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Review of “Tropospheric and stratospheric wildfire smoke profiling with 
lidar: Mass, surface area, CCN and INP retrieval” by Ansmann et al., 2020 

 
This is one of a series of papers devoted to developing a robust set of conversion coefficients that 
can be used to extend the amount of information that can be derived from polarization-sensitive 
lidar measurements of specific aerosol types. A previous publication concentrated on dust and on 
separately assessing the contributions from dust and other types in aerosol mixtures. As indicated 
by the title, this latest work focuses on estimating microphysical properties of smoke. 
This is fascinating paper that outlines several recent advances in a comprehensive and very 
ambitious retrieval scheme. The foundations of the retrieval algorithm are a collection of 
conversion coefficients derived from AERONET data and, to a lesser degree, from 3β + 2α lidar 
retrievals augmented by multi-wavelength depolarization ratio measurements.  The authors’ 
contention is that reliable estimates of aerosol microphysical properties such as mass concentration 
and surface area can be estimated by application of their conversion coefficients to single 
wavelength measurements made by polarization-sensitive elastic backscatter lidars.  In principle, 
I believe they are correct.  But in practice, the reliability of the estimated quantities will depend 
critically on the uncertainties in the underlying lidar measurements and in the conversion 
coefficients.  The authors’ technique has the potential to make a valuable contribution by extending 
the scope of information (and the subsequent science) that can be derived from existing and future 
lidar measurements, and hence this paper should eventually be published.  But, prior to publication 
the authors should provide some more rigorous explanations and assessments of the uncertainties 
they ascribe to their conversion coefficients.  In particular, (a) there should be some (perhaps 
minimal) discussion of random vs. systematic error with respect to the conversion coefficients, 
and (b) Table 1 should be revised so that it explicitly states the expected uncertainties (or range of 
uncertainties) associated with each measurement and/or conversion coefficient. 
The remainder of this review consists of two parts.  Immediately below, the authors will find 
several comments and questions about specific topics that particularly piqued my interest as I read 
their manuscript.  Following this section I have attached an annotated version of the paper that 
includes a number of additional remarks that should be considered in a future revision. 

Specific Topics 
How broadly applicable are the authors’ smoke conversion factors?  Best I can tell, they have not 
characterized smoke from smoldering fires at all, but have instead focused on crown fires that 
inject unusually large masses of smoke into the stratosphere.  I am surprised by the lack of attention 
given to the African smoke transported out over the southwest Atlantic Ocean, especially given 
the number of prior publications by many of the coauthors that focus on this yearly phenomenon. 
I was similarly surprised to see no mention of multiple scattering effects in the lidar retrievals, and 
particularly in the analyses of the CALIOP data.  (More on this later.) 
In Section 3.1 (Part A: basic polarization lidar analysis), the different treatments of stratospheric 
and tropospheric smoke plumes seem problematic to me.  Consider Figure 1 below, which shows 
CALIPSO volume depolarization ratio measurements for three distinct smoke plumes originating 
from the California wildfires in September 2020. All three plumes show elevated volume 
depolarization ratios. As shown by Gialitaki et al. (2020), spheroid and/or Chebyshev particle 
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shapes can explain the high depolarization ratios observed in the stratospheric smoke plumes 
generated by the 2017 Canadian wildfires. Why then should we attribute the high depolarization 
ratios in the tropospheric plumes in Figure 1 solely to soil dust rather than to some combination of 
dust and non-spherical “pure smoke” particles? More importantly, what are the consequences of 
this decision in the subsequent retrievals of microphysical properties?  How much aging is required 
to create a sufficient number of non-spherical smoke particles to perturb the depolarization ratios?  
Please provide some additional discussion of this topic. 

 
Figure 1: CALIOP volume depolarization ratios measured 2020-09-13 at ~09:12 UTC, with ovals 
drawn around smoke plumes. The two yellow ovals indicate tropospheric plumes, while the smoke 
in the orange oval has been lofted into the stratosphere.  Complete imagery here: https://www-
calipso.larc.nasa.gov/products/lidar/browse_images/show_v411_detail.php?s=production&v=V4
-11&browse_date=2020-09-13&orbit_time=09-03-21&page=1&granule_name=CAL_LID_L1-
Standard-V4-11.2020-09-13T09-03-21ZN.hdf  
As stated previously, I believe that perhaps the most valuable application of the POLIPHON 
algorithm will be in retrospectively analyzing the wealth of historical data acquired by ground-
based, airborne, and space-based elastic backscatter lidars.  However, that analysis cannot simply 
rely on assumed parameters derived by advanced lidars such as the Polly 3β + 2α + 2δ Raman 
systems, but must instead exploit the historical data to the fullest.  The authors’ analysis of the 
CALIOP data acquired 15 August 2017 over the Hudson Bay provides an illustrative example.  
Fairly early in their paper (Table 2), the authors take note of the large range of lidar ratios that can 
be found in smoke.  For the Hudson Bay CALIOP data, they assume a lidar ratio of 80 sr.  
However, use of this value is not supported by the CALIOP measurements.  As the authors note, 
this plume is frequently opaque at 532 nm between ~64.5°N and ~68.5°N. Furthermore, as seen in 
Figure 2, the CALIOP cloud-aerosol discrimination algorithm frequently misclassifies the smoke 
plume as cloud.  However, irrespective of layer type, lidar ratios for opaque layers can be estimated 
using S = 1 / (2 × η × γ′) where S is the lidar ratio, η is the layer effective multiple scattering factor, 
and γ′ is the layer integrated attenuated backscatter. Young et al., 2018 
(https://doi.org/10.5194/amt-11-5701-2018) describe an algorithm for optimizing the estimate of 
S for a specified value of η. 

https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v411_detail.php?s=production&v=V4-11&browse_date=2020-09-13&orbit_time=09-03-21&page=1&granule_name=CAL_LID_L1-Standard-V4-11.2020-09-13T09-03-21ZN.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v411_detail.php?s=production&v=V4-11&browse_date=2020-09-13&orbit_time=09-03-21&page=1&granule_name=CAL_LID_L1-Standard-V4-11.2020-09-13T09-03-21ZN.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v411_detail.php?s=production&v=V4-11&browse_date=2020-09-13&orbit_time=09-03-21&page=1&granule_name=CAL_LID_L1-Standard-V4-11.2020-09-13T09-03-21ZN.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v411_detail.php?s=production&v=V4-11&browse_date=2020-09-13&orbit_time=09-03-21&page=1&granule_name=CAL_LID_L1-Standard-V4-11.2020-09-13T09-03-21ZN.hdf
https://doi.org/10.5194/amt-11-5701-2018
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Figure 2: CALIOP 532 nm attenuated backscatter coefficients (left panel) and layer classification 
flags (right panel) for data acquire 2017-08-15 at ~18:32:30 UTC. Feature types: 1 = clear air, 2 
= cloud, 3 = tropospheric aerosol, 4 = stratospheric aerosol, 5 = surface, 6 = subsurface, 7 = 
totally attenuated. (L) indicates low confidence classification.  Full images at https://www-
calipso.larc.nasa.gov/products/lidar/browse_images/show_v4_detail.php?s=production&v=V4-
10&browse_date=2017-08-15&orbit_time=17-55-33&page=3&granule_name=CAL_LID_L1-
Standard-V4-10.2017-08-15T17-55-33ZD.hdf.  

 
Figure 3: optimized values of effective lidar ratio, ηS = 1 / 2γ′ for the opaque portions of the 
smoke layer shown in Figure 2. 

https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v4_detail.php?s=production&v=V4-10&browse_date=2017-08-15&orbit_time=17-55-33&page=3&granule_name=CAL_LID_L1-Standard-V4-10.2017-08-15T17-55-33ZD.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v4_detail.php?s=production&v=V4-10&browse_date=2017-08-15&orbit_time=17-55-33&page=3&granule_name=CAL_LID_L1-Standard-V4-10.2017-08-15T17-55-33ZD.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v4_detail.php?s=production&v=V4-10&browse_date=2017-08-15&orbit_time=17-55-33&page=3&granule_name=CAL_LID_L1-Standard-V4-10.2017-08-15T17-55-33ZD.hdf
https://www-calipso.larc.nasa.gov/products/lidar/browse_images/show_v4_detail.php?s=production&v=V4-10&browse_date=2017-08-15&orbit_time=17-55-33&page=3&granule_name=CAL_LID_L1-Standard-V4-10.2017-08-15T17-55-33ZD.hdf
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Figure 3 shows optimized values of effective lidar ratio, ηS = 1 / 2γ′ for the opaque portions of the 
smoke layer shown in Figure 2.  The mean effective lidar ratio is 44.23 ± 3.57 sr.  Assuming a 
multiple scattering factor of 1 (i.e., the value used in the CALIOP aerosol analyses), this lidar ratio 
would be on the low end (but not out of range) of the smoke lidar ratios reported in Table 2.  
Alternatively, one might posit a smoke multiple scattering factor of 44.23/80 ≈ 0.55, although this 
unlikely given that the value is ~10% lower than the mean multiple scattering factor (0.608 ± 
0.004) assigned to the portions of this layer that are misclassified as clouds (see Garnier et al., 
2015, https://doi.org/10.5194/amt-8-2759-2015, and Young et al., 2018).  As seen in Figure 4, this 
difference in the multiple scattering factor makes a substantial difference in the magnitude of the 
particulate backscatter coefficients retrieved within the layer.  While the effective lidar ratio is 
essentially constant through the along-track extent of the layer, the particulate backscatter 
coefficients within the profiles misclassified as cloud (η ≈ 0.608 ± 0.004) are, on average, ~25% 
higher than those in the profiles correctly classified as aerosol (η = 1).  This uncertainty in the 
partitioning of the effective lidar ratio between multiple scattering factor and ‘true’ lidar ratio is 
alone larger than the total error ascribed to the backscatter coefficients in Table 1, and thus 
demonstrates the need to account for multiple scattering in the lidar retrievals.  More generally, 
this example illustrates the need (expressed earlier) for a more rigorous accounting of the 
uncertainties ascribed to the other components of the POLIPHON algorithm. 

 
Figure 4: backscatter coefficients retrieved within the smoke layer shown in Figure 2. 
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Abstract. We present retrievals of tropospheric and stratospheric height profiles of particle mass, volume, and surface area

concentrations in the case of wildfire smoke layers as well as estimates of smoke-related cloud condensation nucleus (CCN) and

ice-nucleating particle (INP) concentrations from single-wavelength backscatter lidar measurements at ground and in space. A

central role in the data analysis play conversion factors to convert the measured optical into microphysical properties. The set

of needed conversion parameters for wildfire smoke are derived from AERONET observations of major smoke events caused5

by record-breaking wildfires in western Canada in August 2017 and southeastern Australia in January-February 2020. The

new smoke analysis scheme is applied to stratospheric CALIPSO observations of fresh smoke plumes over northern Canada

in 2017 and New Zealand in January 2020 and to ground-based lidar observation in southern Chile in aged Australian smoke

layers in January 2020. These case studies show the potential of spaceborne and ground-based lidars to document large-scale

and long-lasting wildfire smoke events in large detail and thus to provide valuable information for climate-, cloud-, and air10

chemistry modeling efforts performed to investigate the role of wildfire smoke in the atmospheric system.

1 Introduction

Record-breaking injections of Canadian and Australian wildfire smoke into the upper troposphere and lower stratosphere

(UTLS) in 2017 and 2020 caused strong perturbations of stratospheric aerosol conditions in the northern and southern hemi-

sphere. The smoke reached heights up to 23 km (Canadian smoke, 2017) (Hu et al., 2019; Baars et al., 2019; Torres et al.,15

2020) and more than 30 km (Australian smoke, 2020) (Ohneiser et al., 2020; Kablick et al., 2020; Khaykin et al., 2020), spread

over large parts of the stratosphere, and remained detectable for 6-12 months. Smoke particles influence climate conditions by

strong absorption of solar radiation, by acting as cloud condensation nuclei (CCN) and ice nucleating particles (INP) in cloud

evolution processes (e.g., cirrus, polar stratospheric clouds), and by facilitating heterogeneous chemical processes due to the
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significantly enhanced particle surface area concentration in the usually pristine stratosphere. Recent studies suggest that such

major hemispheric perturbations may become more frequent in future within a changing global climate with more hot and dry

weather conditions (Liu et al., 2009, 2014; Kitzberger et al., 2017; Jones et al., 2020).

Lidars around the world and in space are favorable instruments to monitor and document high altitude aerosol layers in the

troposphere and lower stratosphere over long time periods. This was impressively demonstrated after major volcanic eruptions5

such as the El Chichon and Mt. Pinatubo events (Jäger, 2005; Trickl et al., 2013; Sakai et al., 2016; Zuev et al., 2019). As main

aerosol proxies the directly observable particle backscatter coefficient and the related column-integrated backscatter are used.

These optical quantities allow a precise and detailed study of the decay behavior of stratospheric aerosol perturbations. Further-

more, for volcanic aerosol a conversion technique was introduced to derive climate and air-chemistry-relevant parameters such

as particle extinction coefficient and related aerosol optical thickness (AOT), mass, and surface area concentration from the10

backscatter lidar observations (Jäger and Hofmann, 1991; Jäger et al., 1995; Jäger and Deshler, 2002, 2003). Analogously, such

a conversion scheme is needed for the analysis of free tropospheric and stratospheric wildfire smoke layers, but is not available

yet. The two major stratospheric smoke events in 2017 and 2020 motivated us now to develop a respective smoke-related data

analysis concept. The technique covers the retrieval of smoke microphysical properties and the estimation of cloud-relevant

aerosol properties such as cloud condensation nucleus (CCN) and ice-nucleating particle (INP) number concentrations from15

single-wavelength lidar observations. A preliminary version of the new method was already applied to describe the decay of

stratospheric perturbation after the major Canadian smoke injection in the second half year of 2017 (Baars et al., 2019). The

retrieval scheme is easy to handle and applicable to lidar observation at the main lidar wavelengths of 355 and 532 nm and

thus can also be used to evaluate measurements performed with the spaceborne CALIPSO (Cloud-Aerosol Lidar and Infrared

Pathfinder Satellite Observation ) lidar operated at 532 nm (Winker et al., 2009; Omar et al., 2009; Kar et al., 2019) and20

the 355 nm Aeolus lidar (Reitebuch, 2012; Reitebuch et al., 2020; Baars et al., 2020) which continuously monitor the global

aerosol distribution.

For completeness, alternative lidar techniques are available to derive microphysical properties of smoke layers from lidar

observations (Müller et al., 1999, 2014; Veselovskii et al., 2002, 2012). The so-called lidar inversion method was successfully

applied to wildfire smoke layers in the troposphere (Wandinger et al., 2002; Murayama et al., 2004; Müller et al., 2005; Tesche25

et al., 2011; Alados-Arboledas et al., 2011; Veselovskii et al., 2015) as well as in the stratosphere (Haarig et al., 2018), and

even to a stratospheric volcanic aerosol observation (Mattis et al., 2010). However, this sophisticated approach needs lidar ob-

servation at multiple wavelengths of very high quality and is strongly based on directly observed particle extinction coefficient

profiles which are not easy to obtain especially not during the second and final phase of major stratospheric perturbations.

The lidar inversion technique can sporadically provide valuable information about the relationship between the optical and30

microphysical properties of observed aerosol layers and thus can be used to check the reliability of applied AERONET-based

POLIPHON conversion factors as shown in Sect. 4.2 and 4.3.

The article is organized as follows. An introduction into the complex chemical, microphysicaL, morphological, and optical

properties of wildfire smoke and the ability of these particles to influence ice formation in clouds is given in Sect. 2. In Sect. 3,

we provide an overview of the POLIPHON (Polarization lidar photometer networking) method (Mamouri and Ansmann,35
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2016, 2017) in which the new smoke retrieval method is integrated. The POLIPHON method basically combines polarization

lidar and Aerosol Robotic Network (AERONET) (Holben et al., 1998) sunphotometer observations. A central role in the data

analysis play conversion factors. The way how we determined these conversion factors is described in Sect. 3.4. Section 4

presents the set of conversion parameters for wildfire smoke as obtained from respective smoke observations with AERONET

sunphotometers. Case studies of stratospheric smoke observations with the CALIPSO lidar over New Zealand in January 20205

and northern-central Canada in August 2017 and with a ground-based lidar in Punta Arenas, in southern Chile, in January 2020

are discussed in Sect. 5 to demonstrate the usefulness of the new smoke conversion technique. Concluding remarks are given

in Sect. 6.

2 Wildfire smoke characteristics

The development of a smoke-related conversion method is a difficult task because of the complexity of smoke chemical,10

microphysical, and morphological properties. To facilitate the discussions in the next sections, a good knowledge of smoke

characteristics is necessary and provided in this section. The overview is based on the smoke research and discussions presented

by Fiebig et al. (2003); Müller et al. (2005, 2007); Dahlkötter et al. (2014); China et al. (2015, 2017); Knopf et al. (2018), and

Liu and Mishchenko (2018, 2020).

2.1 Chemical, physical and morphological properties15

First of all, the kind of fires, i.e., flaming versus smoldering combustion, the fuel type (burning material) and the combustion

efficiency at given environmental conditions determine the initial chemical composition and size distribution of the smoke

particles injected into the atmosphere. Burning of biomass at higher temperatures, during flaming fires, generates smaller

particles than smoldering fires (Müller et al., 2005). In forest fires, the flaming stage is usually followed by a longer period of

smoldering fires.20

Smoke particles from forest fires are largely composed of organic material (organic carbon, OC) and, to a minor part, of black

carbon (BC). The BC mass fraction is typically <5% (Dahlkötter et al., 2014). Biomass burning aerosol also consist of humic

like substances (HULIS) which represent large macromolecules (Mayol-Bracero et al., 2002; Schmidl et al., 2008a, b; Fors et

al., 2010; Graber and Rudich, 2006). The particles and released vapors within biomass burning plumes undergo chemical and

physical aging processes during long-range transport. There is strong evidence from lidar observations that smoke particles25

grow in size during the aging phase (Müller et al., 2007). Processes that lead to the increase of particle size are hygroscopic

growth of the particles, gas-to-particle conversion of inorganic and organic vapors during transport, condensation of large

organic molecules from the gas phase in the first few hours of aging, coagulation, and photochemical and cloud-processing

mechanisms. The lidar observations are in agreement with modeling studies of Fiebig et al. (2003) who used the theory of

particle aging processes described by Reid and Hobbs (1998). Condensational growth dominates the increase of particle size in30

the first two days after emission of a plume. Thereafter coagulation in the increasingly diluted plumes becomes the dominating

process. A significant shift of the particle size distribution indicated by an increase of the number median radius from about
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0.2 µm shortly after emission to about 0.35 µm after six days of travel was found in several cases of Canadian smoke by Müller

et al. (2007). The aging effect has to be considered in the retrieval of smoke conversion factors. We distinguish fresh, weakly

aged, and aged smoke observations in Sect. 4.2.

Dahlkötter et al. (2014) analyzed aircraft in situ measurements of a smoke layer advected from North America and observed

over Germany at 10-12 km height in September 2011 and found, in agreement with many other airborne in situ observations,5

an almost monomodal size distribution of smoke particles with a pronounced accumulation mode (particles with diameters

from roughly 100 to 1000 nm) and a weak Aitken mode (particles with diameters <100 nm). A distinct coarse mode, i.e., a

mode with particles with diameters >1000 nm, was absent. The size distribution is of key importance in the attempt to identify

smoke layers and contrast them from mineral dust plumes (Haarig et al., 2018). This is reflected in the respective dust-vs-smoke

conversion factors as discussed in Sect. 4. A strong pronounced coarse mode is characteristic for mineral dust.10

The black-carbon-containing smoke particles showed coating thicknesses of roughly 50–220 nm and shell-to-core diameter

ratios of typically 2-3. Dahlkötter et al. (2014) assumed a concentric-spheres core-shell morphology for the strongly light-

absorbing BC core and further assumed purely light-scattering coating material (i.e., no absorption by the shell) in their analysis

of the airborne in situ observations. The authors emphasized that their core-shell model is an idealized scenario because the

BC cores of combustion particles are fractal-like or compact aggregates and BC can be mixed with light-scattering material15

in different ways, including, e.g., surface contact of BC with the light-scattering components, full immersion of BC in the

light-scattering component or immersion of the light-scattering components in the BC aggregate. A process that can produce

near-surface BC morphology is coagulation of almost bare BC aggregates with BC-free particles. Condensation of secondary

organic or inorganic aerosol components on BC particles can either result in particles with core-shell morphology (concentric

or eccentric) or with near-surface BC morphology. All these possible morphology features must be considered in the discussion20

and estimation of the smoke optical properties and of the potential of smoke particles to serve as INP (Sect. 3.3.2).

Changes in the morphology (size, shape, and internal structure) of smoke particles and their internal mixing state (e.g., soot

particle coating) are ongoing during long-range transport. As China et al. (2015) pointed out, freshly emitted soot particles,

i.e., BC particles, are typically hydrophobic, lacy fractal-like aggregates of carbonaceous monomers and become hydrophilic

as a result of coating and other aging processes. Lace soot undergoes compaction upon humidification. All these effects lead25

to an increased ability of smoke particles to serve as CCN with increasing long-range travel time.

Soot compaction (and collapse of the core structures) changes also the scattering and absorption cross sections depending

on the refractive index, the monomer diameter, and the structural details. Many publication dealing with the optical properties

became available in recent years (China et al., 2015; Liu and Mishchenko, 2018, 2020; Kahnert, 2017; Yu et al., 2019; Gialitaki

et al., 2020). Liu and Mishchenko (2018) mentioned that their model considers eleven different model morphologies ranging30

from bare soot to completely embedded soot–sulfate and soot–brown carbon mixtures. In agreement with earlier studies, they

found that for the same amount of absorbing material, the absorption cross section of internally mixed soot can be more than

twice that of bare soot. Thus absorption increases as soot accumulates more coating material during long-range transport. As a

general finding of the modeling studies, the absorption enhancement is a complex function of many factors such as the size and

shape of the soot aerosols, the mixing state, the location of soot within the host, and the amount and composition of the coating35
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material. All these facts make it necessary to distinguish between fresh smoke (1-2 days after injection), weakly or semi-aged

smoke (3-5 days after release), and aged wildfire smoke (>5 days of long-range transport) in our attempt to determine smoke

conversion parameters, as will be discussed in Sect. 4.

2.2 Cloud-relevant properties

As already mentioned, smoke particles after long-range transport seem to be favorable CCN because they become increasingly5

hydrophilic during aging. In contrast to the impact of smoke on cloud droplet formation, the characterization of their influence

on ice nucleation is rather difficult. The link between ice nucleation efficiency and particle chemical and morphological prop-

erties and the ongoing modifications of the properties during long-range transport is largely unresolved (China et al., 2017).

However, it is widely assumed that the ability of smoke particles to serve as INP mainly depends on the organic material (OM)

in the shell of the coated smoke particles (Knopf et al., 2018). BC is not considered to be an important contributor to immersion10

freezing (Möhler et al., 2005; Ullrich et al., 2017; Schill et al., 2020; Kanji et al., 2020).

Knopf et al. (2018) present a review on the role of organic aerosol (OA) and OM in atmospheric ice nucleation. A unique

feature of OA particles is that they can be amorphous and can exist in different phases, including liquid, semisolid, and solid

(or glassy) states in response to changes in temperature (T) and relative humidity (RH) (Koop et al., 2011; Zobrist et al., 2008;

Knopf et al., 2018). At low temperatures, e.g., in the UTLS region, where the atmospheric temperature can be as low as 180 K,15

it is conceivable to assume that the particles are in a glassy state. Most of the secondary organic aerosol particles are solid

above 500 hPa (about 5 km) according to modeling studies and for temperatures <240 K (Shiraiwa et al., 2017).

It has been shown that humic and fulvic matter can act as deposition nucleation and immersion freezing INPs (Wang and

Knopf, 2011; Rigg et al., 2013; Knopf and Alpert, 2013; Knopf et al., 2018). Furthemore, these macromolecules can undergo

amorphous phase transition under typical tropospheric conditions (Wang et al., 2012; Slade et al., 2017) similar to the processes20

we assume the organic coating of the smoke particles experiences.

Aerosol particles serving as INPs usually provide an insoluble, solid surface that can facilitate the freezing of water (Knopf

et al., 2018). Deposition ice nucleation is defined as ice formation occurring on the INP surface by water vapor deposition

from the supersaturated gas phase. Though, recent studies suggest that deposition ice nucleation can be the result of pore

condensation freezing, where homogeneous ice nucleation occurs at lower supersaturation in nanometer-sized pores (David et25

al., 2019; Marcolli, 2014). When the supercooled smoke particle takes up water or its shell deliquesces, immersion freezing

can proceed, where the INP immersed in an aqueous solution can initiate freezing (Knopf et al., 2018; Berkemeier et al.,

2014). Finally, if the smoke particle becomes completely liquid (and no insoluble part within the particle is left), homogeneous

freezing will take place at temperatures below 235 K (Koop et al., 2000).

However, in reality, at given air mass lifting conditions, the ice nucleation process can be very complex. The time that solid30

OM needs for transition to a more liquid state, termed as humidity-induced amorphous deliquescence, can range from several

minutes to days at temperatures low enough for ice formation (Mikhailov et al., 2009; Berkemeier et al., 2014; Knopf et al.,

2018). Thus the phase change (as function of T and RH) can be longer than typical cloud activation time periods (governed

by the updraft velocity), potentially inhibiting full deliquescence and allowing the OA or the organic coating to serve as INP.
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When amorphous OA or OM are involved in ice nucleation, the condensed-phase diffusion processes within OA particles will

most probably govern the ice nucleation pathway (Wang et al., 2012).

The following potential scenarios of atmospheric ice nucleation are uniquely attributable to the presence of amorphous OM:

(1) Ice formation in the glassy region may be due to ice nucleation on the solid organic particle, i.e., deposition ice nucleation.

(2) During partial deliquescence, a residual solid core is coated by an aqueous shell, and immersion freezing may proceed. (3)5

At full deliquescense RH, the particles are completely liquid (and contain no solid soot fragments), homogeneous freezing will

occur at temperatures below about 238 K. (4) The presence of a glassy phase in disequilibrium with surrounding water vapor

(e.g., cloud activation at fast updrafts as discussed below) may suppress or initiate ice nucleation beyond the homogeneous ice

nucleation limit (Berkemeier et al., 2014; Knopf et al., 2018). A slower updraft velocity allows for more time for deliquescence

to proceed, potentially resulting in full deliquescence of the OA particle at warmer and drier conditions compared to when a10

faster updraft is active. Therefore, the same OM can be present in different phase states under the same atmospheric thermody-

namic conditions (i.e., T and relative humidity over ice RHi), resulting in different ice nucleation pathways and corresponding

ice nucleation rates. OA particle size or coating thickness can also impact the rate and atmospheric altitude of the organic phase

change, as larger particles or thicker coatings require more time to reach full deliquescence (Charnawskas et al., 2017) . There

are many more peculiarities of amorphous OM that makes INP parameterization and prediction efforts very complicated as15

discussed in detail by Knopf et al. (2018).

Since amorphous smoke OA may take up water and partially deliquesce resulting in an aqueous solution at possibly subsat-

urated conditions, we apply the water-activity based immersion freezing (ABIFM) parameterization (Knopf and Alpert, 2013;

Alpert and Knopf, 2016) and homogeneous ice nucleation parameterization by Koop et al. (2000). ABIFM derives the number

of INPs per volume of air for a given time period, when T , RH , and particle surface area s are known (see Sect. 3.3.3). A20

deposition ice nucleation scheme based on classical nucleation theory is outlined in addition (Sect. 3.3.5) to cover the potential

pathway of glassy smoke particles to serve as INPs. Again, T , RH , and s are input in the INP estimation.

To demonstrate the prediction or retrieval of smoke INP profiles from lidar observations in Sect. 5, we apply exemplary

two OA model systems serving as surrogates of amorphous organic smoke particles. One is based on a macromolecular humic

or fulvic acid that undergoes amorphous phase transitions in response to changes in RH and T (Wang et al., 2012) and free25

troposphere long-range transported particles that possess an organic coating acting as INPs (China et al., 2017).

3 POLIPHON method: smoke retrieval

The POLIPHON method is described in detail by Mamouri and Ansmann (2016, 2017); Marinou et al. (2019); Ansmann et

al. (2019a) and was introduced to analyze polarization lidar observations of aerosol profiles in a convenient and systematic

way. The overall goal of the POLIPHON methodlogy is to provide the lidar community with a practical and compact retrieval30

package to derive environmental, climate- and cloud-relevant aerosol paramaters from basic backscatter coefficient profiles

measured with polarization, Raman, high-spectral-resolution, multiwavelength or just wide-spread single-wavelength lidars

disregarding whether they are operated at ground or in space.
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The data analysis consists of four parts: In part A, dust and non-dust contributions to observed particle backscatter profiles are

separated. This part includes further analysis (based on backward trajectories and, e.g., Raman lidar observations) to identify

the non-dust aerosol type (marine aerosol or urban haze or biomass burning smoke). Examples of successful separation of

biomass burning smoke and desert dust are presented by Tesche et al. (2009, 2011). In part B, the conversion of the aerosol-

type-resolved backscatter coefficients into respective extinction coefficients and subsequently into microphyscial properties5

is performed. Part C deals with the estimation of cloud-relevant quantities (CCN and INP concentrations) for the identified

aerosol types. Part D of the POLIPHON package covers the retrieval of the conversion parameters (required in part B) from

photometer network (AERONET) observations. A detailed study of desert dust conversion factors was recently presented by

Ansmann et al. (2019a). Now we present a similar approach for wildfire smoke.

The POLIPHON method is well validated in a variety of field activities (Mamali al., 2018; Düsing et al., 2018; Marinou et10

al., 2019; Haarig et al., 2019; Genz et al., 2011) and applied in numerous studies (Cordoba-Jabonero et al., 2018; Georgoulias

et al., 2020; Marinou et al., 2019; Ansmann et al., 2019b; Baars et al., 2019; Costa-Surós et al., 2020; Hofer et al., 2020). In

the following, we briefly summarize the different parts of the data analysis with special focus on wildfire smoke.

3.1 Part A: basic polarization lidar analysis

To keep the discussion short, we assume that the smoke layers were well detected and well identified, e.g., by means of air15

mass transport studies or, if available by spectrally resolved lidar observations of particle extinction-to-backscatter ratios (lidar

ratios) and depolarization ratios (Haarig et al., 2018). To determine potential contributions of soil dust to particle backscattering

in free-tropospheric smoke layers (Nisantzi et al., 2014; Wagner et al., 2018), the polarization lidar method can be used to

determine and eliminate the dust fraction and to accurately quantify the smoke fraction (Tesche et al., 2009, 2011). Regarding

stratospheric smoke layers, which are related to strong Pyro-Cb activity, we have no indication from polarization and lidar ratio20

observations for the presence of any soil dust traces in these high-altitude smoke layers (Haarig et al., 2018; Ohneiser et al.,

2020). So we assume pure smoke layers when the smoke is detected in the stratosphere.

Figure 1 shows a stratospheric smoke layer observed with a polarization Raman lidar over Punta Arenas (53.2◦S, 70.9◦W),

Chile, at the southernmost tip of South America (Ohneiser et al., 2020; Pollynet, 2020). The layer occurred between 20 and

26 km height on 29 January 2020. We will use this measurement as case study in Sect. 5 and will apply all conversion25

procedures to this observation.

3.2 Part B: Conversion into microphysical properties

Part B of the POLIPHON data analysis starts from the obtained aerosol-type-resolved backscatter coefficients. Since we exclu-

sively focus on smoke and concentrate on the main lidar wavelength of 532 nm, we leave out to indicate laser wavelength and

aerosol type as they were introduced in the original articles (Mamouri and Ansmann, 2016, 2017). An overview of all steps of30

the data analysis is provided in Table 1. In the case of smoke, the backscatter coefficients are converted to respective smoke

extinction coefficients (step 2) by multiplication with an appropriate smoke lidar ratio SL. Table 2 provides an overview of the

large range of smoke lidar ratios. Extended overviews of smoke lidar ratios can be found in Haarig et al. (2018) and Nicolae
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et al. (2013). The reason for the large spectrum of lidar ratios are the complex smoke properties (size, shape, composition) as

discussed in Sect. 2.

We recommend to use a lidar ratio SL of 45-55 sr for 355 nm and 65-80 sr for 532 nm if there is no possibility to obtain actual

lidar ratio information from direct Raman lidar or High Spectral Resolution Lidar (HSRL) observations. For fresh smoke, an

appropriate value for the lidar ratio seems to be 70-80 sr at both wavelength. Aged smoke shows a characteristic SL ratio of5

SL(355 nm)/SL(532 nm)< 1 which is not produced by any other aerosol type and allows a clear unambiguous identification

of smoke layers (Müller et al., 2005; Noh et al., 2009; Nicolae et al., 2013; Ohneiser et al., 2020).

The smoke extinction coefficient is the basic parameter in the subsequent retrieval of volume, mass, surface area and number

concentration and estimation of CCN and INP profiles. The smoke extinction coefficients are converted into volume concentra-

tions v(z) (step 3 in Table 1) by means of an appropriate smoke extinction-to-volume conversion factor cv. To obtain the smoke10

mass concentration M(z) (step 4), an estimate for the density ρ of the smoke particles is required. Li et al. (2016) investigated

different smoke aerosols in the laboratory by burning of different straw types and found densities of 1.1 to 1.4 g cm−3 for

the produced smoke particles. For organic particles ρOM was about 1.05±0.15 g cm−3 and for ρEC (elemental carbon) they

yielded 1.8 g cm−3. Chen et al. (2017) reviewed the smoke research in China and concluded that the smoke particle density

is 1.0-1.9 g cm−3. Thus in the cases with a few percent of BC the overall smoke particle density should be in the range of15

1.0–1.3 g cm−3.

Further POLIPHON conversion products are listed in Table 1 (steps 5-7). These are the surface area concentration s, two

particle number concentrations n50 and n250 considering particles with radius>50 nm and>250 nm, respectively, and estimates

of the CCN concentration nCCN (assuming a water supersaturation value of Sw =0.2% during droplet nucleation) and the INP

number concentration nINP. The needed conversion factors cv, cs, c50, c250, and x (see Table 1) are obtained from AERONET20

observations during situations dominated by wildfire smoke. These results are presented in Sect. 4.

In Mamouri and Ansmann (2015, 2016), we explain how we calculate n250 and s from the downloaded AERONET size

distribution data sets. The surface area concentration s and the large-particle concentration n250 are input parameters in INP

retrievals (Knopf and Alpert, 2013; DeMott et al., 2015; Ullrich et al., 2017). The large-particle fraction with sizes (diameters)

>500 nm can be regarded as the reservoir for favorable INPs.25

Table 1 also provides an overview of typical uncertainties in the POLIPHON products (Mamouri and Ansmann, 2016,

2017). The very large uncertainties in the estimation of n50 and nCCN are given when taking all potential error sources

into consideration and are mostly related to the uncertainty in the conversion parameters. For nINP we even do not provide

uncertainty numbers which are probably in the range of a factor of 50 around the obtained INP solutions (Knopf and Alpert,

2013; China et al., 2017). As mentioned, more research is needed about the impact of smoke particles on ice nucleation before30

trustworthy uncertainty margins can be defined.

It should be emphasized in this context that the basic lidar-derived aerosol input parameters in the INP estimations s and

n250 are available with a relative low uncertainty of 25-40%. And concerning the estimation of CCN concentrations, several

direct comparison with in situ observations (Düsing et al., 2018; Haarig et al., 2019) show that the CCN retrieval uncertainty

is typically less than a factor of 2.35
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3.3 Part C: Estimation of CCN and INP profiles

3.3.1 CCN

The CCN concentration is a strong function of updraft speed and thus water supersaturation Sw. The number concentration n50

roughly indicates the CCN concentration for weak updrafts and frequently observed low water supersaturations of Sw = 0.2%.

Water supersaturation values may exceed even 1% in strong updrafts. Then the CCN concentrations may be a factor of >55

higher than n50. For the conversion of σ into number concentration n50, the conversion parameters c50 and exponent x as

shown in Table 1 are used and obtained from the AERONET observations as discussed in Sects. 4.2.

In the original POLIPHON approach (Mamouri and Ansmann, 2016), we used n60 (particles with radius>60 nm) as a proxy

for the CCN concentration (defined for dry aerosol particles) to account for ambient humidity conditions. It assumed that n60

represent the true number concentration (n50 for dry conditions) after drying the aerosol particles. However, the AERONET10

data analysis yield that practically no significant difference exist between n50 and n60 in the case of a pronounced smoke

accumulation mode. So, n50 is a good proxy for smoke CCN concentration for typically weak supersaturations during cloud

droplet nucleation.

3.3.2 INP

As discussed in Sect. 2.2, the estimation of INP concentrations is challenging due to the chemical complexity of the smoke15

aerosol. The parameterizations introduced in this section cover the OM-related ice nucleation for the temperature range in

the upper troposphere (<−40◦C). Only for these low temperatures, organic smoke particles may be able to influence ice

nucleation in the atmosphere. In the following, we present procedures to compute INP concentrations for immersion freezing,

deposition ice nucleation, and homogeneous freezing.

3.3.3 Immersion freezing parameterization20

Organic smoke particles that have undergone long-range transport are chemically complex and INP paramterizations that cap-

ture the ice formation rate at upper tropospheric and lower stratospheric conditions (i.e., including subsaturated conditions) are

scarce (Knopf et al., 2018). Knopf and Alpert (2013) introduced the water-activity-based immersion freezing model ABIFM,

drawn from the water-activity-based homogeneous ice nucleation theory (Koop et al., 2000). Knopf and Alpert (2013) present

an ABIFM parameterization for two types of humic compounds based also on experimental data by Rigg et al. (2013) that is25

valid for saturated and subsaturated atmospheric conditions. For demonstration of our method, we chose to apply the ABIFM

for Leonardite (a standard humic acid surrogate material) to represent the amorphous organic coating of smoke particles. The

ABIFM allows prediction of the ice particle production rate Jhet,I as a function of ambient air temperature T (freezing tem-

perature), ice supersaturation Si, particle surface area s, and time period ∆t for which a certain level of ice supersaturation

Si is given. For demonstration purposes, we simply assume a constant supersaturation period for 10 minutes (600 s). Such30

supersaturation conditions may occur during the upwind phase of a gravity wave.
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According to Eqs. (6)-(8) in Alpert and Knopf (2016), we calulate the so-called water activity criterion (Koop et al., 2000)

in the first step:

∆aw = aw− aw,i(T ) . (1)

The term aw,i in Eq. (1),

aw,i = Pi(T )/Pw(T ) (2)5

is the ratio of ice saturation pressure Pi to water saturation pressure Pw as function of temperature T and can be accurately

determined by using Eq. (7) in Koop and Zobrist (2009). When condensed-phase and vapor phase are in equilibrium, the water

activity aw is equal to RHw (written as 0.75 if RHw=75%) in the air parcel in which ice nucleation takes place (e.g., in a

cirrus layer at height z at temperature T ). Relative humidity and temperature values may be available from radiosonde ascents

or taken from data bases with re-analyzed global atmospheric data. However, the actual RHw and T values during the lifting10

process (associated with cooling and increase in RHw and decrease in T in the air parcel) remain always unknown and need

to be estimated in the studies of a potential smoke impact on cirrus formation. The organic aerosol type Leonardite needs a

relative humidity over ice RHi of about 130% or ∆aw = 0.2 at −50◦C to become efficiently activated as INP.

In the next step, the ice crystal nucleation rate coefficient Jhet,I (in cm−2 s−1) is calculated:

log10(Jhet,I) = b+m∆aw . (3)15

The particle parameters b and m are determined from laboratory studies for different organic aerosol material. Table 3 contains

the parameters for two different natural organic substances (Pahokee Peat and Leonardite) (Knopf and Alpert, 2013) which

serve as surrogates of the organic coating of the atmospheric smoke particles. Leonardite, an oxidation product of lignite,

is a humic-acid-containing soft waxy particle (mineraloid), black or brown in color, and soluble in alkaline solutions. Both

substances served as surrogates for humic-like substances (HULIS, Sect. 2.1) in extended immersion freezing laboratory studies20

(Knopf and Alpert, 2013; Rigg et al., 2013). Organic aerosols containing HULIS are ubiquitous in the atmosphere. We also

applied the ABIFM parameterization to aerosol samples representing free tropospheric aerosol (FTA, China et al., 2017)

collected on substrates on the Azores for off-line micro-spectroscopic single-particle analysis and ice nucleation experiments.

According to backward trajectories, the air masses arriving at the Azores crossed western parts of North America during the

main fire season (August-September). FTA showed clear smoke signatures. Note that Eq. (3) delivers strongly fluctuating25

solutions of Jhet,I when ∆aw is small, and robust, less fluctuating Jhet,I values for ∆aw > 0.1.

In the final step, we obtain the number concentration of smoke INP for the immersion freezing mode,

nINP,I = sJhet,I∆t . (4)

s is the surface area concentration of the smoke particles (Table 1, step 5) in cm2 m−3 and ∆t (in seconds) is the time period

for which constant or almost constant ice supersaturation conditions are given. This can be the time period of a short updraft30

event (of a few minutes, 120-300 s) or of the lifting period of a gravity wave (>600 s). Long lasting lifting phases of gravity
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waves can be up to 20 minutes (1200 seconds) as our Doppler lidar and radar observations conducted in several field campaigns

during the last 10 years indicate.

3.3.4 Homogeneous freezing parameterization

Alternatively to smoke particles acting as heterogeneous INPs, we need to consider full deliquescence of smoke particles so

that homogeneous freezing comes into play. Following Koop et al. (2000), the ice nucleation rate coefficient for homogeneous5

freezing is obtained from

log10(Jhom) =−906.7 + 8502∆aw− 26924(∆aw)2 + 29180(∆aw)3 (5)

for 0.26<∆aw < 0.34. The INP concentration is then obtained from

nINP,hom = vJhom∆t (6)

with the particle volume concentration v (Table 1, step 3) in cm3 m−3. Homogeneous freezing proceeds at RHi ≈ 150% at10

−50◦C (i.e., ∆aw ≈ 0.31), whereas 130% (∆aw = 0.2) are required at −50◦C to activate Leonardite-containing particles.

Thus at slow ascend conditions heterogeneous ice nucleation on smoke particles may dominate ice formation in cirrus layers.

3.3.5 Deposition nucleation parameterization

Wang and Knopf (2011) provide a simplified parameterization of deposition ice nucleation (DIN) based on classical nucleation

theory that describes the DIN efficiency of humic and fulvic acid compounds as a function of ambient temperature T and the15

humidity parameters RHi and Si. An alternative DIN parameterization is provided by, e.g., Hoose et al. (2010). A detailed

description of the approach presented here is given in Sect. 3.6 in Wang and Knopf (2011) and thus only a brief introduction is

given in the following.

The INP efficiencies are expressed as a function of the contact angle Θ which describes the relationship of surface free

energies among the three involved interfaces including water vapor, ice embryo, and INP. Θ is parameterized as a function of20

RHi (Eq. (8) in Wang and Knopf (2011)).

The compatibility parameter mΘ = cos(Θ) (expressing the match between ice embryo and INP) is then used to deter-

mine the so-called geometric factor fg(mΘ) (Eq. (7) in Wang and Knopf (2011)), the free energy of ice embryo formation

∆Fg,het(fg,T,Si) (Eq. (6) in Wang and Knopf (2011)), and finally the ice crystal nucleation rate Jhet,D (Eq. (5) in Wang and

Knopf (2011)) in cm−2 s−1,25

Jhet,D = 1025 exp
(

∆Fg,het

kBT

)
(7)

with the Boltzmann constant kB. The final step is then:

nINP,D = sJhet,D∆t . (8)

In terms of the contact-angle-based approach, Θ = 180◦ represents the case of homogeneous ice nucleation. The smaller Θ,

the greater the propensity of the INP to act as deposition nucleation INP.30
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It remains to be emphasized again that the research on the smoke impact on atmospheric ice formation is ongoing (Knopf

et al., 2018). Presently, uncertainties in the prediction of Jhet,IF and Jhet,DN for organic aerosols are very high (Wang and

Knopf, 2011; China et al., 2017). However, the procedures introduced above allow us to estimate INP concentration profiles

for organic aerosols and to study the potential impact of wildfire smoke on ice formation in tropospheric mixed-phase and ice

clouds. Such smoke-cirrus investigations with lidar (and radar) may then trigger further laboratory work and will provide the5

means to better constrain INP parameterizations.

3.4 Part D: Smoke conversion parameters from sunphotometry

Part D of the POLIPHON method covers the AERONET data analysis part and deals with the determination of the smoke con-

version parameters cv, cs, c50, c250, and the extinction wavelength exponent x (see Table 1). Trustworthy and climatologically

robust conversion parameters are of central importance for the applicability and attractiveness of the POLIPHON method. The10

AERONET data base (AERONET, 2020) contains unique multiyear climatological data sets of spectrally resolved aerosol op-

tical properties and related underlying microphysical properties of aerosol particles (e.g., size distribution, volume and surface

area concentration) for a variety of different aerosol conditions, from purely marine, mineral dust, biomass burning smoke

and anthropogenic haze events to situations with complex mixtures of these basic aerosol types. We used the advantage of

the freely available AERONET data already to derive the conversion parameters for pure marine conditions (Mamouri and15

Ansmann, 2016, 2017) and pure desert dust scenarios (Ansmann et al., 2019a), and now continue with the determination of

smoke conversion factors from smoke-dominated AERONET observations.

The smoke related study here is carried out for the main aerosol lidar wavelength of 532 nm. The AOT τ for 532 nm is

obtained from the 440 nm AOT τ440 and the Ångström exponent a by

τ = τ440(440/532)a . (9)20

The Ångström exponent a (here for the 440 and 675 nm spectral range) is computed from the 440 and 675 nm AOTs, stored in

the AERONET data base (AERONET, 2020).

To obtain, e.g., the extinction-to-volume conversion factor cv,

cv =
V

τ
, (10)

required to obtain volume and mass concentration from the lidar-derived particle extinction coefficients (see Table 1, steps 325

and 4), the ratio of the vertically integrated particle volume concentration V (denoted also as column volume concentration,

available in the AERONET data base) and AOT τ is formed for each individual smoke observation.

Because the basic optical parameter in the lidar conversion procedures is the particle extinction coefficient σ (for smoke in

this study), we introduce an arbitrary aerosol layer depth D and write

cv =
V/D

τ/D
=
v

σ
(11)30
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with the layer mean volume concentration v and the layer mean particle extinction coefficient σ. The introduced layer depth

D has no impact on the further retrieval of the conversion factors and is only required to move from column-integrated values

and AOT to more lidar-relevant quantities like concentrations and extinction coefficients.

For each smoke observation j (from number j = 1 to J), available in the AERONET data base for the selected smoke

observational periods, we computed cv,j and then determine the mean value which we interpret as a representative smoke5

conversion factor,

cv =
1
J

J∑

j=1

vj

σj
. (12)

In the same way, the conversion factors c250, needed to estimate the large-particle number concentration, and cs, required in

the surface-area retrieval, are computed:

c250 =
1
J

J∑

j=1

n250,j

σj
, (13)10

cs =
1
J

J∑

j=1

sj

σj
. (14)

(15)

In the retrieval of the conversion parameters required to obtain n50 (step 6 in Table 1), we used a different approach (Mamouri

and Ansmann, 2016). Following the procedure suggested by Shinozuka et al. (2015), we applied a log-log regression analysis to

the log(n50,j)-log(σj) data field and determined in this way representative values for c50 and x that fulfill best the relationship,15

log(n50) = log(c50) +x log(σ) . (16)

4 Smoke conversion parameters from the AERONET data base

We selected five AERONET stations for our in-depth wildfire-related AERONET data analysis. These stations and the used

observational data sets (AOT, size distributions) are introduced in Sect. 4.1. The results of the AERONET data analysis are20

then discussed in Sect. 4.2 and summarized in Sect. 4.3.

Besides AERONET observations we include multiwavelength lidar observations of Australian smoke at Punta Arenas, south-

ern Chile, and of Alaskan and Siberian smoke in the North Pole region in our study. Polly (POrtabLle Lidar sYstem) instruments

(Engelmann et al., 2016; Baars et al., 2016) were operated at Punta Arenas from November 2018 to the end of 2020 (Ohneiser

et al., 2020) and aboard the German Research Vessel Polarstern in the North Pole region from September 2019 to Septem-25

ber 2020. The Polly instruments permit the determination of height profiles of the particle backscatter coefficient at the laser

wavelengths of 355, 532 and 1064 nm wavelength, particle extinction coefficients at 355 and 532 nm, and the particle linear

depolarization ratio at 355 and 532 nm (Pollynet, 2020). From the backscatter and extinction coefficients, volume and surface
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area concentrations, effective radius, and particle size distribution were derived and subsequently volume-to-extinction and

surfarce-area-to-extinction conversion factors determined (Veselovskii et al., 2002, 2012).

We further include multiwavelength lidar observations of fresh and weakly aged smoke measured over the Amazon rainforest

close to Manaus in September 2008 (Baars et al., 2012) and over the East coast of the United States close to Washington in

August 2013 (Veselovskii et al., 2015) and of aged Canadian smoke measured over Leipzig in August 2017 (Haarig et al.,5

2018) and Lindenberg, 180 km northeast of Leipzig, Germany in August 1998 (Wandinger et al., 2002) and respectively

derived conversion parameters of fresh and aged smoke in our study. The Lindenberg lidar observations documented for the

first time that aged wildfire smoke can travel long distances over more than 10000 km without significant dissolution and

removal (Forster et al., 2001).

Recently, large and optically dense tropospheric smoke plumes originating from major Californian wildfires crossed central10

Europe (11 and 12 September 2020). The highest, ever measured smoke-related tropospheric AOT (>0.5 at 500 nm) was

recorded at the AERONET stations of Leipzig and Lindenberg in eastern Germany. We include this unique event in our study

as well. The smoke plumes travelled rather fast, within three days, from California to central Europe.

4.1 AERONET sites, observational periods, smoke AOT and size distributions

The five selected AERONET stations are: Yellowknife (62.5◦N, 114.4◦W, 220 m height above sea level, a.s.l.) and Churchill15

(58.7◦N, 93.8◦W, and 10 m height a.s.l.) in northern Canada, CEILAP-RG (close to the city of Rio Gallegos, 51.6◦S, 69.3◦W,

19 m height a.s.l.) in southern Argentina, Punta Arenas (53.1◦S, 70.9◦W, 10 m height a.s.l.) in southern Chile, and Marambio

(64.2◦S, 56.6◦W, 200 m a.s.l.) in the Argentine Antarctica. The measurements at Yellowknife and Churchill, shown in Fig. 2a,

were performed 0.5–2.5 days and 2–5 days after the pyroCb-initiated injection of smoke in British Columbia, Canada, between

20:00 UTC on 12 August 2017 and 1:00 UTC on 13 August 2017, respectively. The smoke observations at CEILAP-RG, Punta20

Arenas and Marambio, presented in Fig. 2b, were taken about 10 days after injection in southeastern Australia (Ohneiser et al.,

2020).

The AERONET sun/sky photometers allow the retrieval of the aerosol optical thickness (AOT) at eight wavelengths from

339 to 1638 nm (AERONET, 2020). Sky radiance observations at four wavelengths complete the AERONET observations.

From these measurements the column–integrated particle size distribution, volume and surface area concentration, and number25

concentrations considering particles with radius >50 nm and >250 nm were derived.

As can be seen in Fig. 2a, fresh smoke arrived over Yellowknife, Canada, already 12-18 hours after injection. The 532 nm

AOT reached values of almost 2.5. The smoke plumes travel southeastward and crossed Churchill about 1.5-4 days later. A

maximum AOT of 2.7 was measured over Churchill. At clean background conditions the AOT is around 0.05 (dashed line in

Fig. 2a) at the northern Canadian AERONET stations so that all AOTs >0.45 (solid line in Fig. 2a) used in our conversion30

study were clearly dominated by smoke light extinction. These data deliver conversion parameters for fresh (<2 days after

injection) and weakly aged smoke (2-5 days after injection).

Figure 2b shows the observations of aged Australian wildfires smoke in southern South America and northern Antarctica.

The smoke traveled more than 10000 km within 8-12 days. The diluted smoke caused 532 nm AOTs mostly between 0.2 and
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0.3. Maximum values were close to 0.5-0.6. At clean background conditions, the AOT is in the range from 0.025–0.035. In our

smoke-related AERONET data analysis we considered all observations with AOT>0.07 after careful checking that all used

cases, even those with low AOT, showed clear and dominating smoke signatures. For each of the shown AOT observation

we downloaded the microphysical quantities as well (AERONET, 2020). Figure 3 shows examples of size distributions of

Australian wildfire smoke after long-range transport to South America and Antarctica. We included size distributions derived5

from multiwavelength lidar observations at Punta Arenas (Ohneiser et al., 2020) by using a lidar inversion method (Veselovskii

et al., 2002, 2012).

In agreement with the discussion in Sect.2.1, a pronounced accumulation mode (centered at 200-350 nm radius) was ob-

served. We noticed a weak coarse mode in part of the AERONET size distribution. This may be caused by injected Australian

soil dust or by marine particles (in the lowest 500-1000 m of the troposphere) emitted by the southern Ocean. However, it can-10

not be excluded that the weak coarse mode is an artifact and a result of the AERONET retrieval procedure. The lidar-derived

size distributions do not show a coarse mode in agreement with in situ observations in middle and upper tropospheric smoke

plumes (Fiebig et al., 2003; Dahlkötter et al., 2014).

In Fig. 4, we compare different size distributions measured at the Canadian stations of Yellowknife and Churchill, and in

Germany (Lindenberg close to Berlin) and southern Chile to highlight the expected growth of the smoke particles during long-15

range transport as discussed in Sect. 2.1. This aspect of particle growth and thus the contrast between fresh and aged smoke

needs to be considered in the determination of the conversion factors. As can be seen, the smoke particles were smallest over

Yellowknife (13 August, 23:18 UTC) 20 hours after injection. The particle size distribution then steadily shifted towards larger

sizes with travel time (Churchill, 3.5 days, Punta Arenas 8 days, and Lindenberg 10.5 days after injection). All size distributions

are normalized so that the integral over each shown size distribution is one. Lidar observation conducted at Leipzig, 180 km to20

the southwest of Lindenberg (Haarig et al., 2018) and over Punta Arenas agree qualitatively well with the respective AERONET

size distributions.

In Fig. 5, we finally compare UTLS and stratospheric smoke size distributions derived from multiwavelength lidar observa-

tions over Leipzig (central Europe, Canadian smoke), Punta Arenas (southern South America, Australian smoke), and over the

North Pole region (mostly Siberian and Alaskan wildfire smoke, 23 October and 7 Nov 2019). The aged smoke layers were25

detected between 15 and 16 km height over Leipzig, between 10 and 25 km over Punta Arenas, and from 8–17 km in the North

Pole region. The smoke formed a persistent layer over the North Pole area for more than six months from autumn 2019 to late

spring of 2020. All smoke size distributions show a pronounced accumulation mode.

4.2 AERONET observations: conversion parameters

Figure 6 (for aged smoke, January-February 2020) and 7 (for fresh and weakly aged smoke, August 2017) provide an overview30

of the relationship between the smoke volume concentration v and smoke extinction coefficient σ in (a), the particle surface area

concentration s and σ in (b), and the particle number concentration of larger smoke particles n250 and σ in (c). For aged smoke,

we distinguish between cases with monomodal (closed symbols) and bimodal size distribution (open symbols) in Fig. 6. The

figures are based on 31 observations in southern hemisphere (Fig. 6) and 30 observations in the northern hemisphere (Fig 7).
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We set the layer depth D in Eq. (11) arbitrarily to 1000 m so that σ (in Mm−1 ) divided by 1000 yield the basic AERONET

532 nm AOT value. Several lidar inversion data sets (stars) for aged smoke (v vs σ and s vs σ) are included in Fig. 6. In Fig 7,

we show the results of Fig. 6 again to highlight the differences between the correlations for fresh (including weakly aged)

and aged smoke. Figure 8 finally focuses on fresh and weakly aged smoke and is based on a variety of lidar and AERONET

observations (including the recent AERONET observations of tropospheric smoke in central Europe in September 2020).5

As a general impression, a clear relationship between v, s, and n250 and σ is found for aged as well as for fresh smoke.

The lidar observations agree well with the AERONET observations. We notice a small deviation between the correlation of

volume concentration and extinction coefficient for monomodal and bimodal smoke size distributions in Figure. 6a. Such a

clear difference is not visible in the correlation for the surface area concentration and large-particle number concentrations in

Fig. 6b and c.10

The mean conversion factors cv (Eq. 12), cs (Eq. 14), and c250 (Eq. 13) obtained from the AERONET observations are given

as numbers in the different panels (in Fig. 6a for monomodal size distributions only). The respective link between v, s, and n250

and σ are visualized by straight lines. We did not distinguish between cases with monomodal and bimodal size distributions in

Fig 7. All Yellowknife and Churchill size distributions showed a weak coarse mode.

The spread (or scatter) in the data provides an impression on the uncertainty in the conversion factors and mainly reflects15

variations in the smoke properties (size distribution, refractive index) but also to some extent in the AERONET retrieval

uncertainties. The scatter in the Yellowknife and Churchill data in Fig 7 is larger because these AERONET observations cover

the period with rapidly changing smoke properties of very fresh (Yellowknife) to weakly aged smoke plumes (Churchill).

Fig.7 corroborates that different conversion factors for fresh and aged smoke are needed. However, most smoke layers

observed around the globe belong to the aged-smoke category. Nevertheless, spaceborne lidar allow a detailed view of the20

spread of smoke plumes from the first hours after injection to the end of the lifetime of the smoke events and thus need fresh

smoke conversion factors to avoid systematic uncertainties in the decay behavior. Figure 8 indicates that a robust retrieval of

volume and mass concentrations of fresh and weakly aged smoke is possible with one conversion data set, but that the surface

area concentration, which is most directly linked to the measured optical properties, sensitively varies with slight changes in

the particle size distribution so that the uncertainty in the surface area estimation is larger than in the volume estimation for25

fresh and weakly aged smoke.

Figure 9 shows the correlation between the CCN-relevant particle number concentration n50 and the extinction coefficient

σ for both, fresh and aged smoke data sets. As recommended by Shinozuka et al. (2015) we correlated log(n50) vs log(σ). As

outlined in Sect. 2, n50 (number concentration of dry particles with radius >50 nm) represents well the CCN reservoir for low

water supersaturations of 0.2% (in the cloud base region where cloud droplet nucleation starts).30

The conversion parameters were derived for dry stratospheric conditions. Liquid water clouds predominantly develop in

the humid boundary layer and in the low part of the free troposphere. To account for moist ambient conditions in the CCN

estimation, we may use a value 0.5σ (in the conversion, step 6 in Table 1) instead of the measured σ to correct roughly for

water uptake effects which leads to an increase of σ by a factor of about 2 when the relative humidity increases from 40 to

80%.35
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All observations for fresh and aged smoke are given in Fig. 9 to better see the difference between aged and fresh smoke

particle concentrations. According to the applied regression analysis, fresh smoke plumes contain much more CCN-relevant

small particles (roughly a factor of 3 more) than aged plumes.

4.3 Overview of AERONET-derived conversion parameters

Table 4 summarizes the results of the AERONET study in the foregoing section and provides an overview of the derived5

conversion parameters. In the case of volume conversion factors for aged smoke, the factors derived for the monomodal size

distribution are considered. For all other conversion parameters the entire AERONET data set as shown in Fig. 2 was used.

Table 4 also includes conversion factors derived from the shown lidar observations. The lidar inversion results have a general

uncertainty of 20-40%. The given SD values are calculated from 2-4 values available for each lidar profile and case.

Table 4 also contains a few values for the widely used mass-specific extinction coefficient kext at 532 nm, defined as10

kext = 1/(ρcv) (Ansmann et al., 2012). The range of kext values is computed for the smoke particle density ρ from 1.1–

1.3 g m−3. Aged smoke shows higher mass-specific extinction coefficients than fresh smoke.

At the end of the section it should be mentioned that the AERONET conversion parameters for 532 nm can be applied to

355 nm lidar observations if the wavelength dependence in the short wavelength range (355-532 nm), i.e., the ratio of σ355 to

σ532 (index denotes weavelength in nm) is known. In case of multiwavelength lidars, the required wavelength dependence can15

be directly measured. The 355/532 nm extinction ratio was about 1.2 in the case of our North Pole observations, and around

1.2-1.5 for the Punta Arenas smoke observations.

5 Lidar case studies

We applied the new conversion scheme to ground-based (Polly, Punta Arenas) and spaceborne (CALIPSO) lidar observations

to show how the data analysis works in practice. The cases demonstrate that backscatter lidars can significantly contributute to20

smoke profiling and smoke impact research.

5.1 Aged smoke over Punta Arenas

We start with the Polly measurement of Australian smoke at Punta Arenas shown in Fig. 1 (Pollynet, 2020). Figures 10–

12 present the results of the conversions by following the procedure summarized in Table 1. In the first step, we calculated

the extinction coefficients from the 532 nm backscatter coefficients by using an appropriate smoke lidar ratio of SL=95 sr25

(Ohneiser et al., 2020) and then applied the AERONET-based conversion factor cv in Table 4 for aged smoke to obtain the

volume concentration (step 3 in Table 1). By assuming a particle density of 1.3 g cm−3 for the smoke particles, we obtain the

mass concentration (step 4 in Table 1) shown in Fig. 10.

Such a high aerosol pollution level of 15 µg m−3 at heights from 20-26 km height has never been observed in the stratosphere

before, even not after major volcanic eruptions (Trickl et al., 2013; Sakai et al., 2016). Stratospheric background levels are of30

the order of 0.01 µg m−3 (Baars et al., 2019; Taha et al., 2020).
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Figure 11 shows the derived surface area concentration s and the particle number concentration n50. The surface area

concentration is an essential aerosol input parameter in the modeling of smoke-related heterogeneous chemical reactions in

ozone depletion scenarios (Ansmann et al., 1996) and serves as input in the INP estimation shown in Figures 12. We present

n50 profiles here to provide a full overview of the retrieval products, although such estimations are only relevant for heights

where liquid-water clouds develop and thus for heights mainly below 5 km.5

The INP estimation is the most crucial part of the data analysis as discussed in Sect. 2.2. We use the aerosol type param-

eters for Leonardite (LEO) and free tropospheric aerosol particles (FTA) as given in Table 3 in the estimation of immersion

freezing INP (nINP,I, Sect. 3.3.3). The calculations start with the computation of the water activation criterion ∆aw (Eq. 1).

Ice nucleation is a strong function of the vertical velocity (lifting of moist air parcels) which leads to ice supersaturation and

thus determines ∆aw. In the case study here, we assume realistic upper-tropospheric cirrus formation conditions and ignore10

in this demonstration of INP number estimation that we observed the smoke layer in the dry stratosphere 10-15 km above the

local tropopause. We assumed RHw = 79.85% and 82.35% and a temperature T of −50◦C. The corresponding RHi values

are around 125% and 130%. Homogeneous freezing proceeds in significant numbers at about RHi =150% at −50◦C. Thus,

for slow air lifting, smoke particles potentially acting as INPs have a good chance to sensitively influence cirrus formation.

With these input values for RHw and T , we obtain ∆aw = 0.175 and 0.2. The value for the ice melting point aw,i (Eq. 2) is15

0.6235 at −50◦C. Afterwards we calculated the ice nucleation rate Jhet,I (Eq. 3) and the INP concentration nINP,I (Eq. 4) by

assuming a lifting period of 600 s during which ice supersaturation conditions according to ∆aw of 0.175 and 0.2 are given.

We also computed deposition nucleation INP solutions (nINP,D, Sect. 3.3.5) by assuming the same T ,RHi,RHw, and Si input

parameters together with an overall lifting period of 600 s.

Figure 12 shows the results of the nINP,I and nINP,D estimations. Obviously a threshold value of ice supersaturation Si20

has to be reached and exceeded before efficient immersion freezing in the case of Leonardite starts. The estimated deposition

nucleation INP concentration for Leonardite is much higher at −50◦C and of the same order of magnitude as the INP concen-

tration of immersion freezing in the case of FTA. The obtained high INP numbers are directly correlated to the large amount of

smoke particles present and the assumed long activation time. These INP number concentrations are not too uncommon. For

example, INP number concentrations reached about 10-100 L−1 in a Saharan dust plume (DeMott et al., 2003). Neglecting25

any radiative heating effects of the smoke layer and microphysical processes such as sedimentation and competition for water

vapor, these results clearly indicate that organic smoke particles can impact ice formation processes in the upper troposphere

during favorable moisture conditions and gravity wave activity.

In Fig. 12, also values for n250 (large particle fraction) are shown. It is usually assumed that particles with diameters

>500 nm can be regarded as the overall reservoir for INPs (DeMott et al., 2015). Number concentrations of 10-100 cm−3 or30

10000-100000 L−1 indicate that this reservoir of large smoke particles cannot be depleted when nINP is in the range of 0.1 to

100 L−1.

The competitive process to heterogeneous ice nucleation is homogeneous freezing. If ice supersaturation Si reaches sufficient

levels, corresponding to ∆aw of 0.29-0.31, nINP,hom (Eq. 6) would be of the order of 600-700 L−1 for v ≈ 10−8 cm3 L−1

(mean value of the 20-26 km layer).35
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As mentioned the uncertainty in the INP retrieval is large and is widely related to the current status of our knowledge about

smoke INP type characteristics. The lidar input parameters s and v can be obtained with low uncertainty of 25-35%. The

research on the role of wildfire smoke particles in cirrus and PSC formation is one of the key topics in atmospheric research

with focus on aerosol-cloud interaction (Knopf et al., 2018).

5.2 Fresh smoke over Canada and New Zealand observed with CALIPSO lidar5

We selected two CALIPSO lidar observations with smoke 1–3 days after injection to apply the fresh-smoke conversion factors

in Table 4 (Yellowknife conversion parameters) (CALIPSO, 2020a, b). Figure 13 shows the smoke plume found over the

northern part of New Zealand on 1 January 2020 injected via pyro-Cb events into the UTLS region over Southeast Australia

on 30-31 December 2019 . The layer ascended by about 3 km during the first day of long-range travel by absorption of solar

radiation by the smoke particles and heating of the surrounding air (Boers et al., 2010). Figure 14 presents the height profiles10

of smoke extinction coefficient, mass concentration, surface area concentration and estimated INP concentration (here for the

water activity criterion of ∆aw = 0.2 or RHi=130% at T =−50◦C, and ∆t= 600 s). We used a lidar ratio of 95 sr to convert

the measured smoke backscatter coefficients into extinction values. The stratospheric aerosol perturbation was roughly a factor

of 10 higher in terms of extinction and mass concentration over New Zealand on 1 January 2020 than over Punta Arenas as

observed with lidar on 9 January 2020, about 8 days later (not shown here) (Ohneiser et al., 2020). The background extinction15

level of a clean stratosphere is around 0.1 Mm−1 at 532 nm (Sakai et al., 2016; Baars et al., 2019; Taha et al., 2020). Again,

INP concentrations were high enough to significantly influence cirrus formation.

Figure 15 finally shows a measurement of Canadian smoke observed with the CALIPSO lidar over the Hudson Bay, Canada,

around 18:30 UTC on 15 August 2017, and thus almost 3 days (65 hours) after injection. In this case, strong pyro-Cb activity

caused the smoke to ascent to about 10-11 km height over western Canada and then to further ascend by self-lifting effects up20

to 13-14 km height. The optical depth of the densest smoke plumes was rather high so that the lower boundary and the lower

part of the smoke layer remained undetected. We therefore created a composite of different profile observations with smoke at

lower and greater heights to obtain information about the smoke backscatter from 8 to 13 km height.

Figure 16 shows the derived height profiles of the smoke extinction coefficient, mass, surface area , and INP concentration.

We used a lidar ratio of SL=80 sr to transfer the backscatter into extinction coefficients and applied afterwards the smoke25

conversion parameters for fresh and weakly aged smoke in Table 4 (based Yellowknife and Churchill observations) to calculate

v, M , and s. Again, a strong perturbation of the stratospheric aerosol conditions was found. High INP concentrations were

derived, clearly indicating that smoke particles serving as INPs could significantly impact cirrus evolution at such high smoke

pollution levels.

Figures 14 and 16 demonstrate that space lidars can provide much more information about detected smoke layers than30

height profiles of the basic lidar parameters (attenuated and particle backscatter). By conversion of the backscatter profiles into

extinction coefficients, microphysical and cloud-relevant properties (INP concentrations) the modeling community dealing with

the smoke impact on radiative transfer, cloud evolution, and heterogeneous chemical processes, can be significantly supported

by spaceborne lidar observations providing data sets on a global scale.
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6 Conclusion/Outlook

We presented a new method that permits the retrieval of tropospheric and stratospheric height profiles of smoke particle mass,

volume, and surface area concentrations as well as first-order estimates of CCN and INP concentrations from single-wavelength

backscatter lidar observations. The required conversion factors were determined from AERONET observations. In this ap-

proach, we distinguished fresh, weakly aged, and aged smoke observations. A crucial task is the estimation of smoke INP5

concentrations because of the complex characteristics of smoke particles. Now, a consistent methodology is available to charac-

terize wildfire smoke plumes in terms of microphysical and cloud-relevant parameters. This will allow us to study smoke-cirrus

interaction in large detail in future.

We applied the new smoke analysis scheme to ground-based as well as spaceborne CALIPSO observations to highlight

the potential of single-wavelenth lidars (at ground and in space) to significantly contribute to an extended monitoring and10

microphysical characterization of tropospheric and stratospheric smoke layers and thus to provide valuable information for

climate-, cloud-, and air chemistry modeling efforts.

7 Data availability

Polly lidar observations (level 0 data, measured signals) are in the PollyNET data base (Pollynet, 2020). LACROS observations

(level 0 data) are stored in the Cloudnet data base (http://lacros.rsd.tropos.de). All the analysis products are available at TRO-15

POS upon request (info@tropos.de). CALIPSO observations of smoke profiles and smoke AOT were used and downloaded

from the CALIPSO data base (CALIPSO, 2020a, b)). AERONET observations were downloaded from the AERONET data

base (AERONET, 2020).
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Table 1. Overview of the step-by-step computations to obtain smoke microphyscal properties v(z), M(z), s(z), n50(z), and n250(z) as

well as estimates of cloud relevant parameters nCCN(z) for a water supersaturation Sw = 0.2% and nINP(z) from the smoke-related particle

backscatter coefficient β(z). The required conversion factors cv, cs, c100, and c250 are listed in Table 4. An appropriate smoke lidar ratio SL

is needed in step 2 to convert the smoke backscatter profiles, β(z) into extinction coefficients σ(z). Besides the surface area values, s(z),

the temperature (T (z)) and relative humidity information (RHi,Si) is needed in the estimation of ice-nucleating particle concentrations

nINP(z). KA13 (wildfire smoke, immersion freezing) (Knopf and Alpert, 2013) and WK11 (wildfire smoke, deposition nucleation) (Wang

and Knopf, 2011) INP parameterization schemes are applied. r denotes the radius of the particles. Uncertainties (right column) are discussed

in Mamouri and Ansmann (2016, 2017) and represent typical uncertainties caused by the errors in the forgoing retrieval steps and required

input parameters. See text in Sect. 3.2 for more details.

Step Smoke parameter Product/computation Uncertainty

1 Backscatter coefficient [Mm−1 sr−1] β(z) 10–20%

2 Extinction coefficient [Mm−1] σ(z)=SLβ(z) 20–30%

3 Volume concentration [m−3] v(z) = cvσ(z) 25–35%

4 Mass concentration [µg m−3] M(z) = ρcvσ(z) 30–40%

5 Surface concentration [m2 cm−3] s(z) = csσ(z) 25–35%

6 Number concentration (r >50 nm) [cm−3] n50(z) = c50(
σ(z)

1 Mm−1 )x 50–200%

7 Number concentration (r >250 nm) [cm−3] n250(z) = c250σ(z) 25–40%

8 CCN concentration [cm−3] nCCN ≈ n50(z) 50–200%

9 INP concentration [L−1] nINP,I(z) (KA13), nINP,D(z) (WK11) -
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Table 2. Selected smoke lidar ratios (SL) for 355 nm and 532 nm to indicate the large range of possible values.

Atmospheric layer SL(355 nm) SL(532 nm)

Stratosphere, Canadian smoke:

Haarig et al. (2018), aged 35–50 sr 50-80 sr

Stratosphere, Australian smoke:

Ohneiser et al. (2020), aged 50-95 sr 70–110 sr

Troposphere, Canadian and Siberian smoke:

Wandinger et al. (2002), aged 40–70 sr 40–80 sr

Murayama et al. (2004), aged 40 sr 65 sr

Veselovskii et al. (2015), fresh 65–90 sr 65–80 sr

Troposphere, European smoke:

Alados-Arboledas et al. (2011), fresh 60–65 sr 60–65 sr

Nicolae et al. (2013), fresh, aged 30–60 sr 45-65 sr

Troposphere, Amazonian smoke:

Baars et al. (2012), fresh 50–75 sr 50–80 sr

Troposphere, South African smoke:

Giannakaki et al. (2015), fresh 70–110 sr 60–105 sr

Table 3. Values for b and m for three organic-aerosol INP types required to determine the ice nucleation rate Jhet,I with Eq. (3).

INP type b m Reference

Pahokee Peat (organic substance) -15.78 78.31 Knopf and Alpert (2013)

Leonardite (organic substance) -13.40 66.90 Knopf and Alpert (2013)

Free tropospheric aerosol (smoke plumes over Azores) 0.656 2.981 China et al. (2017)
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Table 4. Smoke conversion parameters required in the conversion of particle extinction coefficients σ at 532 nm into particle number, surface

area and volume concentration as described in Table 1. The mean values and SD for cv, cs, c250, c50, and x are obtained from the extended

AERONET data analysis described in Sect. 4.2. Conversion factors are derived from the observations at Yellowknife (for fresh smoke) and

Churchill (for weakly aged smoke) and from observations at Punta Arenas, CEILAP-RG, and Marambio (for aged smoke). Fresh (f), weakly

aged (wa), and aged smoke denote smoke plumes 0.5–2.5 day, 2.5–5 days, and >5 days after emission. For the AERONET observations we

provide mass-specific extinction coefficients kext = 1/(ρcv) for the mean cv values and the particle density range from 1.1–1.3 g cm−3.

Observation (site) cv kext cs c250 c50 x

[10−12 Mm] m2 g−1 [10−12 Mm [Mm cm−3] [cm−3]

m2 cm−3]

Aged smoke

AERONET (Punta Arenas, 0.137± 0.010 5.6-6.6 1.73± 0.28 0.37± 0.07 28.2± 14.5 0.71± 0.13

CEILAP, Marambio)

Lidar (Punta Arenas) 0.131± 0.008 1.41± 0.01 − − −

Lidar (Lindenberg) 0.141± 0.005 1.67± 0.29 − − −

Lidar (North Pole) 0.124± 0.006 1.78± 0.17 − − −

Fresh (f)and weakly aged (wa) smoke

AERONET (Yellowknife, f) 0.192± 0.026 4.0–4.7 2.62± 0.35 0.17± 0.03 − −

AERONET (Yellowknife, 0.181± 0.030 4.3–5.0 2.38± 0.38 0.20± 0.04 77.3± 40.5 0.71± 0.10

Churchill, f+wa)

AERONET (Churchill, wa) 0.169± 0.030 4.6–5.4 2.15± 0.26 0.22± 0.04 − −

AERONET (Leipzig, 0.164± 0.009 4.4–5.5 1.88± 0.21 0.23± 0.04 − −
Lindenberg, wa)

Lidar (Washington) 0.153± 0.005 2.11± 0.10 − − −

Lidar (Amazonia) 0.207± 0.029 2.18± 0.26 − − −
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Figure 1. Australian bushfire smoke in the stratosphere above the tropopause (white line in the right panel). The mean backscatter coefficient

profile (green) and the particle depolarization ratio (black, for the main layer only) are shown in the left panel. Main smoke layer base and

top height are indicated by black horizontal lines. The smoke was observed with lidar at Punta Arenas, Chile, on 29 January 2020, about

10000 km downwind of the Australian fire areas. The range-corrected 1064 nm lidar return signal is shown.
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Figure 2. 532 nm AOT time series for different AERONET stations in (a) northern-central Canada (Yellowknife, 62.5◦N, 114.4◦W, and

Churchill 58.7◦N, 93.8◦W) in the near range to major wild fires in western Canada and (b) in southern South America (CEILAP-RG,

51.6◦S, 69.3◦W and Punta Arenas, 53.1◦S, 70.9◦W) and in northern Antarctica (Marambio, 64.2◦S, 56.6◦W), about 10000 km east of the

Australian wildfires sources. The dashed horizontal lines indicate the background AOT level, the solid lines the lower limit of AOT values

considered in the determination of conversion parameters.
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Figure 3. Particle volume size distribution derived from column (tropospheric + stratospheric) AERONET observations at Punta Arenas,

the CEILAP-RG station, and Marambio in January 2020. In addition, size distributions for the well-identified stratospheric smoke layer

are shown, obtained from the inversion of lidar-derived optical properties (squares). Two of the AERONET size distribution (CEILAP-RG,

25 January, Punta Arenas, 8 January) show a weak coarse mode (bimodal shape of the spectrum), the other size distribution a dominating

accumulation mode (monomodal spectrum) in agreement with the lidar observations.

Figure 4. Comparison of different normalized particle volume size distributions highlighting the shift of the size distribution towards larger

particles as a function of travel time. The Canadian smoke over Yellowknife (orange), Churchill (red), and Lindenberg (pink) was observed

1, 3-4, and 10-11 days after injection of smoke into the UTLS regime. The Punta Arenas observation (blue) was taken after 10 days of long-

range transport. The stratospheric size distributions obtained from lidar observations match well with the respective observations at Punta

Arenas and Lindenberg, corroborating that the AERONET observations are dominated by AOT contributions from stratospheric smoke. The

mode radius shifted from 150-200 nm (Yellowknife) to 300-400 nm (Lindenberg) within the 10-day travel period.
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Figure 5. Lidar-derived normalized volume size distributions of stratospheric smoke particles found for Canadian smoke over Leipzig,

Australian smoke over Punta Arenas, and Siberian and Alaskan smoke over the North Pole region.
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Figure 6. Relationship between dust extinction coefficient σ (532 nm) and (a) volume concentration v, (b) surface area concentration s, and

(c) particle number concentration n250 for aged stratospheric Australian smoke observed over three AERONET stations. The slopes of the

dark lines indicate the mean increase of v, s, and n250 with σ defined by equations given in the different panels. The conversion factors

cv (a, Eq. 12, for monomodal cases), cs (b, Eq. 14), and c250 (c, Eq. 13) obtained from the correlations are also given as numbers. In (a),

we distinguish between conversion factors (and straight lines) for cases with size distributions showing a monomodal shape (solid circles,

thick line) and conversion factors considering all observations, i.e., by including the cases with bimodal shape (open symbols) of the particle

size distribution (thin line). Such a separation was not carried out in (b) and (c). Also shown are several lidar observations (stars in a and

b) of aged smoke layers in the free troposphere (Lindenberg) and in the UTLS region (Punta Arenas, North Pole) obtained by using the

multiwavelength lidar inversion technique.
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Figure 7. Same as Fig. 6 except for fresh and weakly aged stratospheric smoke observed over Yellowknife and Churchill in August 2017.

For comparison southern hemispheric stratospheric aged smoke observations as given in Fig. 6 are added (blue and green colors, including

thin straight lines representing the aged-smoke conversion factors).
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Figure 8. Same as Fig. 7 except for fresh and weakly aged smoke observations only. Besides the Yellowknife and Churchill AERONET

observations in August 2017, several lidar observations performed in well-defined and identified layers of fresh and weakly aged smoke in

the free troposphere (stars, Washington, USA, Manaus, Brazil) obtained from multiwavelength lidar inversion analysis are added. Recent

tropospheric smoke observations performed at the AERONET sites of Leipzig and Lindenberg on 12 September 2020 (after three-day travel)

are included as well (squares). Thick and thin straight lines are the same as in Fig. 7.
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Figure 9. Relationship between smoke extinction coefficient σ (532 nm) and particle number concentration n50 for the different AERONET

data sets (fresh smoke vs aged smoke). Clear differences for fresh and aged smoke are visible. More details in the text.

Figure 10. Smoke observation with lidar in the stratosphere over Punta Arenas on 29 January 2020 (see Fig. 1) in terms of particle extinction

coefficient σ and particle mass concentration M . Extinction coefficients were obtained by multiplying the respective backcatter coefficients

with a lidar ratio of 95 sr. Typical uncertainties of 25% and 35% in the extinction and mass retrievals, respectively, are shown as thin dotted

lines.
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Figure 11. Retrieval results for 29 January 2020 in terms of surface area s and particle number concentration n50 (proxy for CCN) with error

margins representing typical uncertainties (30% for s and a factor of 2 for n50).
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Figure 12. Retrieval results for 29 January 2020 in terms of INP concentrations nINP,I and nINP,D and large particle number concentration

n250 (considering particles with radius >250 nm). See text for more details of the INP computations in the case of immersion freezing

(blue and red profiles) and deposition nucleation (olive profiles). Different organic aerosol types (Leonardite, Leo, and a free tropospheric

aerosol, FTA, with smoke signatures, Table 3) are considered. The INP concentrations are estimated by assuming an air parcel lifting period

of 600 s (period of supersaturation expressed in ∆aw of 0.175 (low INP numbers) and 0.2 (high INP values)) and ice nucleation temperature

of −50◦C.

43

https://doi.org/10.5194/acp-2020-1093
Preprint. Discussion started: 23 November 2020
c© Author(s) 2020. CC BY 4.0 License.



Figure 13. CALIPSO lidar observations of a stratospheric smoke layer between 13.5–17.5 km height over New Zealand (35–42◦S ) on 1

January 2020 around 13:00 UTC (CALIPSO, 2020a). The plume was injected during a strong and long-lasting pyro-Cb event on 30-31

December 2019 (Ohneiser et al., 2020) and then ascended by several kilometers within the next 24-36 hours.

Figure 14. CALIPSO smoke observation in the stratosphere over New Zealand on 1 January 2020 in terms of (a) particle extinction coefficient

σ, mass concentration M , and (b) INP concentration estimates nINP,I and nINP,D (for the same conditions as assumed in Fig. 12, T =

−50◦C, ∆aw = 0.2). The lidar-derived input parameter is the shown surface area concentration s. The CALIPSO backscatter coefficients

were downloaded and averaged over the range from 35.3–40.5◦S (horizontal range of 500 km) (CALIPSO, 2020b) and then multiplied with

95 sr to obtain the extinction coefficients. Error margins are not given in this figures. The uncertainties are of the order of 25% (σ), 35% (M ),

30% (s), and 1-2 orders of magnitude (nINP). The conversion factors for fresh smoke in Table 4 were applied. See text for more details of

the computations of immersion freezing INP (red, blue) and deposition nucleation INP concentrations.
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Figure 15. Same as Fig. 13, except for a smoke observation over the Hudson Bay, Canada, about 400-500 km east of the Churchill AERONET

station on 15 August 2017, 18:30 UTC, about 66 hours after injection (CALIPSO, 2020a). The Churchill photometer measured AOTs from

1.2–1.6 at 500 nm in good agreement with the CALIPSO observation between 58-63◦N. The smoke plume was injected during the strong

and long-lasting pyro-Cb events on 12-13 August 2017.

Figure 16. Same as Fig. 14, except for the smoke observation over the Hudson Bay, Canada, on 15 August 2017, 18:30 UTC. Two 100 km

signal profile segments were selected and averaged (CALIPSO, 2020b). All data above 12 km were collected in the latitudinal range from

62.5-63.4◦N (88.5-89.1◦E), and all values below 11 km were collected in the latitudinal band from 58.2-59.0◦N (85.5-86.1◦E)). The down-

loaded and averaged backscatter coefficient profiles were multiplied with a smoke lidar ratio of 80 sr and then converted into mass and

surface area concentrations by using the fresh-smoke conversion factors. The INP estimation is performed as in Fig. 12.
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