; in line 15 “than those” sounds better than “with
those”, etc.

Reply: English writing has been improved.



by Qiaoyun HU

The paper discusses interesting measurements of aged biomass burning smoke with
a unique lidar. The paper is well written and appropriate for ACP. The measurements
are performed with a recently introduced advanced lidar that combines
multiwavelength lidar, Raman lidar, polarization lidar, and (new!) fluorescence lidar
techniques.

Minor revisions are necessary.

p3, 175: When discussing INP, please keep in mind that these aged smoke particles
are organic aerosol particles, the organic properties (of humic-like substances) count,
and not the ones for soot or fly ash. Therefore, Knopf et al. 2018 .... is appropriate as
reference.

. Knopf, D. A, Alpert, P. A., and Wang, B.: The role of organic aerosol in atmospheric ice
nucleation: a review, ACS Earth and Space Chemistry, 2, 168-202,
https://doi.org/10.1021/acsearthspacechem.7b00120, 2018.

Reply: added.

. p4, 196: One may cite Baars et al., 2021: Baars, H., et al. (2021). Californian wildfire
smoke over Europe: A first example of the aerosol observing capabilities of Aeolus
compared to ground-based lidar. Geophysical Research Letters, 48, e2020GL092194.
https://doi.org/10.1029/2020GL092194

Reply: added.
. p4, 1105: Please use ‘pyroCb’ instead of ‘pyCb’!
Reply: Corrected.

. p4, 1112: Figure 1(b) is mentioned, and then (I114) Figure 3 is mentioned. Figure 2 is
left out.

Reply: The order of Figure 2 and 3 is swapped.
- P5, 1126: No one should introduce Figure 2!
Reply: Reference to Figure 2 added.

. p5,1128: AE decreased...

Reply: Corrected. Yes, AE decreased.



p5, 1133: To my understanding, Cimel (AERONET) is unable to correctly measure
AODs>4.0. And now we have peak AODs of 5.8!

Reply: The new photometer is able to measure AOD up to 7.0. The AOD of 5.8
remains in the Level 2 data, which means it has been validated.

The Case study section is a bit boring, one should better emphasize the deviation of
the optical properties on 17-18 Sep 2020 in Figure 5 from the rest, to make the entire
story more exciting.

Reply: The presentation of case studies is now modified in the following ways:
1. In the Case 1, the introduction of BBA characteristics is kept and simplified.

2. In Case 2, the differences of BBA characteristics compared to Case 1 are
emphasized.

So the repetition of numbers is avoided and the comparison of BBA properties is
more clear.

Section 4: Discussion

| miss a clear structure of this section. The discussion could be shortened and should
clearly highlight the added value now available in terms of the fluorescence
information. Please state clearly: What is new! The discussion should be some kind of
a review of the recent Veselovskii papers 2020 (general method), 2021 (on pollen) and
the recent one on smoke/cirrus observations (also submitted in 2021) together with
the present article on North American smoke.

| would leave out any speculation. For example, the discussion on age of smoke as a
function of height. This is just speculation, and usually depends on many different
factors such meteorological conditions, fire type, burning material, size of burning
area and so on....).

Some suggestions that should be considered. The smoke particles are usually glassy
in the upper troposphere and stratosphere (see the review article of Knopf et al.) The
organic coating means that the INP properties are controlled by organic (humic-like)
material. When discussing heterogeneous ice formation, do not restrict yourself to
mixed phase clouds and temperatures higher than -35C. Heterogeneous ice
nucleation also occurs at -50 to -70C (in cirrus). All this should be mentioned.

Furthermore, PLDR (or better, ... the shape properties) seem to depend on relative
humidity (availability of water vapor) and further gases that can condense on smoke



particles to make them spherical. And the concentration of the gases are high in the
lower troposphere and then obviously decrease with height from the middle to the
dry upper troposphere and the extremely dry stratosphere.

page 9, line 267-274: 1 would leave out such a discussion.

Reply: The discussion has been condensed and restructured in the following ways:
1. Speculations and unnecessary discussions about modeling are removed.

2. Section 4.1 and 4.2 merged.

3. The discussion about smoke acting as INP shortened and condensed.

4. The discussionis organized in four paragraphs, each with one different topic: PLDR,
lidar ratio, aerosol fluorescence and smoke acting as INP.

page 9, line 275-280, please state clearly how you calculate the lidar ratio, You cannot
combine extinction and backscatter values obtained with DIFFERENT smoothing
lengths.

Reply: After checking the code of lidar data processing, | confirm that the smoothing
length for extinction and backscatter profiles is the same ! | forgot that | had
considered the possible artifacts of using different smoothing length when
developping the code longtime ago, so the statement in the manuscript was wrong
and it has been removed. Thanks a lot for this remark !

page 9, line 287 to page 10, line 297: | would leave this discussion out as well. The
paper deals with fluorescence. Please clearly state what is new...! Provide clear facts,
what the added value is!

An extra section 4.2 on BBA as INP is not needed in this fluorescence-related paper. A
paragraph on the impact of smoke serving as INP is sufficient, but please cover the
full range of clouds from mixed phase clouds to cirrus (-25C to -70C), and then a
reference to the recent Veselovskii paper on smoke-cirrus interaction is needed.

Veselovskii, I, Hu, Q., Ansmann, A., Goloub, P., Podvin, T., and Korenskiy, M.:
Fluorescence lidar observations of wildfire smoke inside cirrus: A contribution to
smoke-cirrus - interaction research, Atmos. Chem. Phys. Discuss. [preprint],
https://doi.org/10.5194/acp-2021-1017, in review, 2021.

Reply: Section 4.1 and 4.2 have been merged.

The conclusion section should finally also be better organized and structured. | do
not agree that the fluorescence information is the better information to identify



smoke. It is an additional one, more precise, another independent one, besides all
the useful information on PLDR spectrum and lidar ratio spectrum.

Reply: The conclusion section has been re-organized. The sentence--“the fluorescence
information is the better information to identify smoke” is ambiguous and has been
removed from the conclusion and elsewhere. We want to emphasize that the
fluorescence is very sensitive and is accessible even at low aerosol concentration and
high altitude, while the calculation of lidar ratio requires smooth and at least
moderate concentration of aerosols. But for sure the fluorescence is a supplementary
information and should not replace extinction or backscattering measurements.

Figure 3: mixed-phase cloud at 10 km height? Impossible!

Reply: This mixed phase cloud was detected in a subtropical region at (37.91N,
85.41W) by CALIPSO. The temperature at this altitude was roughly about -40 degrees,
but the uncertainty could be large and the occurrence of super-cooled liquid water is
still possible. In Lille (50.6N, 3.1E), we observed supercooled liquid water clouds at 8
km height and mixed phase clouds at higher altitudes in September. The appearance
of ice crystals can be confirmed with the depolarization ratio of 0.2--0.4. These ice
crystals appeared in a smoke layer and were possibly initiated by smoke particles.
But the nucleation pathway cannot be revolved with the information we currently
have and CALIPSO did not observed any mixed phase cloud. So | decided to changed
“mixed phase cloud” into “ice crystals mixed with BBA” in order to avoid inaccurate
expression.

Depolarization Ratio UTC: 2020-09-14 08:02:35.0 to 2020-09-14 08:16:03.7 Version: 4.11 Standard Nighttime

2576
-88.70

Fig 1. The depolarization ratio at 532 nm, CALIPSO measurements on 14-09-2020



Altitude, km
@

Lat 67.69 61.91 55.99 50.01 s 31.82 25.76
Lon -60.78 -69.20 -74.52 -78.26 -81.12 -83.44 -85.41 -87.14 -88.70

Pressure, hPa Potential K c Height, km

Fig 2. The total attenuated backscatter at 532 nm, CALIPSO measurements on 14-09-2020 overlaid with
temperature and potential temperature.

Figure 4: All axis text must be enlarged, ... is much too small at the moment.
Reply: Label size increased

Figure 5: (d) Y-axis EAE/BAE is confusing, better write .... EAE, BAE. In the caption,
please explain explicitly which intense parameters are shown. What does P1-P9 mean?
Please state that P1-P9 are listed in Table 1....

Reply: Corrected.
Figure 7: Again, all axis text must be enlarged, much too small at the moment.
Reply: Ticks are enlarged.

Figure 8: | would recommend to explain clearly what parameters are shown. Figures
should be widely self-explaining.

Reply: More explanations have been added.

Figure 9: Again, all axis text must be enlarged, much too small at the moment.
Reply: Axis ticks are enlarged.

Figure 10: Here one could then state: Same as Figure 8, except.....

Reply: Caption updated.

Figure 11: Again, what is shown... should be stated.

Reply: Caption updated.



Regarding all the figures, keep in mind that many readers may not be lidar specialists
and need a lot of information.
Reply: More information has been added in the caption of figures.
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The characterization of long-range transported North American
biomass burning plumes: what can a multi-wavelength
Mie-Raman-polarization-fluorescence lidar provide?

Qiaoyun Hu!, Philippe Goloub!, Igor Veselovskii?, and Thierry Podvin!

'Univ. Lille, CNRS, UMR 8518 - LOA - Laboratoire d’Optique Atmosphérique, F-59650 Lille, France
ZProkhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia

Correspondence: Qiaoyun Hu (giaoyun.hu@univ-lille.fr)

Abstract. This article presents a study of long-range transported biomass burning aerosols (BBA) originated from the North
American wildfires in September 2020. The BBA plumes presented in this study were in the troposphere and underwent 1-
2 weeks aging before arriving at the lidar station ATOLL (ATmospheric Observatory of LiLle) in northern France. A novel
lidar-derived dataset, 2a+35+30+¢ (a: extinction coefficient, 3: backscatter coefficient, : particle linear depolarization ratio,
i.e., PLDR, ¢: fluorescence capacity), is provided for the characterization of BBA. The fluorescence capacity is an intensive
aerosol parameter describing the ability of aerosols in producing fluorescence when exposed to UV excitation. In our BBA
observations, obvious variations in aerosol intensive parameters, reflecting the variability of BBA properties, were detected. The
PLDRs varied from less than 0.03 at all wavelengths, to 0.15-0.22 and 0.12-0.16, respectively at 355 and 532 nm. The extinction
related Angstrom exponent was within the range of -0.3 —1.0 and the fluorescence capacity was 1.0x1074-4.0x10~%. Lidar
ratio as low as 2444 sr (5048 sr) was observed in the BBA plumes at 355 (532) nm on 17-18 September, which was lower than
most previously observed aged BBAs. These variations are likely correlated with the combustion process, the lifting of BBA
plumes and the conditions (temperature, humidities, etc.) in the aging process. In addition, our results indicate BBA could act
as ice nucleating particles in tropospheric conditions. The lidar fluorescence channel proves to be an important added value
in aerosol characterization and aerosol-cloud interactions studies, due to its high sensitivity. With the increase of wildfires
occurrence and intensity, BBAs become a more and more important atmospheric component. In this context, we show the
potential of our novel lidar-derived dataset for aged BBA particles characterization and for the understanding of their role in

cloud processes.

1 Introduction

Severe wildfires caught the attention of the public and the scientific communities in recent years. Wildfires in North America
increase in both frequency and intensity, due to the warming-up of the climate. Regarding the global scale, the duration of fire
seasons increased by about 19% from 1979 to 2013 (Jolly et al., 2015; Schoennagel et al., 2017). Wildfires can directly impact
the vegetation of earth’s surface, the fertility of soils, water cycle and human society (Santin and Doerr, 2016; Ditas et al., 2018;

May et al., 2014; O’Dell et al., 2020). Copious amount of fire emissions, including gases and particles, were injected into the
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troposphere and occasionally into the upper troposphere and lower stratosphere (UTLS). Those emissions pose threats to the
air quality and human health, because they contain mainly fine particles and some chemical compounds in wildfire emissions
are toxic. They could altéthe planetary radiation budget of the planet by scattering and absorbing the incoming solar radiation
and influence the cloud procle:s§ by modifying cloud properties and acting as INP (ice nucleation particle) and CCN (cloud
condensation nuclei).

Wildfire emissions are composed of a mixture of gases, e.g. carbon monoxide, polycyclic aromatic hydrocarbons (PAHs) con-
taining gas-phase hazardous air pollutants, water vapor and aerosol particles, such as black carbon (BC), organic carbon (OC),
etc. In addition, water soluble ions (potassium, halides, sulfates) can also be produced by the decomposition of biomass and
the subsequent condensation in the smoke plume. The OC components account for a substantial fraction, about 20% to 90%
in wildfire emissions, much higher than BC. Humic-like substances, which are a complex group of high molecular weight
organic compounds, contribute considerably to the mass of organic compounds and influence the light absorbing properties of
aerosols (Urbanski et al., 2008; Santin and Doerr, 2016; Wu et al., 2018). For convenience, we use hereafter BBA (biomass
burning aerosols) to refer to the aerosols resulting from wildfire emissions. Due to the complexity in the burning and the aging
processes, the BBA properties are highly variable. The initial composition and size distribution of BBAs depend on the burning
materials (i.e vegetation type, such as grassland, boreal forest, etc.) and environmental conditions (temperature, moisture, soil
properties, etc.), which impact the combustion efficiency and the burning processes (i.e. flaming and smoldering). The smol-
dering phase, which is with lower temperature, could lead to a substantially higher conversion of burning materials to toxic
compounds than the flaming phase, and produce more weakly absorbing OC aerosols. Fire emissions from high temperatures
and the flaming phase tend to contain an increased proportion of BC to OC and have smaller smoke particles (Reid et al., 2005;
Garofalo et al., 2019).

Fresh BBAs are fractal like aggregates of BC cores and OC coatings (China et al., 2013, 2015). During long-range transport,
BBAs undergo complex aging processes, including condensation, oxidation, evaporation, coagulation, compaction, humidifi-
cation and so on. These processes could modify the particles’ morphology, composition, optical and chemical properties and
hygroscopic properties. The aging process of wildfire emissions is not yet adequately characterized. It includes a complex group
of chemical reactions and physical changes, among which the gas-to-particle condensation driven by oxidation and evaporation
driven by aerosol dilution, are two important and competing processes. The oxidation process can produce more organic matter
with lower volatility, while it could also lead to increased volatile SOA (secondary organic aerosol) due to fragmentation of
some macromolecules. The evaporation tends to decrease the partitioning of OC aerosols as dilution shifts the gas-particle
equilibrium more to the gas end. Measurements in laboratories and field campaigns do not reach a consensus on the relative
balance of the two competing processes as they are controlled by many factors, such as the dilution rate, exposure to oxidants
(03, OH radical), travel time and so on. The growth of particle size is found in both near-field and longtime aged BBAs,
while the causes might not be the same. Condensational growth is the dominating factor in fresh and near-field BBAs, while
coagulational growth is dominating in aged BBAs. Abel et al. (2003) reported an increase of SSA (single scattering albedo)
from about 0.84 to 0.90 in 5 hours after the emission, which is likely due to the condensation of scattering organic components

on absorbing soot particles during early-stage aging. Similar changes in SSA are derived by Kleinman et al. (2020) when
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investigating near-field BBA plumes from western US. The aging process can result in complex BBA structures and varying
properties. Dahlkétter et al. (2014) sampled BBA particles in a 3-4 days old plume from western US wildfires in the UTLS.
They found that a significant proportion of the particles are BC-containing particles mixed with light-scattering materials and
the mixing state is highly varying. Observations of long-ranged transported Canadian smoke in 2017 and Australian smoke in
2019-2020 in UTLS showed enhanced particlelinearidepolarizationiratiosi(PIZDR) tha't:%lad never been detected in tropospheric
smoke layers (Haarig et al., 2018; Hu et al., 2019; Ohneiser et al., 2020; Khaykin et al., 2020). Similar signatures of PLDRs
have also been observed in aged tropospheric BBAs originated from wildfires (Murayama et al., 2004; Burton et al., 2015).
Researchers thought such characteristics of PLDRs are indications of complicated BBA particle morphology and effects of
longtime aging. Since then, many efforts have been made to simulate aged BBA particles’ optical properties. The simulations
indicate that aerosol properties, such as the absorption and PLDRs, are strongly dependent on the morphology, mixing state
and fractions of different components.

BBAs contribute to ice nucleating (IN) mainly through immersion freezing, contact freezing , deposition freezing, as well as
pore condensation and freezing(Kanji et al., 2011; Umo et al., 2015; Grawe et al., 2016; Kanji et al., 2017; Knopf et al., 2018;
Umo et al., 2019). These mechanisms are not yet well resolved and data about the onset condition of ice nucleation by BBA
particles are diverse. As wildfire emissions become a more and more important atmospheric aerosol source, the role of BBAs as
INP becomes increasingly important and different theories have been proposed to understand BBAs’ IN ability. One important
argument is that the amorphous state of organic matter and complicated morphology of BBAs at atmospheric conditions could
influence the ability of water diffusion, thus causing strong perturbations in the prediction of cloud formation (Berkemeier
et al., 2014; Knopf et al., 2018). Recently, Jahn et al. (2020) reported a different mechanism. They claimed that the inorganic
elements naturally present in biomass could be transformed by combustion process to minerals, which are very ice active over a
wide range of temperatures. Studies also found that the aging process could potentially increase the capability of BBA in cloud
formation (Lupi and Molinero, 2014; Jahl et al., 2021). Therefore, the characterization of BBA properties in light scattering
and cloud formation after long-range transport is an important direction to improve the representation of aerosol model and
further, the accuracy of the climate model.

The 2020 California wildfires are the largest in Californian modern history. They comprise about 9639 fire activities reported
in the California state, located in the western coast of the United States. The fire season started from the beginning of May
2020. By the end of the year, nearly 10,000 fires had burned over 4.2 million acres, more than 4% of the state’s roughly 100
million acres of land (https://www.fire.ca.gov/incidents/2020/). In mid-August, the first ’gigafire’ spreading over 7 counties
in northern California was recorded. ’Gigafire’ is a level above 'megafire’ and describes a blaze burning at least a million
acres of land. Satellite observations indicated this fire activity caused huge BBA emissions over the middle and western US,
while the plumes faded away after 1 week without being transported to other continents. In September 2020, the fire activities
revived after a short pause. Fire emissions were lofted into UTLS by high winds or convective pyro-cumulonimbus, and then
transported to Europe by the prevailing westerlies (Baars et al., 2021). The densest smoke plumes detected at the observatory

ATOLL (ATmospheric Observatory of LiLle) in Lille, France, is in the period of 10-23 September. In this study, we analyzed
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the observations from multiple instruments and the optical properties derived from a multi-wavelength Mie-Raman polarization

lidar equipped with a fluorescence channel.

2 Observations
2.1 Satellite observations - OMPS and CALIPSO

According to satellite observations, the smoke plumes detected in Lille on 10-22 September are attributed to the fire activities
on 04-11 September in California and Oregon state in the USA. On 04-06 September 2020, the Creek fire started in the
southwestern California. On 05 September, the fires generated@pyro=cumulonimbusi(PyroCb) cloud reaching about 16000 m,
which might be the highest PyroCb cloud ever (Creek Fire, 2020). The plumes from Creek fire can be clearly seen in the earth’s
true color image (Figure 1(a) ) and the maps of the UVAI from OMPS observations shown in Supplementary information (SI).
The center of the lofted plumes was at (37.7N, 117.8W) on 06 September and then transported rapidly toward the northeast.
On 07-10 September, the forest in the west coast of California and Oregon started to burn, which will be called Oregon fires
hereafter (Oregon Fire, 2020). The burning area was in serious drought and under the blasts of fierce winds, which lifted vast
fire emissions into the atmosphere. On 09 September, the wind whipped up fires and generated a pyro-cumulus cloud. Due
to cyclone activities, the plumes were trapped on the eastern Pacific ocean and west coast of the US on 07-11 September, as
5shown in Figure 1(b). The plumes started spreading on 12 September and arrived in Europe on 16-18 September.
Figuren2ishowsnthenCABIPSO observations in the transport pathway. The plumes in Figure 2(a, b, c¢) and in Figure 2(d, e,
f) are attributed to the Creek fire and the Oregon fire, respectively. The plume origins were identified using HYSPLIT back
trajectories and OMPS UVAI maps, shown in SI. The plumes emitted by the Creek fires are mostly classified as ’elevated
smoke’ by the CALIPSO aerosol typing algorithm (Version 4.21), while the plumes emitted from Oregon fires are mostly
detected as ’polluted dust’. The reason is that the particle linear depolarization ratio (PLDR) at 532 nm of the BBA particles
from Oregon fire was higher than Creek fire. PLDR is a parameter reflecting the particle shape, i.e. spherical particles have
PLDR of zero while morphologically complicated particles such as dust and ice crystals have high PLDRs. PLDR535 is about
0.02-0.05 in Creek plume after 3—7 days’ transport in the upper troposphere. In comparison, the PLDR 532 in Oregon plume is
about 0.10-0.15 after 1-7 days’ transport. The observed differences of BBA properties in the two events may be attributed to

the combustion and lifting process.
2.2 Sun/sky photometer observations near wildfire source

NASA_Ames and PNNL are two AERONET sites located near the fire activities, as shown in Figure 1(b). PNNL was mainly
impacted by the Oregon smoke during 12-19 September. IntFigurer3ytherAODs55 (AerosolOpticaliDepthratiS00mnm)rwas
about 0.2 and AE340_500 (Angstrom exponent between 340 and 500 nm) about 1.5 on 01-08 September, before the arrival
ofitherOregonismoke? When the Oregon plumes arrived at PNNL on 12 September, the AOD sharply increased and the AE

decreased at the same time. The AODj( significantly increased and the maximal AODj5(, was about 4.0, with corresponding
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AE340-500 of 0.2, during 12-19 September. NASA_Ames is in the west of the Creek fire and was influenced firstly by the Creek
fire and then by the Oregon fire. AODj5(o on 04-08 September, when Creek smoke particles dominated, was less than 1.0 (with
AE340_500 ~1.2), because the center of the Creek plumes propagated eastward and only a part of it drifted to the west. The
Oregon plumes started on 09 September, as indicated by a sharp increase of AOD and a decrease of AE340_500. The peak
AODj of 5.8, corresponding to AEs340—500 ~0.0, was detected on 12 September in NASA_Ames. Similar to the observation
at PNNL, AEzig=ssorobviouslyrdecreasedduringitherepisodesrofiOregonismokenThe decrease of AE340-_500 indicates the

increase of particle size in the Oregon BBA plumes, which is in agreement with the CALIPSO observations. S6
2.3 Lidar and photometer observations in Lille, France

The lidar involved in this study is a multi-wavelength Mie-Raman-polarization-fluorescence lidar, LILAS, operated at ATOLL
platform, University of Lille, France. The lidar system uses a Nd: YAG laser and has three emitting wavelengths, i.e., 355, 532
and 1064 nm. The backscattered lidar signals are collected at three elastic wavelengths each coupled with a parallel channel
and a cross channel, and three Raman channels at 387 (vibrational Raman of Nggandi®3), 530 (rotational Raman of Nggand
©3) and 408 nm (water vapor channel). In December 2019, the water vapor channel was replaced by a fluorescence channel
centered at 466 nm (excitation wavelength: 355 nm) in order to profile atmospheric fluorescence. A full description of this
configuration and the results of the feasibility test can be found in Veselovskii et al. (2020). With this configuration, we can
derive the height-resolved dataset 2« + 38 + 30 + ¢ («: extinction coefficient, 5: backscattering coefficient, §: particle linear
depolarization ratio, ¢: fluorescence capacity). The fluorescence signal is attributed to certain molecules that could absorb
in the incident laser light and re-emit it at longer wavelengths. The fluorescence capacity represents the capacity of aerosol
particles in producing fluorescence, hence it is linked to particle chemical compositions. Equation 1 and 2 demote respectively
the fluorescence backscattering coefficient S (z) and the fluorescence capacity ¢(z).

A AONE S2 @))
where Pp(z) and Pg(z) are the lidar signals of fluorescence and Raman channel, respectively, g—? is the ratio of instrumental
constant between the Raman and the fluorescence channel and it is determined by calibration. N(z) is the vertically distributed
number concentration of Raman scatters (i.e., No and Os) and o is the Raman differential scattering cross section in the

backward direction. With S, one can define the fluorescence capacity ¢(z):

m s2 @)
me s2

continentalvaerosolsraresmuchnlessiefficientd More information about fluorescence lidar measurements and aerosol fluorescent

signatures can be found in our previous publications (Hu et al., 2019; Veselovskii et al., 2020, 2021b).

Figure 4 shows lidar observations in the period of 11-22 September 2020. Figure 4(a) and 4(b) show the range corrected
lidar signal and the volume depolarization ratio at 1064 nm, respectively. The background aerosols in Lille are usually low

depolarizing fine particles in the boundary layer. During the observational period, the BBA layers distributed at 2000-14000
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m and polluted dust in the boundary layer were the two aerosol species. The smoke plumes are obvious in Figure 4(a) and
disappear in Figure 4(b), because BBA particles have very weak depolarization at 1064 nm. The most intense smoke plumes
are observed on 11-12 September, corresponding to AOD5g =~ 0.65 and AE340—500 ~ 0.70, shown in Figure 4(c). Aerosols in
the boundary layer on 14-16 September were strongly depolarizing. Back trajectories and modeling results indicated the cause
for the enhanced depolarization could be polluted dust or transported pollen. On 17-18 September, a decrease of AE340—500 is
detected when a smoke plume appeared at 6000-10000 m. The AODj5gp and AE340—500 on 17 September are about 0.22+0.02
and 0.0+£0.20, respectively.

Figure 5 plots the intensive parameters in the BBA layers detected in time intervals in September 2020. The observation
time and the height range of the layers are presented in Table 1. Lidar ratio, i.e., the ratio between extinction coefficient and
backscatter coefficient, is correlated with multiple factors, such as the particle shape, size and refractive indices. LR355 being
lower than LR35 is a typical feature of aged smoke particles from North America and Siberian wildfires. The values of lidar
ratios varied in the range of 20-50 sr at 355 nm and 42-90 sr at 532 nm. The spectral dependence of the PLDRs is in agreement
with the aged wildfire smoke particles in the literature. The variation ranges of PLDRs are respectively 0.03-0.22, 0.02-0.16
and 0.01-0.03 at 355, 532 and 1064 nm in the investigated cases. The PLDRs on 18 and 19 September (P7 and P8) are higher
than other days, with mean PLDR equals 0.16 at 355 nm, 0.12 at 532 nm and 0.02 at 1064 nm. The fluorescence capacity
varied from 1.0 x 10™% to 4.0 x 10™*. The BAE355_532 (Angstrom exponent related to backscatter coefficient) is in the range
of 1.5-2.5. Whereas, the variation of EAE355_532 (Angstrom exponent related to extinction coefficient) is stronger. Before 17
September, the EAE3s55_532 varied in the range 0.5-1.5 and after this day, it dropped to below zero. The vertical variations in
the BBA layers, indicated by the distance between the bottom and the top of each box plot in Figure 5, are also significant, such
as lidar ratios on 12 and 14 September, the PLDRs on 11 and 18 September. Such variations are possibly indications of the
variabilities in the burning materials, combustion conditions, convective lifting and aging process. Two events corresponding

to Creek fire and Oregon fire, respectively, are selected and analyzed in detail in next section.

3 Case study
3.1 Case 1: 11-12 September 2020

The BBA plumes detected on the night of 11-12 September 2020 are attributed to the Creek fire and have traveled about 5-7
days. Figure 6(a) shows the 4-day back trajectories overlaid with UVAI map on 8 September 2020. Two areas with intense
UVALI are indicated on the map, one over the western coast of the US and the other one over the Great Lakes. The former was
mostly generated by the Oregon fire, which started on 7 September. The latter was emitted by the Creek fire on 4-6 Septem-
ber and transported to Europe via an ’expressway’. Figure 7 shows the range corrected lidar signal (RCS) and volume linear
depolarization ratio (VLDR) andHThe fluorescence
observations are only available at nighttime when there is no sunlight interference. The BBA layer was mainly distributed at

5000-10000 m and was characterized by strong fluorescence. In Figure 7(b), ice particles featured with increased depolariza-
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Figure 8 plots the parameters obtained from averaged observations between 22:00 UTC, 11 September and 03:00 UTC, 12

September. The extinction coefficients peaked at about 6200 m, with 180 Mm ™! at 355 nm and 140 Mm~" at 532 nm. The
EAE355_532 was about 0.5£0.3 and the BAE355_532 was about 2.0+0.3. The EAE3s55_532 is lower than the AE349_500 mea-
sured at NASA_Ames when influenced by the Creek fire plumes, indicating the particle growth during the aging process. The
lidar ratios, which are 406 sr at 355 and 70411 sr at 532 nm, are typical values of aged smoke particles (Haarig et al., 2018;
Hu et al., 2019; Ohneiser et al., 2020; Peterson et al., 2018). The PLDRs show strong vertical variations in the BBA layer.
In the core of the smoke, i.e., 5000-6000 m, the PLDRs at the three wavelengths are all below 0.03. In the plume edge, i.e.,
6500-9000 m, the PLDRs at 355 and 532 nm increased significantly, with about 0.15£0.03 at 355 nm and 0.124-0.02 at 532
nm. PLDR;p64 shows no significant vertical variations. A slight decreasing trend in the EAE355_532 and a moderate one in
BAE355_532 are observed when the height increases. BBA particles at 5000-6000 m was also characterized with stronger flu-
orescence capacity (~ 3.8x10~%) compared to those at 6500-9000 m. According to laboratory studies, the main fluorophores
in smoke are the humic-like substance and PAHs (Garra et al., 2015; Zhang et al., 2019), which are common products of the
combustion of biomass, as well as some SOA formed in the aging process (Lee et al., 2013). Therefore, temporal and spatial
variations of fluorescence capacity are very likely during the transport, and such variation is controlled by factors, such as

oxidation and evaporation of some chemical species and so on. S5

Beauvechaimstation(Belgium)p 1 20 km to ATOLL platform. The RH with respect to ice (RH;..) was calculated with the radio
sounding measurements (Jarraud, 2008). The presence of the BBA layer is well reflected by the enhanced values in the WVMR

profile. It indicates that the BBA plumes were also captured by the radio sounding measurements at Beauvechain due to the

plumes’ large spatial coverage. The' WVMR in the core of the plume is obviously higher than at the plume edge, suggesting

210 that the WVMR is an important factor in the agin process.

S6
3.2 Case 2: 17-18 September 2020
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Table 1. The averaging time intervals and altitude ranges of selected BBA layers for the analysis of statistics. P1, P2, ... , P9 represent

different time intervals in September 2020.

NO of period Time interval [UTC] Height [m]
P1 2020-09-11, 02:00:00 — 2020-09-11, 04:00:00 5500 — 7500
P2 2020-09-11, 22:00:00 — 2020-09-12, 03:00:00 5500 — 8500
P3 2020-09-12, 20:00:00 — 2020-09-12, 23:00:00 2500 — 3800
P4 2020-09-14, 00:00:00 — 2020-09-14, 03:00:00 5500 — 7500
P5 2020-09-14, 22:00:00 — 2020-09-15, 02:00:00 5500 — 6500
P6 2020-09-15, 02:00:00 — 2020-09-15, 04:00:00 4500 — 7200
P7 2020-09-17, 22:00:00 — 2020-09-18, 03:00:00 5400 — 8500
P8 2020-09-18, 20:00:00 — 2020-09-18, 22:00:00 4800 — 6500
P9 2020-09-20, 20:00:00 — 2020-09-21, 00:00:00 4400 — 6200
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UnitediStates

Figure 1. True color images from OMPS onboard Suomi NPP. (a) 06 September 2020, (b) 10 September 2020, (c) 12 September 2020. The
two AERONET observation sites: NASA_Ames (37.420N, 122W) and PNNL (46N, 119W). ©Google Maps
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Figuren2nThe backscattering coefficients and PLDR ratio at 532 nm measured by CALIPSO. The smoke plumes in (a), (b) and (c) are
attributed to Creek fires on 05-07 September 2020, and in (d), (e) and (f) are attributed to Oregon fires. The inserted maps display the
granules of CALIPSO and the locations of the grey dots represent the region where the measurements are averaged. (a) Central US, 2020-
09-08. (b) East of Quebec, 2020-09-09. (c) Eastern Europe, 2020-09-11. (d) Western coast of US, 2020-09-10. (e) Western coast of US,
2020-09-11. (f) Eastern US, 2020-09-14. The layer between the two red dashed lines is BBA. The blue dashed lines represent the location of

the mixture of ice crystals and BBA particles.
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Figuren3: AOD and AE (Level 1.5) measured by AERONET sun/photometers at two observation sites: (a) PNNL (46N, 119W) and (b)
NASA_Ames (37.420N, 122W). NASA_Ames is within the influence of both the Creek fire and the Oregon fire. PNNL is mainly impacted
by the smoke of Oregon fire. The smoke of Oregon fire arrived at NASA_Ames on about 9 September and at PNNL on 12 September 2020.

The arrival of the Oregon smoke caused significant increase of AOD and decease of the AE at both sites.
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Figure 4. Lidar and sun/sky photometer observations during the smoke episodes on 10-22 September 2020, ATOLL, France. (a) The range-
corrected lidar signal at 1064 nm. (b) The volume depolarization ratio at 1064 nm. (c) The AOD and AE measured by the sun/sky photometer
operated at ATOLL. The layers with strong depolarization appearing in the boundary layer on 14-16 September are polluted dust from
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Figure 6. HYSPLIT back trajectories overlaid on the UVAI measured by OMPS onboard SUOMI-NPP satellite. (a) 96-hour back trajectories
ending at 00:00 UTC, 12 September 2020 overlaid with UVAI on 08 September. (b)144-hour back trajectories ending at 00:00 UTC, 18
September 2020 overlaid with UVAI on 14 September. ©Google Earth.
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Figure 7. Lidar observations on 11-12 September 2020. (a) Range corrected lidar signal at 1064 nm, (b) volume depolarization ratio at

1064 nm. (c) calibrated signal ratio between 466 and 387 nm channels, i.c. G2 in Equation (1). This quantity is used as intermediate
parameter to represent the fluorescence signal. The calibration coefficient C'r/C'r represents the ratio of the electro-optical gain between
then2schannels! The white zone in the figures represents missing data due to the turnoff of the detectors (ex. to avoid daytime sunlight

interferences) or intermediate operations during the measurements.
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Figure 8. Aerosol vertical profiles from averaged measurements between 22:00, 11 September 2020 and 03:00, 12 September 2020, UTC. (a)
Extinction coefficients, (b) backscattering coefficient, (c) lidar ratios. The colors of lines represent different wavelengths: 355 (magenta), 532
(green) and 1064 nm (red). (d) EAEsss=s5an(orange)nBAEsssmss5n(blue)randitemperaturen(cyamopenicirele)d (e) PLDRs, (f) fluorescence
backscattering coefficient (pink) and fluorescence capacity (cyan), (g) WVMR (pink solid circle), RH to liquid water (RH, pink solid circle
) and ice (RH;c., grey solid circle). The extinction and backscatter coefficients at 355 and 532 nm were calculated using Raman technique
(Ansmann et al., 1992) and the backscatter coefficient at 1064 nm was calculated by Klett method with an assumption of LR=50 sr. The
radio sounding station is in Beauvechain, Belgium, about 100 km from the lidar observation site. The error bars in the figure represent the
statistical errors. The method of error estimation is presented in the Appendix of (Hu et al., 2019). The relative humidity to ice is calculated

using the improved Magnus formula in Alduchov and Eskridge (1996).
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Figure 9. The same plot as Figure 7 but for lidar observation on 17-18 September 2020. (a) Range corrected lidar signal at 1064 nm, (b)

volume depolarization ratio at 1064 nm, (c) calibrated signal ratio between 466 and 387 nm channels.
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