Dear Editor!

These major revisions could be done very quickly. Again, we appreciate the comments of the reviewers
and the time they used to help us to further improve the manuscript.

Our answers in bold. We also indicate the new changes in the manuscript in BOLD.
The revised version of the paper is included in this letter (after the reply part)!

Reviewer #2:
We addressed all the five minor points mentioned by reviewer #2.

1. In response to my comment about homogeneous and heterogeneous freezing in the original
manuscript the authors have added: ‘Homogeneous nucleation is the process in which droplets freeze
(and no solid particle phase is involved). In the case of heterogeneous nucleation, a solid particle is
needed to initiate the nucleation of an ice crystal, but can take place at much lower ice supersaturation as
needed to iniate homogeneous freezing’. But the ice supersaturation is irrelevant to (immersion) freezing
—i.e. when a solid particle is inside a liquid droplet the freezing process is simply a function of
temperature (and the composition and structure of the nucleus). Later in the paper you do discuss
deposition of ice which is indeed sensitive to supersaturation, but that is a different process to that
described here. Note the typo too ('iniate').

In the introduction, we are now a bit more precise and state that at cirrus level (e.g., -50 to -60°C) only
deposition nucleation plays a role, so immersion freezing needs not to be discussed here...

2. The last paragraph of the introduction seems out of place, and certainly the reference to the long-term
record at Garmisch-Partenkirchen is irrelevant to this paper. Reference to the earlier work of Fromm is of
course relevant, and | can see you wouldn’t want to just move the text somewhere else, but it doesn’t

read well here.

We removed the paragraph from the Introduction and mention the network activities (in 2001) now in
Section 3.1 (bold part in page 7).

3. P.101.19 remove brackets around Mamouri and Ansmann (cite not citep)
Improved!

4. P.121.27 | think you mean ‘from the tropics to the extratropics’
Improved!

5. P.15. The new paragraph on INC is purely speculative and adds nothing to the paper. It should be
removed. There is quite enough speculation in this paper already.

We removed the paragraph. ... but still mention that cirrus studies in August-September 2017 would be
interesting.



Reviewer #1 (Mike Fromm)

Unfortunately | found none of the BDC-related revisions convincing, and in fact concluded that the new
content served to weaken the case for BDC influence in 2017. Considering that my original assessment
was that this was a major issue, and that B19 have placed even greater advocacy on BDC in the revised
manuscript, my assessment is that this is still a major concern that needs to be dealt with. B19 have
responded satisfactorily to the additional concerns brought up by bother reviewers. Hence | would
consider this paper worthy of publication after defensible revisions regarding the BDC attribution are
made.

For reference, B19 state that meridional transport from the tropical stratospheric reservoir ensued n
mid-September 2017. “However, during the autumn and winter season (from mid September to end of
December) a northward transport of aerosols from the tropical stratospheric reservoir (TSR) towards the
mid latitudes must be considered.” This means that within about 1 month of the pyroCb injection (mid-
August) in British Columbia (52°N), large abundances of stratospheric smoke completed a movement
into the TSR and a subsequent movement to 32-35°N by way of the characteristically slow BDC. On its
face this seems meteorologically improbable. As will be mentioned below, there is also no evidence of
smoke at the required time and altitude observed in the TSR.

B19 have cited Kloss et al (K19) who claimed a BDC influence on tropical smoke they reported. Even if
that point is conceded, K19's results are irreconcilable with those of B19. The only evidence K19 give for
BDC-driven tropical ascent is a time series of vertically resolved aerosol data wherein the first hint of
tropical stratospheric smoke is discerned in late October 2017. The images below, from B119 and K19,
synchronized, illustrate the irreconcilability. The K19 aerosol ascent begins after the onset of perceived
Mediterranean (extratropical) ascending structure (September 2017). Moreover, the K19 tropical layer
never reaches the altitude of the B19 structure during the B19 time frame (“18-19 km to 22-23 km
height from the beginning of October to the beginning of December”). Given the expected lag between
the tropics and extratropics due to the characteristically slow BDC transport, there is no information
available in K19 to support the argument that B19’s earlier, higher structures come from the tropics.

The scenarios of Jager (2005) and B19 are wholly different. The 2017 pyroCb eruption event was at
52°N; the smoke plume is entirely at high latitudes as late as mid-August. Even if it is acknowledged that
some fraction of the pyroCb stratospheric smoke eventually got into the TSR, it is surely a small
proportion of the source term (Bourassa et al., 2019). The Pintaubo and El Chichon aerosol source terms
were massive relative to the 2017 pyroCb event and exclusively tropical at source. Hence all meridional
aerosol spread started from these massive source terms. Even so it took more than one month for the
Pinatubo aerosol to arrive over central Europe (Jager, 1992). It is noted here that the original Garmisch-
Pinatubo timeline has been reinterpreted (Fromm et al., 2010) such that the earliest Pinatubo aerosols
to reach Garmisch were™~1 month later than reported by Jager (1992), 2 months post eruption.
According to Reiter et al. (1982) the onset of El Chichon aerosol at Garmisch was ~1 month after the
eruption. So even under the relatively favorable situations of the two volcanoes, the impact on Europe
lagged by one or more months from the injection date.

If indeed some of the Canadian pyroCb stratospheric smoke got into the TSR, then got lofted by the BDC,
then got spread back to the extratropics, one might hypothesize that the residual concentration of
aerosols would be much smaller than the “main” smoke over Europe transported there more directly.
However, the particulate extinction plots in B19 do not suggest a systematic difference between these
two populations. Hence it would have to be argued that the BDC-transported smoke would have a
heritage of even greater concentrations (translated as extinction). Neither K19 nor any other published
works on the Canadian pyroCh smoke expressly or implicitly show that the tropics contained such
relatively large smoke concentrations.

The replaced figure in B19 on which they focus the BDC discussion (Figure 8) has a variety of structures.
B19 acknowledge that fact. However, the newly constructed figure hinders their argumentation. There
are very high layers earl on and what can be interpreted as descending structures within. With smoke
aerosols at and above 22 km in September in the Mediterranean zone, it is difficult to sort out the
reasons for all of the variations in altitude that are evident. Given the co-existence of structures with



positive slope, negative slope, no slope, and even multiple simultaneous layers, attention to just the
positive-slope structure seems to be artificially limited, in my opinion.

In my first review | described (but did not show) a back-trajectory analysis from a certain location within
the suspected BDC-affected smoke structure, to see where it came from. The example | provided was
from an Iberian aerosol layer observation not expressly reported in B19. Understandably, B19 did not
comment on this suggestion. So with this review | chose two B19-reported observations from which to
run back trajectories. They were chosen because they were both similarly high layers: ~22 km. One was
from Limassol in the 2nd half of September. The other was from Evora in late October. The results,
shown below, reveal paths almost 180° opposed. Neither indicates a path toward the tropics; both
reveal a path into an area of observed extratropical smoke at the same altitude but outside the
European sector analyzed by B19. The Limassol back trajectory was consistent with a stream of smoke
reported by Bourassa et al. (2019). The Evora path also provided a direct connection with upstream
smoke observations by CALIPSO (see the link in both examples). These connections provide fairly strong
proof that a residual meridional circulation from the tropics was not in play and that direct,
quasiisoentropic extra-tropical dynamics was the more plausible pathway.

Given the above comments and analysis, | think it is exceedingly difficult to conclude that the BDC was
responsible for the disposition of the apparently ascending structures reported by B19. Given the
publication of K19 it is appropriate to acknowledge this preceding paper, and the potential for alternate
explanations. But the evidence leading to the firm conclusion of the primary role of BDC is not present,
in my view.

We totally agree with the general (overall) opinion of reviewer #1 and revised the manuscript
accordingly. We partly disagree regarding his comments on the comparison between lidar (b19) and
satellite remote sensing products (K19). We will not comment on that in order to be short here and to
save time.

The reviewer is right with his final statement: But the evidence leading to the firm conclusion of the
primary role of BDC is not present, in my view.

Most of the arguments mentioned by reviewer #1 (outlined above) are justified and convincing and
thus forced us to change the discussion! Thank You for the suggestions!

The main two points of criticism are:

(1) The observations do not CONFIRM a leading influence of BDC in autumn and winter 2017 on the
aerosol transport, layering, and observed ascending features.

(n) The aerosol potentially transported from the tropics to the extra tropics may not be the
Canadian fire smoke. The aerosol mixture is simply unknown and it is almost unlikely that
smoke contributed.

Now to our response leading to the made changes (in bold in the manuscript).
The FACTS are still as follows:

A section on BDC is required! We cannot skip and thus ignore such a potential (possible) impact in the
discussion. We cannot ignore an effect that may have had an impact.

The BDC moves aerosol from the tropical reservoir out of the tropics. BDC simply works in the northern
hemisphere in each winter halfyear! And this fact needs to be discussed.

That BDC worked also during the winter 2017-2018 is documented and thus ‘confirmed’ by Kloss et al.
(2019).

But the reviewer is right: We need to avoid the impression that our observations clearly indicate that



the BDC was dominating (played the primary role). This is misleading! Therefore we clearly state now:
This is just an option! (see Sect.3.3.1, page 12). Nevertheless, we explain how the BDC works and what
the effects are. And this is nicely presented by Jager (2005). And we also leave in the Kloss et al. (2019)
findings that the BDC was ‘visible’ in the smoke data (October 2017 to March 2018). These are just the
facts.

Finally: Regarding the type of aerosol that was moved from the tropical stratospheric reservoir
northwards: We leave it now open! We state.... It may be smoke, or tropical volcanic particles, or even
anthropogenic pollution or dust... entering the stratosphere in the upwelling branch of the BDC... (page
12)!

To be consequent, we changed the Abstract and the Conclusions section! We do no longer even
mention the BDC and the possible impact in the Abstract and Conclusions section. This was clearly
misleading, and thus a mistake! The discussion of transport and lifting mechanisms is just a minor part
of the paper.

In conclusion: We got the message of the reviewer and removed the impression (primary role of BDC)
totally from the paper.
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Abstract. Six months of stratospheric aerosol observations with the European Aerosol Research Lidar Network (EARLINET)
from August 2017 to January 2018 are presented. The decay phase of an unprecedented, record-breaking stratospheric per-
turbation caused by wild fire smoke is reported and discussed in terms of geometrical, optical, and microphysical aerosol
properties. Enormous amounts of smoke were injected into the upper troposphere and lower stratosphere over fire areas in
western Canada on 12 August 2017 during strong thunderstorm-pyrocumulonimbus activity. The stratospheric fire plumes
spread over the entire northern hemisphere in the following weeks and months. Twenty-eight European lidar stations from
northern Norway to southern Portugal and the Eastern Mediterranean monitored the strong stratospheric perturbation on a con-
tinental scale. The main smoke layer (over central, western, southern, and eastern Europe) was found between 15 and 20 km
height since September 2017 (about two weeks after entering the stratosphere). Thin layers of smoke were detected up to
22-23 km height. The stratospheric aerosol optical thickness at 532 nm decreased from values >0.25 on 21-23 August 2017
to 0.005-0.03 until 5-10 September, and was mainly 0.003-0.004 from October to December 2017, and thus still significantly
above the stratospheric background (0.001-0.002). Stratospheric particle extinction coefficients (532 nm) were as high as 50-
200 Mm~! until the beginning of September and of the order of 1 Mm~! (0.5-5 Mm~1) from October 2017 until the end of

3 over months.

January 2018. The corresponding layer mean particle mass concentration was of the order of 0.05-0.5 pug cm™
Soot particle (light-absorbing carbonaceous particles) are efficient ice-nucleating particles (INPs) at upper tropospheric (cir-
rus) temperatures and available to influence cirrus formation when entering the tropopause from above. We estimated INP
concentrations of 50-500 L' until the first days in September and afterwards 5-50 L~ until the end of the year 2017 in the
lower stratosphere for typical cirrus formation temperatures of —55°C and an ice supersaturation level of 1.15. The measured
profiles of the particle linear depolarization ratio indicated the predominance of non-spherical smoke particles. The 532 nm de-
polarization ratio decreased slowly with time in the main smoke layer from values of 0.15-0.25 (August-September) to values
of 0.05-0.10 (October-November) and <0.05 (December-January). The decrease of the depolarization ratio is consistent with
aging of the smoke particles, growing of coating around the solid black carbon core (aggregates), and thus change of the shape
towards a spherical form. We found ascending aerosol layer features over the most southern European stations, epecially over
the Eastern Mediterranean at 32-35°N, that ascended from about 18-19 km to 22-23 km height from the beginning of October

to the beginning of December 2017 (about 2 km per month). We discuss several transport and lifting mechanisms that may

have had an impact on the found aerosol layering structures.
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1 Introduction

Record-breaking wildfire activity in British Columbia during the summer of 2017 coupled with rather favorable weather con-
ditions on 12 August 2017 triggered the evolution of five major thunderstorms over western Canada in the afternoon of this
day (Peterson et al., 2018). Exceptionally strong and well organized pyrocumulonimbus (pyroCb) clusters (Fromm et al., 2010;
Peterson et al., 2017) developed over the fire areas and lifted enormous amounts of fire smoke into the upper troposphere and
lower stratosphere (UTLS) (Khaykin et al., 2018; Peterson et al., 2018; Ansmann et al., 2018; Hu et al., 2019). Within pyroCbs
the upward transport takes usually less than one hour from the ground to the tropopause level (Fromm et al., 2000, 2003;
Rosenfeld et al., 2007). Many of the smoke particles may have served as cloud condensation nuclei (CCN) and ice-nucleating
particles (INP), but the amount of smoke particles was so large that most of them were just lifted as interstitial aerosol to the
UTLS region. The particles apparently reached the stratosphere as pure soot particles (light-absorbing carbonaceous particles
formed from incomplete combustion) (Petzold et al., 2013) and had a non-spherical shape after 7-10 days of travel towards
Europe (Haarig et al., 2018; Hu et al., 2019) and even after months as will be shown here. Self-lifting effects caused by sunlight
absorption and warming of the ambient air (Boers et al., 2010; Siddaway and Petelina, 2011; de Laat et al., 2012) then led to
a further significant ascent of the soot-containing layers. The aerosol optical thickness (AOT) in the UTLS region must have
exceeded values of 2-3 at 500 nm wavelength so that strong absorption in the visible spectrum and warming of the smoke
layers occurred and enabled the fire smoke plumes to ascend by about 2-3 km per day during the first days after injection as
was observed with the spaceborne lidar aboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation)
(Khaykin et al., 2018).

Peterson et al. (2018) and Yu et al. (2019) discussed the strength of this stratospheric smoke event based on spaceborne lidar
observations and passive remote sensing and concluded that the pyroCb driven aerosol injection into the UTLS was comparably
with a moderate volcanic eruption characterized by a Volcanic Explosivity Index of 3-4. The 12 August 2017 event, denoted as
Pacific Northwest Event by Peterson et al. (2018), injected 0.1-0.3 Tg of total aerosol particle mass into the lower stratosphere.
However, such mass comparisons do not provide an adequate description of the difference regarding the impact on atmospheric
processes. Volcanic and smoke particles show rather different chemical, physical and morphological properties. In contrast to
liquid, spherical, less light-absorbing sulfuric acid droplets of volcanic origin, stratospheric smoke particles from the wildfires
in 2017 were observed to be non-spherical (Haarig et al., 2018; Hu et al., 2019), and probably consisted of a solid core (black
carbon (BC) aggregate) with non-spherical organic coating (Yu et al., 2019). In contrast to volcanic sulfuric acid particles,
soot particles significantly absorb solar radiation (direct effect on climate), and also influence the evolution of cirrus clouds by
serving as INP in heterogeneous ice nucleation processes (indirect effect) (Hoose and Mohler, 2012; Kanji et al., 2017; Ullrich
et al., 2017), in contrast to liquid sulfuric acid droplets which influence cirrus occurrence and evolution via homogeneous ice
nucleation (Jensen and Toon, 1992; Sassen et al., 1995; Liu and Penner, 2002) and (Campbell et al., 2012). Homogeneous
nucleation is the process in which droplets freeze (and no solid particle phase is involved). In the case of heterogeneous

nucleation at cirrus level (via depostion nucleation at, e.g., —50° to —60°C), a solid particle is needed to initiate the
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formation of an ice crystal, but the ice nucleation process can take place at much lower ice supersaturation as needed
to initiate homogeneous freezing.

After injection on 12 August 2012, the smoke traveled to northern Canada, and then through the jet stream eastward, crossed
the North Atlantic and reached Europe on 21-23 August 2017 (Ansmann et al., 2018; Haarig et al., 2018; Zuev et al., 2019;
Hu et al., 2019). Compared to the maximum stratospheric perturbation over Europe after the eruption of Mt. Pinatubo in 1991
(Ansmann et al., 1997), 20 times higher particle extinction coefficients were observed in the lower stratosphere over Germany
on 22 August 2017 (Ansmann et al., 2018). The smoke spread over the entire northern hemisphere during the following weeks,
mostly at heights below 20 km with the dominating westerly air flow, and reached even the tropics via the dynamical transport
around the Asian monsoon anticyclone (Kloss et al., 2019). The strong stratospheric perturbation diminished slowly from
September 2017 to May-June 2018 according to SAGE III-ISS (Stratospheric Aerosol and Gas Experiment IIIl mounted aboard
the International Space Station) and OMPS-LP (Ozone Mapping Profiler Suite Limb Profiler onboard Suomi National Polar-
orbiting Partnership, Suomi NPP) observations (Kloss et al., 2019; Yu et al., 2019). A fraction of the smoke particles ascended
to heights of 20-23 km and enriched the natural soot particle reservoir located between 20 and 30 km height (Renard et al.,
2008). The stratospheric smoke influenced radiative transfer (Ditas et al., 2018; Kloss et al., 2019; Yu et al., 2019), chemical
processes (Yu et al., 2019), and probably cirrus evolution after entering the upper troposphere via gravitational settling and
other processes causing an effective downward transport.

This historical event of a strong and long-lasting stratospheric aerosol perturbation was observed all over Europe with
ground-based lidar systems of the European Aerosol Research Lidar Network (EARLINET) (Pappalardo et al., 2014). The
arrival of first optically dense smoke plumes and layers over France was documented by Khaykin et al. (2018) and Hu et al.
(2019) and over Central Europe in the accompanying articles of Ansmann et al. (2018) and Haarig et al. (2018). As a highlight,
the smoke particles could be characterized regarding size distribution and shape properties at Leipzig (Germany) and Lille
(France) by means of triple-wavelength polarization lidar observations (Haarig et al., 2018; Hu et al., 2019).

In this study, we present the observations from August 2017 to the end of January 2018 and discuss the decay phase and the
changing optical and microphysical properties of the smoke particles over the almost six-month period. A strong role in the
long-lasting 2017-2018 monitoring effort was played by the subnet PollyNET (NETwork of POrtabLe Lidar sYstems) (Baars
et al., 2016) which consists of continuously running multiwavelength polarization/Raman lidars. The smoke layers were well
detectable even six months after the injection until the end of January 2018. We will discuss the stratospheric perturbation
in terms of layer base and top heights, AOT and column mass load, vertically mean extinction coefficients and soot mass

concentrations, and even in terms of INP concentration estimates.

2 Lidar networks: EARLINET and PollyNET

Twenty-three EARLINET stations from northern Norway (at 69°N) to Cyprus (34.5°N) (Pappalardo et al., 2014) contributed
to the study. The lidar stations are shown in Fig. 1 together with five additional non-EARLINET lidar stations at Hatfield
(UK), Lindenberg (Germany), El Arenosillo (Spain), Kosetice (Czech Republic), and Haifa (Israel). These non-EARLINET
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stations are closely collaborating with the EARLINET team under the umbrella of the European infrastructure project ACTRIS
(Aerosols, Clouds, and Trace gases Research InfraStructure, https://www.actris.eu/) which is a pan-European initiative consol-
idating actions amongst European partners producing high-quality observations of aerosols, clouds and trace gases. ACTRIS
is composed of observing stations, exploratory platforms, instrument calibration centers, and a data center, and aims to sup-
port atmospheric and environmental science by providing a platform for researchers to combine their efforts more effectively.
Different lidar systems are operated at the EARLINET stations but the quality assurance / quality control (QA/QC) programs
developed and run within ACTRIS RI (research infrastructure) allow a continuous control of the lidar operation and data.
Among the considered 28 stations, there are seven continuously measuring Polly instruments (Althausen et al., 2009; Engel-
mann et al., 2016; Baars et al., 2016) operated at Kosetice, Limassol (Cyprus), Haifa, Warsaw (Poland), Hohenpeissenberg
(Germany), Evora (Portugal) and at Finokalia on Crete (Greece).

Most of the EARLINET aerosol lidars are not designed for stratospheric aerosol observations. They are optimized for
tropospheric measurements (boundary layer (BL) aerosols, diurnal cycle of BL conditions, lofted dust plumes in the free
troposphere). The Polly instruments have, e.g., a 30 cm telescope and a small laser emitting light pulses of 110 mJ at 532 nm at
a repetition rate of 20 Hz. In contrast, the big Leipzig EARLINET lidar (Mattis et al., 2010; Haarig et al., 2018; Jimenez et al.,
2019) has an 80 cm telescope, 500 mJ per laser pulse at 532 nm and a repetition rate of 30 Hz. This lidar is highly capable to
monitor stratospheric aerosol even at background conditions (Mattis et al., 2010; Finger, 2011). Most measurements presented
in Sect. 3 are performed with the Polly instruments. Long averaging times (of typically 3-6 hours during nighttime hours) and
vertical smoothing lengths of several 100 m had to be applied in the data analysis. An example is shown in Fig. 2. Fortunately,
aerosol layering structures in the stratosphere are usually long-lasting, coherent, and persistent over many hours and sometimes
even over days so that long temporal averaging and signal smoothing will not remove essential information about the observed
stratospheric smoke layers.

In Sect. 3, quality-assured lidar observations are presented and discussed, mostly based on the retrieval of particle backscatter
coefficients and particle linear depolarization ratio at 532 nm. Details of the lidar data analysis can be found in D’ Amico
et al. (2015, 2016); Mattis et al. (2016); Freudenthaler (2016); Baars et al. (2016); Mamouri and Ansmann (2016, 2017). The
EARLINET observations are taken from the EARLINET data base (EARLINET, 2019) and selected by careful inspection
of the involved lidar teams. The Polly data analysis was performed by following the EARLINET data analysis protocols and
procedures. The Raman lidar method (Baars et al., 2016) was used to compute the particle backscatter coefficient from the ratio
of elastic-backscatter to the respective nitrogen Raman signal. To compute and correct for molecular backscatter and extinction
contributions to the lidar backscatter signals, GDAS (Global Data Assimilation System) air temperature and pressure data were
partly used in the Polly data analysis (GDAS, 2019). However, most days were analyzed by assuming standard atmospheric
conditions in the stratosphere. Significant differences to the results obtained with GDAS data were not observed. The relative
uncertainties are of the order of 5-10% in the case of the particle backscatter coefficient and AOT, and <5% for the particle
depolarization ratio.

Except the Lindenberg and Payerne (Switzerland) lidars, all participating stations provided height profiles of the particle

backscatter coefficient 3}, at 532 nm. Several stations could successfully measure the 532 nm volume (i.e., Rayleigh -+ particle)
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linear depolarization ratio and the respective particle depolarization ratio in the stratosphere. The powerful lidar system of the
Meteorological Observatory Lindenberg of the German Weather Service provided the optical properties at 355 nm. The height
profiles of the particle backscatter coefficient were used to determine base height 21, and top height 2, of the detected
stratospheric smoke layers. In the next step, the layer mean and column-integrated smoke optical properties were calculated.

The relative uncertainties in the lidar products shown in Sect. 3 are of the order of 10-30% (particle backscatter coefficients),
20-50% (particle extinction estimates and AOT estimates), and 10-30% for the presented smoke layer mean values for the
particle depolarization ratio. The smoke layer geometrical properties (base and top heights) may have an uncertainty of the
order of 50-150 m. The larger uncertainties describe the data quality for the observational period from October 2017 to January
2018. Signal noise is the main contributor to the large uncertainties.

Figure 2 presents an example of a complete Polly data analysis. A stratospheric smoke observation taken at Limassol, Cyprus,
from 18:00-24:00 UTC on 9 September 2017 is shown. Height-time displays of the range-corrected signals indicated almost
constant backscatter conditions over the six-hour period. The six-hour mean lidar return signals were vertically smoothed with
a gliding averaging window length of 367.5 m before the calculation of the particle optical properties as a function of height
above sea level (a.s.l.). The volume linear depolarization ratio at 532 nm in Fig. 2a, simply obtained from the calibrated cross-
to co-polarized signal ratio, enabled us to unambiguously identify the smoke layer in most cases. By means of the profiles of
the volume depolarization ratio and the particle backscatter coefficient (in Fig. 2b) the particle linear depolarization ratio Jj, at
532 nm in Fig. 2¢ was calculated. When the particle depolarization ratio exceeds a threshold value of e.g., 0.02, non-spherical
particles are detected (Haarig et al., 2018). The depolarization ratio information is used to determine bottom and top height of
each detected smoke layer. The indicated base and top heights, 21,0, and 2y, of the smoke layer in Fig. 2c are the mean values
obtained from several 60-90-minute mean backscatter profiles measured from 18:00-24:00 UTC. Smooth (instead of sharp)
layer boundaries are the result of vertical signal smoothing with a window length of 367.5 m.

Based on the profiles in Fig. 2, layer mean values of the particle backscatter coefficient Fp and particle linear depolarization
ratio @ were computed (as given in Fig. 2). By assuming an appropriate smoke extinction-to-backscatter ratio (lidar ratio) of
65 sr at 532 nm (Haarig et al., 2018), we obtained the aerosol optical thickness (AOT) 7, and the layer mean particle extinction
coefficient o, also given in Figure 2. The relative uncertainties in the layer mean optical properties are of the order of 20-50%.
An overview of all lidar products together with the needed input parameter assumptions is given in Table 1. The listed input
parameters were used throughout the investigated period from August 2017 to January 2018 and applied to all EARLINET
data shown below.

By means of the computed optical properties, the microphysical properties, i.e., the soot mass concentration M, and the ice-
nucleating particle concentration nynp were estimated. Here, conversion factors such as the soot particle extinction-to-volume
conversion factor ¢, and extinction-to-surface conversion factor ¢; (Mamouri and Ansmann, 2016, 2017), the density p,, of
the soot particles or the mass-specific extinction coefficient k. are required. From the measured smoke optical properties
and the derived microphysical properties (from multiwavelength lidar inversions), presented by Haarig et al. (2018) for the
optically dense smoke layer observed over Leipzig, Germany on 22 August 2017, the extinction-to-volume and extinction-to-

surface conversion factors ¢, and ¢4 in Table 1 were obtained. The soot particle density is highly variable and can vary from
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0.2-2 pug cm—3 (Rissler et al., 2013). As a compromise, we selected arbitrarily a value of 0.9 yg cm ™3

in our study. Similarly,
the mass-specific extinction coefficient can vary from about 3 m? g=! to >15 m? g~! (Smith et al., 2015; Forestieri et al.,
2018). Thus, the mass concentration estimation is highly uncertain (factor of 2-3). The INP concentration ninp (see Table 1)
is computed by using an INP parameterization developed for heterogeneous ice nucleation on soot particles via deposition
nucleation (i.e., direct deposition of water vapor on the INPs) (Ullrich et al., 2017). Input aerosol parameter is the particle
surface area sp. In addition, the atmospheric conditions (ambient temperature 7" and ice supersaturation Sj.. within the cirrus
layer) are considered in the ninp calculation via the 7qcp, term (see Table 1). The INP efficacy of aerosol particles increases
by an order of magnitude when the temperature decreases by 5 K and is thus highest at tropopause level (coldest point of the
troposphere). This behavior is described by the 7qcp term (Mamouri and Ansmann, 2016; Ullrich et al., 2017). The relative
uncertainty of the entire INP retrieval is determined by the large uncertainty (factor of 2-5) in the INP parameterization (Ullrich
et al., 2017).

3 Observations
3.1 Decay of the stratospheric perturbation

Figure 3 provides an overview of the stratospheric smoke observations conducted with the 28 lidar systems. We considered all
observations above 10 km height (a.s.l.) during the first four weeks after injection (until 9 September 2017). Afterwards (since
10 September), only the layers clearly above the local tropopause are shown. Vertical lines represent individual observations
(one per day and site) of the detected smoke layers from base to top. The observations were taken after sunset and signal
averaging time periods were at least 2 hours, with only a few exceptions. We subdivided the EARLINET observations according
to the colors used in Fig. 1 for northern Europe (black, Norway), central and western Europe (green), the Iberian peninsula
(blue, Spain and Portugal) and for southeastern Europe (red, mainly central and Eastern Mediterranean stations). Most of the
Polly observations will be presented in Fig. 4 and are given here as grey background lines.

Smoke was frequently detected all over Europe until the end of October 2017 as the dense set of colored vertical lines indi-
cates. Within a few weeks, the smoke spread over large parts of the northern hemisphere. This quick dispersion is corroborated
by the lidar observations aboard the CALIPSO satellite (Kar et al., 2019) in August and September 2017. Based on atmospheric
modelling and spaceborne extinction measurements (SAGE III-ISS), Yu et al. (2019) showed that the fire plumes reached the
latitudes from 30-70°N within the first two weeks after the Pacific Northwest Event on 12 August 2017.

A fast spread over the northern hemisphere within one month was also reported by Fromm et al. (2008) after the
Chisholm pyroCB-related stratospheric smoke event in 2001. The study was based on lidar observations at four stations
in Europe, one lidar at Boulder (Colorado) and one in Hawaii. The aerosol lidars observed the meridional spread of
smoke from 20°N to 79°N.

In northern Norway (69°N), the 2017 smoke layer was observed below 16 km height, whereas over the central, western and
southern European stations (excluding here the Polly instruments), the smoke reached 22 km height. Also the spaceborne lidar

shows this height dependence in terms of zonal averages of the attenuated total-to-Rayleigh backscatter ratio (Kar et al., 2019).
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According to the ground-based lidar observations in Fig. 3 the layer depth was frequently 1-2.5 km and in some cases even
more than 5 km.

The Polly observations in Fig. 4a collected at Evora (Portugal), the central European stations of Hohenpeissenberg (Ger-
many), Kosetice (Czech Republic), and Warsaw (Poland) and in the Eastern Mediterranean (Finokalia on the Greek island of
Crete, Limassol in Cyprus, and Haifa, Israel) also show that the layer top frequently exceeded 20 km (up to around 23 km)
from mid September 2017 until the end of the year. Similarly, Yu et al. (2019) found the maximum top height at 23 km by using
the spaceborne SAGE III-ISS aerosol extinction observations. The main smoke layer extended from 15 and 20 km height. The
smoke was frequently detected over southwestern and central Europe in the beginning of the smoke period (August-September
2017), and then mostly over the Eastern Mediterranean (October 2017 to January 2018). The data analysis was stopped at the
end of January 2018 because no significant smoke layer was found anymore over Finokalia, Limassol, and Haifa during the
following months. The results are again in agreement with the spaceborne lidar observations of the zonally averaged smoke
optical properties and the detected latitudinal differences regarding occurrence, height, and vertical depth of the smoke layers
in the months from September to November 2017 (Kar et al., 2019).

As shown in Fig. 4b, the stratospheric AOT at 532 nm decreased rapidly from values >0.2 in August 2017 to values between
0.005 and 0.03 in the beginning of September 2017, and afterwards the AOT ranged from 0.002 (almost stratospheric back-
ground conditions) to 0.008 with most values between 0.003 and 0.004 (over Finokalia, Limassol and Haifa, mid September
to December 2017). A lidar ratio of 65 sr was applied to the respective column-integrated particle backscatter coefficients,
integrated over the vertical column from zy,. to ;o (see Fig. 2), to obtain the AOT values. The AOT fluctuations are partly
caused by the relatively strong impact of signal noise on the retrieval results. However, also atmospheric variability contributed
to the observed fluctuations and to the respective vertically mean extinction coefficients (mean backscatter coefficient for the
vertical column from zy,¢ to z(.p, multiplied with the soot lidar ratio of 65 sr) shown in Fig. 4c. We observed vertically mean
532 nm particle extinction coefficients for the smoke layers from 10-200 Mm~*! in August 2017, 2-50 Mm ! until 5 September
2017, 1-10 Mm ™! until the end of September, and finally values from 0.5-5 Mm ™! (accumulating around 1 Mm~"') until the
end of January 2018.

532 nm AOT values around 0.004 indicate already typical stratospheric aerosol conditions for periods without major volcanic
eruptions as discussed in Trickl et al. (2013) and in further articles reviewed and summarized in Ansmann et al. (2018). Based
on 731 clear sky EARLINET nighttime lidar observations at Leipzig from January 2000 to June 2008 we conclude, however,
that the minimum stratospheric AOT is of the order of 0.001 to 0.002 for the layer from 1 km above the tropopause to the
top of the identified aerosol structures (<30 km height) (Finger, 2011). This is in accordance with the long-term observations
presented by Trickl et al. (2013) and spaceborne stratospheric background observations presented by Kloss et al. (2019) and
Vernier et al. (2018). When using a typical extinction-to-backscatter ratio of 50 sr (for non-soot particles), the vertical mean
particle extinction coefficients at minimum stratospheric aerosol conditions are in the range of 0.1-0.2 Mm~! at 532 nm
(Finger, 2011).

Fig. 5 provides a statistical overview of smoke layer depths. 566 daily Polly observations (conducted at the seven Polly

stations after sunset from August 2017 to January 2018) of individual layers were analyzed. As shown, the vertical extent of
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the smoke layers was between 500 and 1500 m in 50% of all cases. However, smoke layer depths of several kilometers were
observed as well.

We compared our findings with measurements of the particle extinction coefficient at 521 nm wavelength aboard the Interna-
tional Space Station (ISS, SAGE III) presented by Yu et al. (2019); Kloss et al. (2019). For the more homogeneous period from
October to December 2017, Kloss et al. (2019) found the main smoke layer also between 15 and 20 km height. They analyzed
stratospheric extinction measurements for an area from 25-38°N and 40-95°E (covering the Middle East, Central Asia, and
western China). The Polly stations at Cyprus and Israel were just west of this data analysis region. The mean extinction coef-
ficients for this large area of almost 1000 km x 5000 km were about 0.5-1 Mm ™! during the October-December period, and
hence in good agreement with the Polly observations. The good agreement also indicates that the assumed smoke lidar ratio
of 65 sr at 532 nm is justified. For the entire northern hemisphere (>40°N), Kloss et al. (2019) found mean particle extinction
coefficients of 0.8-1 Mm~! for the October-December period and for the height range from about 14-19 km. According to
the SAGE III and OMPS-LP observations stratospheric background extinction values were again reached in April-May 2018,
about 8-9 months after the intense smoke injection event.

Yu et al. (2019) presented mean smoke extinction coefficients (at 1020 nm) at 18 km height for the northern latitudes from
15-60°N as a function of time. From these observations we can conclude that the maximum 18 km mean extinction coefficient
at 532 nm was close to I Mm™! (in October 2017), and accumulated around 0.5-0.7 Mm ™! during the following months until
the end of 2017. The stratospheric background (0.2-0.25 Mm~! at 532 nm after Yu et al. (2019)) was almost reached in May
2018.

After conversion of the smoke extinction coefficients into respective mass concentrations (see Sect. 2 for more details) we
found smoke mass concentrations of the order of 1-25g cm ™2 in August and the beginning of September (see Fig. 4c), and
afterwards frequently values from 0.1-1 g cm™3. Minimum stratospheric background values are <0.02 ug cm~3 (Finger,
2011). Column mass concentrations exceeded 10 mg m~2 in August 2017, and later on most values were found in the range
from 0.1-1 mg m~2 (see Fig. 4b). The particle mass estimates are uncertain by a factor of 2-3 due to the unknown soot particle
density.

Figure 6 highlights the potential of soot particles to serve as INP and to discuss the potential impact on ice formation at
tropopause level. The extinction coefficients in Fig. 4c were converted to INP concentrations for a typical cirrus formation
temperature of —55°C and typical supersaturation conditions expressed by Sicc = 1.15. Besides slow downward motion by
gravitational settling of the soot particles, an efficient way to transport aerosol from the lower stratosphere downward to the
upper troposphere are stratospheric intrusions (Trickl et al., 2014, 2016). Smoke particles reaching the upper troposphere and
entrained into ascending humid tropospheric air masses may trigger cirrus formation at conditions with ice supersaturation
values <1.4, still not favorable for homogeneous ice nucleation which needs ice supersaturation levels of typically 1.5-1.7.
Heterogeneous ice formation on soot particles may thus have slightly enhanced cirrus formation in the northern hemisphere,
especially during the first few months after injection.

The observed smoke extinction coefficients indicate INP concentrations of 3000 L1 in the beginning of the event during

August 2017, then 50-500 L~! until 5 September, 10-300 L~ until 20 September, 5-50 L~! until November, and finally
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<20 L~ until the end of January 2018 for 7' = —55°C and Sjc. = 1.15. These values are large and can sensitively disturb

cirrus formation in the usually clean upper troposphere.
3.2 Particle shape and size characteristics

Haarig et al. (2018) and Hu et al. (2019) discussed the shape properties of the fire smoke particles based on lidar observations
over Europe about two weeks after injection into the UTLS regime over Canada. They found high particle linear depolarization
ratios (PLDR) at 355 nm (mostly 0.2-0.25) and 532 nm (0.15-0.2), and low values of 0.03-0.07 at 1064 nm for the smoke in
the stratosphere. The high depolarization values at 355 and 532 nm indicate, first of all, that the particles were non-spherical.
Ideal spheres such as liquid cloud droplets and wet marine particles would produce particle depolarization ratio close to zero.
However, besides the strong sensitivity of PLDR to particle shape, also particle size influences PLDR (Mamouri and Ansmann,
2014, 2017). Fine-mode mineral dust particles (diameters < 1 pum) cause PLDR values around 0.15 at 532 nm whereas coarse-
mode mode dust particles lead to PLDR of 0.35-0.4 according to laboratory studies and field observations as reviewed by
Mamouri and Ansmann (2014, 2017). The dependence on size caused the observed strong wavelength dependence of PLDR
of the stratospheric smoke plumes over Europe in August 2017 as pointed out by Haarig et al. (2018). The size distribution
mainly consisted of a well developed accumulation mode. A coarse mode was absent. The inversion of the multiwavelength
extinction and backscattering data revealed that the particles had diameters from 400 to 1400 nm with the mode maximum
at 600-700 nm (Haarig et al., 2018). Particles with diameters <1 pm thus dominated backscattering of the laser radiation.
However, if coarse-mode particles dominate as in the case of typical desert dust size distributions, the PLDR wavelength
dependence is less pronounced (Haarig et al., 2017).

Recently, Yu et al. (2019) modeled the optical properties of the Canadian smoke particles. They assumed that in the beginning
an external mixture, consisting of (a) so-called fractal BC particles (i.e., fractal aggregates of BC) coated with organics causing
an overall spheroidal shape and (b) organic particles without BC, rapidly coagulated and left behind mixed organic/BC particles
with a typical abundance of 2% BC. The authors concluded from their modeling studies that the observed high PLDR of 0.2
at 532 nm (Haarig et al., 2018; Hu et al., 2019) cannot be explained by the presence of fractal BC particles with non-spherical
organic coating alone, due to their small abundance. They hypothesize that the organic coated particles were most likely solids
because they either froze in the stratosphere or effloresced.

Gialitaki et al. (2019) modeled the optical properties (PLDR and lidar ratio at 355, 532, and 1064 nm) of the aged non-
spherical smoke particles and compared the results with the respective multiwavelength lidar observation presented by Haarig
et al. (2018). These extensive simulations for particle effective radii of 550 nm suggest that the smoke particles were compact
and almost spherical in shape.

In Fig. 7, we now provide an overview of all available 532 nm depolarization ratios measured with the ACTRIS/EARLINET
lidar consortium from August 2017 to the end of January 2018. A few 355 nm particle depolarization values are included
(Lindenberg). Most values are contributed by the Polly lidars. In the beginning, orange and red colors prevailed. The retrieved
particle depolarization ratios were between 0.15-0.25 at 532 nm. Because the tropospheric lidars were not optimized for

stratospheric observations (at relatively low backscatter and AOT conditions), a significant contribution of signal noise to the
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variability in the depolarization ratio values has to be considered. However, a general trend, i.e., a decrease of the depolarization
ratio with time towards 0.05-0.1 and later <0.05 is clearly visible. This decrease of the layer mean depolarization ratio is
probably mainly related to a growing coating of the smoke particles. The larger the coating shell is, the higher is the probability
that the particles are perfectly spherical. However, also the removal of the larger smoke particles by sedimentation may have
contributed to the decrease of PLDR. As explained above, the depolarization ratio decreases with decreasing contribution of

large particles to light backscattering.
3.3 Underlying transport processes

In the following, we discuss a variety of processes that influence the aerosol transport and observed aerosol properties and
features in the lower stratosphere. In Fig. 8, we show again the Polly observations of the smoke layer structures, but now
only for the southern most stations at Evora in Portugal and Finokalia, Limassol, and Haifa in the Eastern Mediterranean. At
these southern European sites, coherent observations without strong disturbances by extended cloudy periods and unfavorable
weather conditions in autumn and winter could be performed. Such coherent measurements were not possible at the more
northern stations, e.g., in Germany and Poland, so that many of the very thin aerosol features were not detectable here. As
can be seen, numerous individual and apparently randomly distributed fire smoke layers are visible in Fig. 8. The prevailing
westerly winds (jet stream) caused a main stratospheric aerosol transport from west to east. A descending trend (downward
moving of the layer) as usually found after major volcanic eruptions as a result of sedimentation of particles (Jager, 2005) was
not visible in Fig. 8 from September 2017 to January 2018. Gravitational settling and warming of the air mass by absorption
of solar radiation by the soot particles may have compensated each other. The decrease of the depolarization ratio over the
months may thus be mainly related to the change of particle shape due to particle aging processes as suggested by Yu et al.
(2019) and Kloss et al. (2019), and not by removal of larger particles by sedimentation. However, during the autumn and
winter seasons a possible impact of the Brewer-Dobson circulation (BDC) (Seviour et al., 2012; Butchart, 2014; Abalos
et al., 2015) on aerosol transport and layering must be taken into account. The BDC initiates a northward transport of
aerosols from the tropical stratospheric reservoir (TSR) towards the mid latitudes. Such a meridional aerosol transport
out of the tropics can best be observed (at mid latitudes) in any winter half year after major tropical volcanic eruptions
(Jager, 2005).

3.3.1 Brewer-Dobson circulation

The BDC describes the global-scale meridional circulation of the stratosphere and is characterized by tropospheric air rising
into the stratosphere in the tropics, moving poleward before descending in the middle and high latitudes. This meridional
aerosol transport is modulated by the quasi-biennial oscillation (QBO) of the equatorial lower and middle stratosphere with
alternating (and descending) regimes of easterly and westerly winds (Jager, 2005). The aerosol transport out of the TSR is
suppressed when strong horizontal wind shear during the easterly phase of the QBO separates the tropics from the extra-
tropical westerlies, while equatorial westerlies reduce the wind shear and promote transport into the winter hemisphere by

isentropic mixing due to planetary waves penetrating into the subtropics and tropics and breaking there.
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As further pointed out by Jager (2005), a very similar aerosol transport out of the tropics was observed over Garmisch-
Partenkirchen (southern Germany, 47.5°N) in the first autumn and winter seasons after the major volcanic eruptions of El
Chichén (in 1982-1983) and during the second winter halfyear after the Pinatubo eruption (in 1992—-1993) caused by similar
phases of the QBO with strong westerly winds at the relevant aerosol layer heights. During the second winter after the Pinatubo
eruption, a clear and continuous rise of the aerosol layer top height by about 5 km from the beginning of October 1992 (25 km
layer top) to the end of December 1992 (30 km layer top) was observed.

QBO-related westerly winds also prevailed in the winter of 2017-2018 (https://acd-ext.gsfc.nasa.gov/Data_services/met/
gbo/gbo.html), however only in the lower part of the QBO regime (from about 17 to 23 km height). At greater heights, strong
easterly winds prevailed. So, the northward movement of tropical aerosols of the TSR was favored up to 23 km and suppressed
higher up. Thus, the rising layer height from 17-18 km in the beginning of October 2017 to 22-23 km at the beginning
of December 2017 observed over the Eastern Mediterranean Polly stations and shown in Fig. 8 may be linked to the
steadily intensifying QBO-influenced BDC.

Kloss et al. (2019) concluded that the BDC had a modulating impact on the smoke transport in the northern hemisphere in
autumn and winter 2017. They found that the fire plumes injected into the lower stratosphere at high northern latitudes in Au-
gust 2017 partly reached the tropics. The transport to the tropics was mediated by the anticyclonic flow of the Asian monsoon
circulation. The fire plumes reached the Asian monsoon area in late August/early September, when the Asian Monsoon Anti-
cyclone (AMA) was still in place. A substantial part of the smoke was entrained in the anticyclonic flow at the AMA edge and
transported around its eastern flank into the tropics, where the air has further been lifted with the ascending branch of the BDC
and then transported from the tropics to the extra-tropics. According to Kloss et al. (2019), the fire plumes were lifted by about
4 km in six months (from 16-17 km height in October 2017 to 20-21 km in March 2018) in the upwelling branch of the BDC.
Based on SAGE III-ISS extinction observations a slope in the aerosol signal with downwelling velocities (at northern latitudes
> 40°N, 5 km in three months, October to January) and upwelling velocities (in the tropics, 0-25°N, October to March) was
found. Thus, Kloss et al. (2019) hypothesize that the BDC played a sensitive role in both extra-tropical downward and tropical
upward transport of the aerosol.

We may thus conclude that some of the layers in Fig. 8, coherently ascending by several kilometers with time during
the period from October to December 2017, may have been influenced by the BDC. It remains however an open question
whether the aerosol was fire smoke, or tropical volcanic particles, or even anthropogenic pollution and traces of mineral
dust originating from sources in the tropics and entering the stratosphere in the upwelling branch of the BDC.

Many more rising, mostly short-term features are visible in Fig. 8. An example of an ascending short-term fire smoke
structure was observed over Kosetice from 21-23 August 2017 and discussed by Ansmann et al. (2018). The layer was found
at 12 km on 21 August 2017 and then coherently went up to 16 km within two days. This behavior could be explained by the
fact that the wind velocity decreased with height from the tropopause (jet stream region) to 16 km height. Even if a compact
smoke plume starts at all heights in the lower stratosphere simultaneously over the fire region, strong vertical wind shear may
produce an apparently ascending aerosol layer several 1000 of kilometers downwind. Over Kosetice, the layers close to the

tropopause traveled much faster because of the strong wind of 50 m s~! than the smoke layers at 15-16 km height where the
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horizontal wind component showed values around 15-20 m s~!. Because of this strong vertical wind shear the smoke layer
arrived over Kosetice one day later at 15-16 km height than at 12 km height (Ansmann et al., 2018). This vertical wind shear

effect may explain ascending features observed over days, but cannot explain ascending features lasting over months.
3.3.2 Lifting by gravito-photophoresis forces

Two further smoke lifting processes are discussed in the literature. The first one is related to the gravito-photophoresis effect
(Rohatschek, 1996; Pueschel et al., 2000; Cheremisin et al., 2005, 2011). Upward motion of individual particles is caused by
radiometric forces resulting from normal stresses on the particle surface due to temperature gradients in the gas surrounding
the surface. Gas molecules continuously impact on the surface of an aerosol particle and are reflected (Cheremisin et al., 2011).
During reflection the molecules may pick up some energy and leave the surface with a higher thermal energy. The required
temperature gradients are produced by a difference in the thermal accomodation coefficient (in case of particle lifting the
accomodation coefficient at the bottom of the particle is higher than at its top). The Sun is the source of irradiance and negative
photophoresis takes place, that is, a force pointing to the sun poses a lifting component that opposes the forces of gravity
(Rohatschek, 1996; Pueschel et al., 2000). Very specific aerosol and atmospheric conditions must be fulfilled. Only particles
well-aligned in the air flow can be lifted. Stable alignment (and lifting) is only possible in the case of larger particles for
which the center of gravity is then always below their geometrical center (i.e., in the lower half of the particles during lifting).
However, if particles are too large and thus too heavy, gravitational settling will always dominate. Optimum sizes (diameters)
of particles for lifting are 1-2 um. A stable equilibrium with the force of gravity pointing to the Earth and the photophoretic
force pointing upward will build up for these particles. However, as shown by Pueschel et al. (2000) for irregularly shaped
stratospheric soot particles (chains of spherules) with sizes or lengths of 1 ym the resulting vertical velocity is 0.009 cm/s or
about 7-8 m per day at heights around 20 km. Thus the gravito-photophoresis effect cannot explain the found strong upward

movement of the order of 70-80 m per day.
3.3.3 Self-lifting by absorption of solar radiation

Another process leading to a cross adiabatic movement (by diabatic heating) is related to the so-called self-lifting effect (Boers
et al., 2010; Siddaway and Petelina, 2011; de Laat et al., 2012). Absorption of shortwave solar radiation heats the smoke layers
and creates buoancy that can then result in an ascent of the aerosol layer over several kilometers altitude within 1-2 days
(Siddaway and Petelina, 2011; de Laat et al., 2012). Such a heating is seasonally dependent. The largest lifting effect occurs in
the summer hemisphere around 21 June when aerosol layers are exposed to sunshine for close to 24 hours a day. Boers et al.
(2010) demonstrated in the case of soot (assuming a single scattering albedo of 0.75 at 500 nm) for mid summer conditions
at 40°N (approximately for Evora, Finokalia, Limassol, and Haifa in late summer) that an ascent rate of 2.5 km per day is
possible in the case of a smoke AOT of 3.5 (at 500 nm). For an AOT of 0.5, lifting is of the order of 400-500 m per day, and
for an AOT of 0.003-0.005, a lifting velocity of a few meters per day during mid summer conditions is plausible. However,

the strong lifting over Finokalia, Limassol and Haifa was observed in autumn (from October to December). In conclusion, the
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self-lifting effect can also be ruled out as an explanation for the measured upward movement of smoke layers in October to
December 2017.

4 Conclusions

The spread of extremely high amounts of wildfire smoke injected into the UTLS over western Canada in August 2017 and the
decay of the stratospheric perturbation were monitored and documented with a network of 28 ground-based lidars in Europe.
Stratospheric soot layers were observed for six months from August 2017 to January 2018. The AOT decreased from initial
values of >0.2 (in the second half of August) to 0.005-0.03 in the beginning of September 2017 and then to around 0.003-0.004
during the following months until January 2018. Layer mean extinction coefficients and soot mass concentrations were of the
order of 1 Mm~*! and 0.1 g m~3 over the months, respectively, and thus significantly above the minimum stratospheric aerosol
background values (0.1-0.2 Mm%, 0.01-0.02 g m~3). The decrease of the particle linear depolarization ratio with time was
found to be best consistent with aging of the smoke particles and related changes in the smoke particle shape properties (from
non-spherical to spherical particle shape). The estimated ice-nucleating particle (INP) concentration levels were significantly
enhanced for several months and thus the smoke plumes served as a long-lasting reservoir for INPs able to trigger heterogeneous
ice nucleation and in this way to influence cirrus formation at tropopause level. It would be interesting to find indications for
an impact of smoke particles on ice formations at tropopause level. The most favorable time period for such a study is probably
the first month (mid August to mid September 2017) after the pyroCB event on 12 August 2017, when the smoke particle
number and thus the INP concentration was high enough over northwestern Canada and downstream towards Europe and Asia
to significantly influence cirrus formation at tropopause level and thus cloud life time and cirrus optical and radiative properties.

This record-breaking stratospheric smoke event is the second major event after the Eyjafjallajokull volcaninc eruption in
2010 (Ansmann et al., 2011; Pappalardo et al., 2013; Navas-Guzmén et al., 2013) that highlights the importance, need, and
usefulness of EARLINET, a well-organized, Europe-wide, ground-based aerosol profiling network of advanced lidars. Dense
sets of height and temporally resolved measurements of geometrical, optical, and microphysical smoke particle properties
were collected to document this event of a significant stratospheric perturbation in the northern hemisphere, to support aerosol
transport and life cycle modeling with global atmospheric circulation models (Earth System Models, covering aerosol long-
range transport, spread, and removal, and the influence of the aerosol layers on climate-relevant processes), and also to support
spaceborne remote sensing of aerosols by providing high quality ground-truth data. The PollyNET observations have shown
that automated, continuously running lidar systems are powerful tools and allow us to cover the decay phase of the stratospheric
aerosol perturbation in a coherent way. Without having continuous measurements, the smoke layering details and properties
as presented and discussed in this article would widely remain undetected. At European level, an upgrade of the current lidar
capabilities is foreseen in terms of aerosol observation in the implementation of ACTRIS as research infrastructure. In this
framework it is aimed to move towards powerful and continuously running automated lidars.

The research on this spectacular case of a stratospheric perturbation is ongoing and will be widely based on spaceborne

active and passive remote sensing in combination with ground-based remote sensing (EARLINET and further ground-based
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lidar observations, e.g., in Asia and North America). This will then provide a good basis for sophisticated aerosol modeling. The
complex transport features and climatic influences of stratospheric soot layers make it necessary to compare simulated smoke
scenarios and the evolution of the smoke layer during long-range transport with the available observations. In this context
one should finally mention (as an outlook what is left to be improved) that the realization of a well-organized ground-based
lidar network such as EARLINET, but on a hemispheric or even global scale (as the Global Aerosol Watch (GAW) initiative
GALION: GAW Aerosol LIdar Observations Network) (Bosenberg et al., 2008) would be desirable and could be seen as a big
step forward towards a complete monitoring of global aerosol distributions and environmental conditions in the troposphere
and stratosphere around the world. Sawamura et al. (2012) demonstrated the importance of having such a coordinated lidar
profiling effort in the case of the Nabro volcanic eruption event. The importance for the need of such global aerosol monitoring
network structures may increase during the upcoming years because of the hypothesis that in a changing climate natural hazards
such as severe wildfires combined with pyroCb activity and major desert dust outbreaks may occur more frequently and that
detailed profile observations are required to support weather and climate research and forecast. Regarding vertically resolved
observational studies of atmospheric processes (aerosol and cloud life cycles, aerosol-cloud-dynamics relationships) there is
practically no alternative to ground-based (lidar and radar) network observations. Spaceborne lidars such as the CALIPSO
lidar are complementary to these network observations by providing global 3-D aerosol distributions, but these snapshot-like
satellite lidar observations are of limited use in process studies.

Future activities should also be undertaken in the direction of harmonization of lidar network observations and data. In this
sense, the effort to develop standardized tools for aerosol lidar analysis, as realized in the case of ACTRIS/EARLINET in
form of the single-calculus-chain (SCC) software (D’ Amico et al., 2015, 2016; Mattis et al., 2016), and to open its use to

non-EARLINET lidar stations and teams is another step forward on the long way of global lidar data harmonization.

5 Data availability

EARLINET data are accessible through the ACTRIS data portal http://actris.nilu.no/. The long-term Polly lidar level-0 data
are plotted online at polly.tropos.de, raw data are available at TROPOS upon request (polly @tropos.de). GDAS meteorological
data can be downloaded at https://www.ready.noaa.gov/READYamet.php. GDAS1 data is available via the ARL webpage
https://www.ready.noaa.gov/gdas1.php. All the analysis products are available at TROPOS upon request (info@tropos.de).
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Table 1. Lidar-derived smoke (soot) particle optical and microphysical properties and retrieval input parameters for 532 nm. 20+ and z¢op are

the layer base and top height of the detected stratospheric smoke layer, respectively. The values for the lidar ratio S, and the two conversion

factors ¢, and cs are taken from Haarig et al. (2018) and the estimate of particle density density p, is based on Rissler et al. (2013). For

detailed explanations see text.

Parameter Symbol Value

Backscatter coefficient Bp

Integrated backscatter coefficient Bnp= f;:;’:) Bpdz

Extinction coefficient op = SpPp

Lidar ratio Sp 65 sr

Aerosol optical thickness (AOT) Tp = fzz,:f opdz

Mass concentration M, = ppevop = 0p/Kext

Particle density Pp 09gcm™3
Extinction-to-volume conversion factor ¢, 0.1244 x 1072 Mm m®* m 3
Mass-specific extinction coefficient kext = 1/(ppcv) 893 m? g7t

Surface area concentration Sp = CsOp

Extinction-to-surface conversion factor  cg 1.166 x 10712 Mm m? cm—3

Ice-nucleating particle concentration

NINP = Spndep(T, Sice)
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Figure 1. Lidar network of 23 ACTRIS/EARLINET stations and 5 non-EARLINET sites (in italics). This network observed stratospheric

smoke layers from August 2017 to January 2018. Northern (black), central and western (green), southwestern (blue), southeastern European

(red), and Israel (orange) lidar sites are distinguished. Polly stations are underlined.
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Figure 2. Analysis of a Polly measurement at Limassol, Cyprus, on 9 September 2017. The 532 nm backscatter and depolarization ratio
profiles are computed from six-hour mean lidar return signal profiles (18:00-24:00 UTC). Vertical signal smoothing with a window length
of 367.5 m is applied. The volume depolarization ratio in (a) and the particle backscatter coefficient in (b) were used to identify the smoke
layer. The shown smoke layer base and top heights (horizontal lines) are mean values for the observation period, estimated from subsequent
60-90-minute mean depolarization ratio profiles. The particle depolarization ratio in (c) is the one for smoke (after the correction for Rayleigh
depolarization contributions). Values for the vertically averaged particle extinction coefficient &, (for the column from 2y and z¢op, assum-
ing a lidar ratio of 65 sr) and 532 nm AOT, mean backscatter coefficient 3;,, and mean particle linear depolarization ratio &, are stated in the

three panels, respectively.
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Figure 3. Overview of the lidar network observations of stratospheric smoke from August 2017 to January 2018. Each observation is
considered as one colored vertical line indicating the vertical extent from layer base to top (in height above sea level, a.s.1.). One observation
per day and site is considered. The colors separate the different European regions of the EARLINET stations as defined in Fig. 1. Polly

observations (collected at Evora, Hohenpeissenberg, Kosetice, Warsaw, Finokalia, Limassol, and Haifa) are given here as grey background

and are presented in Fig. 4.
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Figure 4. (a) Overview of all Polly observations of the stratospheric smoke layer (from base to top as colored vertical lines). For each
station, one nighttime observation per day is considered. (b) Corresponding smoke layer AOT at 532 nm and estimated column-integrated
smoke particle mass concentration, and (c) vertically averaged smoke particle extinction coefficient and corresponding mean particle mass

concentration.
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Figure 5. Frequency of occurrence of day-by-day smoke layer depth considering all 566 detected layers, based on all Polly observations at

the seven sites from August 2017 to January 2018.
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Figure 6. Ice-nucleating particle (INP) concentration estimated from the smoke extinction coefficients in Fig. 4(c), assuming heterogeneous
ice nucleation (deposition nucleation) on soot particles at the temperature 7' = —55°C and a typical ice supersaturation level during cirrus
formation of Sjce=1.15 (Ullrich et al., 2017).
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Figure 7. All individual day-by-day smoke observations of the 532 nm particle linear depolarization ratio (from all contributing stations,
including several Lindenberg observations at 355 nm). Colors indicate different depolarization value ranges. The depolarization ratio de-
creased with time because of the removal of the larger non-spherical smoke particles and/or the change in the shape characteristics (from

non-spherical to spherical particle shape).
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Figure 8. Same as Fig. 4a, except for the southern Polly stations only. The Finokalia data set is shown here in green for better identifica-
tion.The different data sets are shifted against each other by 6 hours and the linewidth is reduced to better see all observations. An ascending

structure, first seen over Evora in September (in blue) and then also detected over the Eastern Mediterranean in October and November (in

green, red, and ornage) triggered the discussion about potential aerosol lifting processes and effects.
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