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Knepp et al. (hereafter K21), focus on SAGE III/ISS multi-

spectral aerosol extinction data to assert the claim that 

pyrocumulonimbus-injected smoke makes a significant 

contribution to northern hemispheric stratospheric 

aerosol abundances in the same timeframe as the well-

recognized volcanic sulfate plume generated by the 

Raikoke eruption of June 2019. K21 rely on multi-

spectral aerosol-extinction ratio (and slopes derived 

therefrom) within plume measurements to discriminate 

between volcanic sulfates and smoke. They develop 



their thesis from SAGE III/ISS observations and a 

theoretical model, both showing a tangible difference in 

the spectral change in extinction between smoke and 

sulfate. They buttress their argument with cited 

statements about observed “large-scale pyroCb events” 

in spring 2019.  

 

K21 conclude that the Raikoke sulfate plume was 

substantially blended with pyroCb smoke for months. 

Their sulfate and smoke classification method resulted 

in smoke detections at all altitudes between 14-25 km 

altitude. These findings included the extraordinary 

result that smoke classifications exceeded sulfate 

classifications on a proportional basis up through 22 km 

in the “Raikoke Primary” plume, and between 22-24 km 

in the so-called “Raikoke Secondary” plume, according 

to their Table 3. They hypothesize that shortwave 

absorption by the smoke component was an ingredient 

in the apparent diabatic rise of the Raikoke plume. 

Consequently, the reader might infer a quantifiable 

smoke fraction from these data insofar as the smoke is 

responsible for the considerable diabatic lofting of the 

Raikoke sulfate plume. 



 

Such extraordinary conclusions require extraordinary 

evidence. Although K21 provide interesting SAGE III/ISS 

aerosol extinction patterns in the Raikoke timeframe 

and previously, their thesis and presentation are wholly 

unconvincing. It is demonstrable that a primary reliance 

on aerosol-extinction spectra in the visible-to-near IR 

realm for inferring aerosol composition is ill advised. In 

short, SAGE-type aerosol extinction ratio is under 

constrained for such purposes. This is made obvious by 

invoking Thomason et al. (2021), (hereafter T21) who 

blended SAGE II and SAGE III/ISS extinction-ratio data in 

an exploration of 10 stratospheric volcanic sulfate 

plumes. Not only did T21 treat the Raikoke-season 

aerosol as an exclusively sulfate composition, they 

showed that sulfate-plume extinction spectra occupied 

a range of values enveloping K21’s smoke 

characteristics. T21’s summary Figure 8 showed that 

volcanically perturbed sulfate .5-1.0 micron extinction 

ratios ranged by a factor of 3-5 among the 10 plumes 

they analyzed. These 10 events displayed an equally 

likely positive and negative transition from background 

to perturbed extinction ratio.  Taking T21 and K21 

together, it became evident to me that SAGE smoke-



plume visible-NIR extinction spectra fall within the wide 

range of observed sulfate-plume extinction spectra. I 

can only conclude that I misunderstood the 

arguments/findings of K21 (and the earlier T21) or that 

the premise is fundamentally weak. If the first 

conclusion applies, I would recommend a thorough 

clarification of K21’s fundamentals and reconciliation 

with T21. If the second conclusion applies, this work 

does not merit publication. 

 

K21 contains additional major weaknesses that would 

need to be addressed for this theme to merit 

publication. They are elaborated on below. 

 

Major Issues 

 

Figure 1. This sets the stage by displaying 4 

stratospheric aerosol layers that K21 attribute to 

Raikoke. If the date and latitude/longitude coordinates 

of the 4 profiles are accurate, 3 of the 4 layers are not 

Raikoke material. K21, elsewhere in the manuscript, 

correctly state that by the time of those profiles the 



Raikoke plume had not advanced to 3 of the 4 positions 

(eastern Atlantic to Europe). Only the profile in Figure 

1d is in a location (Canada) consistent with the 

spreading Raikoke plume. Panels a-c show smoke layers 

connectable to a Canada pyroCb in mid-June 2019. This 

is a major concern only in that it demonstrates an 

internal inconsistency, introduces the reader to 3 

misleading profiles, and combines sulfate and smoke 

profiles under a single sulfate banner. If this figure is to 

be retained, K21 are encouraged to re-select profiles for 

display and rigorously qualify them based on convincing 

complementary data (such as maps of Raikoke SO2).  

 

Line 95. “A unique combination of volcanic and pyroCb 
events occurred in 2019 when the eruption of Raikoke 
was preceded by pyroCb events in Canada and Russia.” 
K21’s characterization is inaccurate. There was nothing 
unique about 2019. PyroCbs occur every year. They 
were also abundant/notable in 1991, 2008, 2009, and 
2011, when Pinatubo, Kasatochi, Sarychev Peak, and 
Nabro created massive sulfate plumes. Indeed Fromm 
et al. (BAMS, 2010) pointed out a significant pyroCb 
injection in summer 1991 that was sampled by SAGE II, 
and may have been a contributor to the “new mode” of 



aerosol particle sizes suggested by SAGE II extinction 
spectra that year (Thomason, 1992). K21 are correct in 
recognizing that the co-presence of smoke and sulfate 
presents a measurement-interpretation challenge—in 
2019 and other years. The realization that smoke has 
been on multiple occasions a non-negligible neighbor of 
stratospheric sulfates, and T21’s illustration of broad 
ranges in visible-NIR extinction spectra in volcanic 
plumes (and volcano-pyroCb blends), heightens the 
improbability that SAGE-like extinction spectra alone 
are sufficient for particle-type attribution. For these 
reasons, K21 are advised to invoke complementary 
satellite data toward a more convincing discernment 
between volcanic and pyroconvectively sourced plume 
compositions based on SAGE data. 
 
Section 4. In this section K21 present a theoretical 
approach to understanding Vis-NIR extinction spectra 
for absorbing and scattering media. Smoke and sulfate 
are distinguished solely on the basis of the spectral 
variation of refractive index. This is interesting and 
informative. However, K21 state explicitly that their 
theoretical construct is “…in no way intended to be 
representative of actual conditions.” This can be seen as 
a major weakness in that Figure 3b shows that an 
effective radius disparity between brown carbon and 



sulfate can be as small as ~10 nm for an equal slope of -
1.5, ~25 nm for -1.0, and 60 nm for -0.5. One can infer 
from the work of T21 (their Fig. 8) that the range of 
effective radius for a variety of sulfate plumes is quite 
large, perhaps exceeding 60 nm. Given the paucity of 
information on stratospheric smoke-plume and sulfate-
plume mode radius, and the reasonable expectation of 
systematic differences, it seems absorption systematics 
might be potentially inconsequential in the case of 
certain “actual conditions.”  In short, the theoretical 
experiment offers only one real-life particle-population 
systematic when others (to wit, particle size) will likely 
muddle plume distinction. If this paper is to rely 
strongly on theoretical underpinnings, the simulations 
must be multi-faceted. 
 
Section 7.1. K21 state “…there were two pyroCb events 
in the northern hemisphere during the summer of 
2019…” and cite Kloss et al. (2021), Vaughan et al. 
(2021) and Bachmeier (2019). Neither Kloss et al. nor 
Vaughan et al. provide concrete details of any pyroCb 
event; neither goes much farther than to claim that 
pyroCbs occurred in Canada and Russia. No information 
is provided on the massiveness of these injections, a 
crucial element. The Bachmeier citation refers to a blog 
post about a pyroCb in eastern Siberia on 30 April 2019. 



It is known, and can be gleaned from the Bachmeier 
post, that that pyroCb is highly unlikely to have been a 
major contributor to the stratospheric aerosol burden. 
Moreover, it occurred seven weeks prior to the Raikoke 
eruption. If this was considered a candidate for all the 
smoke K21 detected in 2019, it is incumbent on them to 
investigate that event much more deeply and 
quantitatively. The same goes for the Canada pyroCb 
event. K21 rightfully acknowledge that the pyroCb 
action in 2019 did not match noteworthy pyroCb events 
such as the ones in British Columbia, 2017, and 
Australia in 2019/20. These, and a few others, were 
quantitatively massive, long lasting, and involved 
stratospheric plume lofting to the altitudes of the 
Raikoke plume in 2019. Presumably, any pyroCb that 
would have made a suitable contribution to 
stratospheric smoke in 2019 would be easy to identify. 
Relying exclusively on the vague information and 
citations provided herein is insufficient to buttress the 
extraordinary claims made by K21. In truth, there were 
in excess of 30 boreal pyroCbs in 2019. Some occurred 
prior to the Raikoke eruption, and several occurred 
thereafter. At least three were demonstrably large 
enough to create traceable intercontinentally 
transported plumes. Evidence of one of these plumes 
was inadvertently demonstrated by K21 in Figure 1. 



Hence, as in the Pinatubo summer of 1991, it is likely 
that stratospheric smoke was competing with Raikoke 
sulfates. But as argued above, this implies an obligation 
to apply much greater rigor in composition 
determination, necessarily involving several additional 
complementary data sets. SAGE data alone are 
insufficient. K21 are encouraged to either challenge that 
assessment or radically bolster their data analysis. 
 
An example of the above suggestion was demonstrated 
by Cameron et al. (2021), who combined profile 
retrievals of SO2 and aerosol extinction in an 
examination of several stratospheric volcanic plumes, 
one of which was Raikoke. By exploiting coincident 
volcanic-gas and aerosol profiles, they presented a first-
order confirmation of sulfate particulate matter. In the 
case of Raikoke, Cameron et al. demonstrated close 
association of SO2 and aerosol enhancements in what 
K21 consider the “Raikoke Primary” and “Raikoke 
Secondary” plumes. This of course does not rule out 
some minor influence of biomass-burning-generated 
aerosol, but it clearly shows a picture of volcanic 
material over the altitude/zonal/temporal range 
examined by K21. Presumably, if K21’s assertion of 
smoke-dominant presence is verifiable, complementary 
data embodying biomass burning signatures such as 



carbon monoxide would aid in identifying a 
sulfate/smoke blend. To make their case, K21 are 
encouraged to leverage data sets such as ACE-FTS and 
Aura Microwave Limb Sounder (e.g. 
https://acp.copernicus.org/articles/21/16645/2021/ 
in addition to CALIOP (exploiting its depolarization ratio 
data item). 
 
Table 3. Canada. The breakdown between sulfate and 
smoke shows that sulfates represent more than 12% of 
stratospheric aerosol enhancements at all altitudes, and 
dominate at 23-25 km. Whereas boreal pyroCbs occur 
every year, extratropical volcanic events of VEI=4 do 
not. To my knowledge, there was no 2017 boreal 
volcanic eruption.  K21 do not cite any evidence of such 
an eruption. Thus, what is the rationale for assigning 
such an overwhelming number of SAGE observations to 
sulfate, especially at altitudes >22 km? Unless there is 
to be a claim of an unpublished, suspected volcanic 
eruption that year, it does not seem logical to 
categorize any SAGE measurements as sulfate. More 
logically, these are an indication of smoke that overlaps 
into sulfate extinction-spectra space, or simply 
uncertain. Please justify classifying any of the 2017 
aerosol enhancements as sulfate. 
 

https://acp.copernicus.org/articles/21/16645/2021/


Section 7.1, Lines 367-369. Indeed, it is true that there 
were no 2019 pyroCbs in the class of the 2017 Canada 
and 2019/20 Australian events. Then how to explain 
smoke rising to 25 km and lasting 7 months? Except for 
citing Kloss, Vaughan, and Bachmeier, no attempt is 
made to assess the magnitude of the 2019 pyroCb 
plumes to determine if they had the ingredients to 
generate such a lasting and self-lofting plume. It seems 
as if the authors are satisfied that the information 
presented in the cited works makes it self-evident. 
Either the 2019 pyroCbs had sufficient heft to exert the 
extraordinary impact reported by k21 or they didn’t, in 
which case a novel interplay between sulfates and 
smoke occurred. K21 should undertake a more rigorous 
2019 pyroCb survey and, depending on their finding, 
offer a cogent explanation for the processes that 
support their high-altitude, persistent smoke+sulfate 
anomaly.  
 
Line 436, 437. “Unfortunately comparison with CALIOP 
was not possible for the secondary plume.” K21 have 
missed a strategic opportunity to fully exploit CALIOP to 
help inform the sparser SAGE data at low latitudes. 
SAGE coincidences are not necessary determine the 
likelihood of smoke by way of CALIOP data. CALIOP 
depolarization ratio data are abundant from low to high 



latitude and throughout the life of the Secondary 
plume. It would be straightforward and advisable to 
analyze depolarization ratio for low- and high-latitude 
stratospheric layers to see if there is support for smoke. 
 
 Minor Concerns 
 
Introduction, starting at Line 46. The next two 
paragraphs are interesting and well composed. But how 
relevant is this background to the issue at hand? I 
encourage k21 to prune the material here to improve 
the focus on the volcanoes in the satellite era.  
 
Line124-126. What is the benefit of interpolating to 520 
nm versus just adopting either 455 or 755 nm channels 
for analysis? I.e. what is special about 520 nm?  
 

Line 137-138. A citation is needed for the range of 
injection altitudes, especially “19 km.” 
 
Line 138; callout of Fig. 1. Please see my previous 
comment about Fig. 1 and modify this sentence 
accordingly. 
 



Line 288-289. “Both depolarization ratio and the VFM 
were used herein to corroborate the identification of 
sulfuric acid aerosol and smoke within the SAGE data.”  
That was apparently not done for Fig. 1. CALIOP near 
coincidences are available and show the requisite 
depol. ratio for smoke. When reworking Fig. 1 and the 
attendant discussion, please include CALIOP 
coincidences. 
 
Section 4. This is where K21 introduce the idea of a 
calculated slope as an alternative to extinction ratio. 
But I could not find where they precisely defined how 
slope was calculated. This would be essential for 
readers who would like to replicate K21’s method and 
results. Please elaborate on the slope calculation. 
 
Line 434, 435. The physical process described here is 
confusing and unclear. Smoke was shed from what? 
What is the cited precedent for smoke acquiring 
sulfate? 
 
 

References 

 



Cameron, W., P. Bernath, C. Boone, Sulfur dioxide from 

the atmospheric chemistry experiment (ACE) satellite, 

Journal of Quantitative Spectroscopy and Radiative 

Transfer, Volume 258, 2021, 107341, 

https://doi.org/10.1016/j.jqsrt.2020.107341. 



Identification of Smoke and Sulfuric Acid Aerosol in SAGE III/ISS
Extinction Spectra Following the 2019 Raikoke Eruption
Travis N. Knepp1, Larry Thomason1, Mahesh Kovilakam2,1, Jason Tackett1, Jayanta Kar2,1,
Robert Damadeo1, and David Flittner1

1NASA Langley Research Center, Hampton, Virginia 23681, USA
2Science Systems and Applications, Inc. Hampton, Virginia 23666, USA

Correspondence: Travis N. Knepp (travis.n.knepp@nasa.gov)

Abstract. The 2019 eruption of Raikoke was the largest volcanic eruption since 2011 and it was coincident with 2 major

wildfires in the northern hemisphere. The impact of these events was manifest in the SAGE III/ISS extinction coefficient

measurements. As the volcanic aerosol layers moved southward, a secondary peak emerged at an altitude higher than that

which is expected for sulfuric acid aerosol. It was hypothesized that this secondary plume may contain a non-negligible amount

of smoke contribution. We developed a technique to classify the composition of enhanced aerosol layers as either smoke or5

sulfuric acid aerosol. This method takes advantage of the different spectral properties of smoke and sulfuric acid aerosol, which

is manifest in distinctly different spectral slopes in the SAGE III/ISS data. Herein we demonstrate the utility of this method

using 4 case-study events (2018 Ambae eruption, 2019 Ulawun eruption, 2017 Canadian pyroCb, and 2020 Australian pyroCb)

and provide corroborative data from the CALIOP instrument before applying it to the Raikoke plumes. We determined that, in

the time period following the Raikoke eruption, smoke and sulfuric acid aerosol were present throughout the atmosphere and10

the 2 aerosol types were preferentially partitioned to higher (smoke) and lower (sulfuric acid) altitudes. Herein, we present an

evaluation of the performance of this classification scheme within the context of the aforementioned case-study events followed

by a brief discussion of this method’s applicability to other events as well as its limitations.

1 Introduction15

Located on the Kuril archipelago, Raikoke (48.3◦N, 153.3◦E) is a volcanic island that has a history of moderately-sized

eruptions that have been recorded over the last 200 years (Tanakadate, 1925; Newhall and Self, 1982; Rashidov et al., 2019).

The 22-June, 2019 eruption was the largest volcanic eruption since 2011 (Puyehue-Cordón Caulle) and injected ≈1.5 Tg of

sulfur dioxide (SO2) into the lower stratosphere (Muser et al., 2020; de Leeuw et al., 2021). While the Raikoke eruption is

interesting by itself, the time period surrounding the eruption is of particular interest because of coincident large wildfires20

in Russia and Canada (Kloss et al., 2021; Vaughan et al., 2021), resulting in the presence of smoke and volcanically derived

material being present in the northern hemisphere’s (NH) lower stratosphere at the same time. To better appreciate the recondite
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synergistic significance of these events we have constructed this introduction in such a way as to inform the novice without

distracting the cognoscenti. To this end, we will first put the magnitude of the Raikoke eruption into context with other eruptions

followed by a brief discussion of the atmospheric impact of large wildfires. Finally, we will discuss the scientific interest of25

these coincident events for the current study and our motivation in conducting this study.

Stratospheric aerosol consists of submicron particles (Chagnon and Junge, 1961) that are composed primarily of sulfuric acid

and water (Murphy et al., 1998) and play a crucial role in atmospheric chemistry and radiation transfer (Pitts and Thomason,

1993; Kremser et al., 2016; Wilka et al., 2018). Background stratospheric sulfuric acid is supplied by chronic, natural, emission

of OCS (carbonyl sulfide), CS2 (carbon disulfide), DMS (dimethyl sulfide), and SO2 (sulfur dioxide), from both land and ocean30

sources (Kremser et al., 2016). The total amount of sulfur in the stratosphere is strongly modulated by volcanic activity. In the

past few decades, this has most notably been the result of a few events like Pinatubo and El Chichón (McCormick et al., 1995).

However, even relatively small events have been shown to impact stratospheric aerosol radiative forcing (Vernier et al., 2011),

thus affecting climate and chemistry.

Volcanic eruptions have the potential to significantly change the atmosphere in several ways including changes in chemical35

composition, atmospheric dynamics, synoptic weather patterns, and radiation transfer. To facilitate comparison of volcanic

events from a geological perspective, the Volcanic Explosivity Index (VEI) was developed by Newhall and Self (1982) and

was later refined by Pyle (1995). While the VEI scale provides meaningful information for geologists (i.e., mass and volume

of ejecta as well as rate of ejection), it retains little value for atmospheric scientists who are interested in what was ejected

(e.g., SO2, which is converted to sulfuric acid aerosol, as opposed to lava, rocks, and ash) and where the ejected material went40

(i.e., troposphere vs. stratosphere). However, the VEI scale remains in use by these scientists until a more meaningful scale is

developed, ideally one that takes into consideration the climactic impact of these eruptions.

The VEI scale is based primarily on the volume of ejected tephra (solid material, not including gases) as described by Eq. 1

where V is the ejecta volume in cubic meters.

VEI = log10(V )− 4 (1)45

Therefore, for every integer step on the VEI scale the amount of ejecta increases by a factor of ten, making the largest eruptions

(VEI >= 5) truly massive with ejecta volume on the order of cubic kilometers. To better appreciate the magnitude of the largest

events the reader is encouraged to consider a few points: 1. the frequency of eruptions decreases approximately logarithmically

as a function of VEI (VEI-7–8 occurring every 1000–2000 years), 2. on average, eruptions of a given VEI eject ≈40% more

ejecta than an eruption on the next smaller VEI, 3. on average, eruptions with VEI-7 or VEI-8 are responsible for ≈50% of the50

total ejecta mass, ejecta volume, and thermal energy flux over the last 1000 years (Pyle, 1995).

The largest eruption within the last 500 years was the Mount Tambora eruption of 1815 (VEI-7), which released enough

sulfur dioxide (SO2), which was quickly converted to sulfuric acid aerosol in the stratosphere, to cool the northern hemisphere

by up to 2 K. This resulted in the 1816 “year without summer” (Stothers, 1984; Schurer et al., 2019). Probably the best known

eruption in recent history is the 1991 eruption of Mount Pinatubo (VEI-6), which resulted in a global temperature change of -155

K and changed the stratospheric aerosol levels for 7–9 years (Deshler et al., 2003; Santer et al., 2014). Therefore, despite being

2
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relatively rare, large eruptions have a significant impact on short-term atmospheric chemistry and physics. However, it is not

just large eruptions that influence atmospheric chemistry and radiative transfer. On the contrary, it has has been demonstrated

that chronic eruptions of small volcanoes (VEI-3–4) play a measurable role as noted by Vernier et al. (2011), making them

relevant to atmospheric chemistry and climate studies. While these eruptions lack the volume of their larger siblings, they60

make up for the difference in eruption frequency with VEI-3 eruptions taking place 4–5 times per year and VEI-4 eruptions

occurring every 1-2 years. This results in a continual injection of SO2, and sometimes ash, into the lower stratosphere and

free troposphere, sometimes with devastating consequences. Possibly the most damaging eruption in this class was the Laki

eruptions of 1783 (VEI-4) that consisted of both violent eruption events that resulted in plume heights of 15 km, and less-violent

ejection of lava and gases that resulted in a volcanic fog (commonly referred to as vog). Continuing for 8 months, the Laki65

eruptions released a total of ≈120 Tg of SO2, most of which remained within the troposphere (Thordarson and Self, 2003). To

put this release of SO2 in perspective, consider that the 1991 Pinatubo eruption (VEI-6) released only 20–30 Tg of SO2 (Bluth

et al., 1992; McCormick et al., 1995) and the 1815 eruption of Tambora (VEI-7) released ≈100 Tg of SO2 (Pinto et al., 1989).

Given the magnitude of SO2 released, it is not surprising that the Laki eruption was responsible for the Icelandic “haze famine”

wherein 20–25% of the Icelandic population died of starvation along with ≈60% of the grazing livestock (Thordarson and70

Self (1993, 2003) and references therein). This vog was also observed over England and Europe, possibly contributing to up

to 20,000 additional deaths in England (Witham and Oppenheimer, 2004). While the loss of life has been attributed mainly to

direct exposure to volcanic gases, it has been suggested that the stratospheric injections had significant climatological impact

resulting in an unusually-cold winter throughout the entire northern hemisphere (Thordarson and Self, 2003). Though the

extent of the climatological impacts have been called into question (D’Arrigo et al., 2011), the Laki eruptions serve as a prime75

example of how smaller eruptions can have significant impact on both life and climate.

Another source of stratospheric aerosol that has become significant over the past decade is large-scale, intense-burning,

wildfire events that generate pyrocumulonimbus clouds (pyroCbs, also referred to as cumulonimbus flammagenitus), which

were originally hypothesized to only exist as a product of nuclear explosions (Turco et al., 1983). These fires burn with sufficient

intensity to form a cumulonimbus cloud and inject smoke and volatile organic compounds directly into the stratosphere (Fromm80

et al., 2006, 2010) on a scale comparable to a volcanic eruption of VEI-3–4 (Peterson et al., 2018). The largest pyroCbs on

record are the 2017 Canadian and 2020 Australian wildfires, both of which injected between 0.1 and 0.9 Tg of aerosol into the

lower stratosphere (Peterson et al., 2018; Yu et al., 2019; Kablick III et al., 2020).

These biomass burning events release black and brown carbon aerosol, which is carried into the stratosphere. Unlike sulfuric

acid aerosol, black and brown carbon absorbs solar radiation causing it to heat throughout the day. Due to this diabatic heating,85

the density of the air mass immediately around the particles decreases, thereby lofting the smoke plume to higher altitudes,

well past the initial injection height and independent of the general atmospheric circulation (Yu et al., 2019). This lofting

effectively transports the chemical environment present in the lower atmosphere to higher altitudes, which can act as a tracer

for pyroCb injections, as was demonstrated for the 2019/2020 Australian wildfires (Kablick III et al., 2020). Further, displacing

the background stratospheric air with air that differs chemically and radiatively can also alter synoptic meteorology (Kablick III90
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et al., 2020). Therefore, while pyroCbs lack the eruptive power of volcanic events, they have the potential to play a substantive

role in short-term ground-level air quality (Johnston et al., 2020) as well as stratospheric chemistry and dynamics.

Given the broad impact of these two event types, and the fact that they influence the atmosphere in distinctly different ways,

it is necessary to be able to distinguish between the two.

A unique combination of volcanic and pyroCb events occurred in 2019 when the eruption of Raikoke was preceded by py-95

roCB events in Canada and Russia. This coincidence presented both a scientific opportunity as well as measurement challenges.

Raikoke injected SO2 and ash to a peak altitude of ≈15 km (Thomason et al., 2021), resulting in an SO2 column density in

excess of 900 Dobson units (Hedelt et al., 2019) and an overall mass load of ≈1.5 Tg (Muser et al., 2020; de Leeuw et al.,

2021). This plume was transported to the northeast then down the western seaboard of North America before circling the globe

(Hedelt et al., 2019; Chouza et al., 2020; Kloss et al., 2021; Vaughan et al., 2021). Herein we will show that part of the plume100

broke off from the main plume and continued to rise as it migrated equatorward, contrary to what has been previously observed

for sulfuric acid aerosol, but is more typically associated with smoke. The working hypothesis is that this secondary plume

consisted of wildfire smoke. The question we sought to answer is whether a positive identification of smoke in the secondary

plume could be obtained using data from the Stratospheric Aerosol and Gas Experiment III aboard the International Space

Station (SAGE III/ISS, hereafter referred to as SAGE). To this end, we present a method of distinguishing between sulfuric105

acid aerosol and smoke in the stratosphere that uses the SAGE extinction spectra. We discuss limitations of this methodology,

namely that it is limited to moderately-sized eruptions (VEI ≤5) and large-scale pyroCb events as detailed below.

2 Instrumentation

2.1 SAGE III instrument and data preparation

SAGE is a solar and lunar occultation instrument (Cisewski et al., 2014) that is installed on the ISS and has a data record that110

began in June 2017. The spectrograph sub-system has a spectral range that extends from 280 to 1040 nm and has a resolution of

1-2 nm. In addition to the spectrograph there is an InGaAs photodiode at 1550 nm. The ISS orbit is inclined at 51.6◦, resulting

in more observations at midlatitudes than at tropical latitudes as shown by Knepp et al. (2020).

The version 5.2 SAGE data were used in this analysis. The standard products include the number density of gas-phase species

for both solar (O3, NO2, and H2O) and lunar (O3, NO2, and NO3) observations, as well as aerosol extinction coefficients (385,115

450, 520, 600, 675, 755, 870, 1020, 1550 nm; referenced as kλ) for solar occultations. The v5.2 release differed from v5.1

in that vertical smoothing for all products, except H2O, was turned off to provide data at the highest vertical resolution. In

this study, the extinction coefficients were filtered to remove data with relative errors in excess of 20% followed by vertical

smoothing using a 1-2-1 binomial average to yield a vertical resolution consistent with previous SAGE missions (i.e., 0.75

km, reported every 0.5 km). Finally, the data were limited to altitudes between 2 km above the tropopause (as reported by the120

Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) model) and 30 km.

The 520, 600, and 675 nm extinction coefficients had a low bias as demonstrated by Wang et al. (2020) for the v5.1 product,

and remains present in the v5.2 product. The bias is more prominent at mid-latitudes and altitudes between 20 and 25 km, and

4
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is likely the product of ozone interference in the retrieval algorithm. Therefore, k520 was replaced by applying an Ångström

(power law) correction as described by Eq. (2) where k is the extinction coefficient at the subscripted wavelength.125

logk520 =
log

(
k450
k755

)
· log

(
520
755

)

log
(

450
755

) + logk755 (2)

2.2 CALIOP

The Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument is a space-borne elastic backscatter lidar that has

been orbiting the earth in the A-train constellation since 2006 (Winker et al., 2010). In September 2018 the orbit was lowered

by 16.5 km to correspond to the orbit of CloudSat which. The onboard Nd:YAG laser emits polarized radiation at 1064 nm130

and 532 nm. The total backscatter at 1064 nm and both parallel and perpendicular backscatter at 532 nm provides information

on the size and shape of the scattering particles. We used data from the version 4.2 product, which has improved calibration

particularly suitable for stratospheric studies (Kar et al., 2018; Getzewich et al., 2018; Kim et al., 2018). We also used the

level 3 stratospheric aerosol product, which provides aerosol extinction and attenuated scattering ratios in the stratosphere at

5◦(latitude), 20◦(longitude), and 900 m (vertical) resolution (Kar et al., 2019).135

3 The Raikoke plumes

The 22-June, 2019 eruption of Raikoke was rated a VEI-4 that injected SO2 and ash directly into the stratosphere (between 13

and 19 km). The SAGE instrument observed enhanced extinction layers within one week of the eruption (Fig. 1). The immediate

increase in extinction was ≈8-9 times the background conditions, and the stratosphere remained in a non-background state

throughout the remainder of 2019 and into 2020. Figure 2 shows the monthly zonal mean extinction coefficient at 1550 nm140

(k1550) and extinction ratio between the 520 nm and 1550 nm channels (k520 : k1550) from SAGE as well as the attenuated

scattering ratio from CALIOP. The progression of enhanced extinction is seen in panels a-f of Fig. 2. Beginning in July, the

extinction coefficient increased between 11 and 13 km and is attributed to Raikoke. No significant enhancement was observed

in June because these figures present monthly zonal means and the eruption occurred late in the month, effectively averaging

out any enhancement that was detected in the SAGE data. Subsequent months showed significant enhancement as well as how145

this enhanced layer was transported southward, which is better seen in the extinction ratio plots (panels g-l) and attenuated

scattering ratio from CALIOP (panels m-r).

What stood out in Fig. 2, panel (d), was the presence of an enhanced layer at ≈23 km. The initial ascent of this “secondary

plume” might be seen as early as August (c) and remained visible in the extinction coefficient plots for the remainder of the

year. The extinction ratio plots (panels g-r) as well as the attenuated scattering ratio plots (panels m-r) more readily show150

the persistence of this layer through November. Historically, extinction ratios have used the 1020 nm channel as reference.

However, here we used the 1550 nm channel as reference because this enhanced the contrast between the enhanced layers and

background, resulting in a more prominent contrast. It is because of this heightened contrast that the 1550 nm channel was

used for reference throughout the remainder of this analysis.
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A possible reason for the lofting of this layer could be diabatic heating as has been demonstrated for smoke in previous155

wildfires (Boers et al., 2010; de Laat et al., 2012; Yu et al., 2019). Per this hypothesis, as the Sun shone through this portion

of atmosphere, particles within the secondary plume absorbed the incoming solar radiation, which resulted in the air mass

heating, thereby decreasing its density, which resulted in further lofting until equilibrium was reached. Though this scenario is

not unreasonable for an absorbing aerosol, this is unexpected behavior for weakly-absorbing species like sulfuric acid aerosol

and is generally not observed in association with the mid and high-latitude eruptions of the past. Below 2 µm, the imaginary160

component of sulfuric acid’s refractive index is effectively zero (i.e., ≪1E-5; Palmer and Williams (1975)), precluding the

level of absorption required for subsequent heating/lofting. However, this behavior would be consistent with absorbing parti-

cles typically found in smoke from biomass burning events that occasionally inject black and brown carbon directly into the

stratosphere during pyroCb events. Therefore, we hypothesized that smoke was present in the stratosphere during the Raikoke

eruption and that this smoke layer lofted up to ≈25 km as it circulated the globe and migrated southward as demonstrated in165

Chouza et al. (2020).

Figure 1. SAGE extinction coefficient profiles at 3 wavelengths showing the Raikoke plume between 12 and 14 km.

4 Evaluation of smoke and sulfuric acid extinction spectra from Mie theory

In order for the ascending air mass to be diabatically heated there must be an absorbing species present and we hypothesized

that this absorbing species is black and brown carbon found in smoke from coincident wildfires in Siberia and western Canada.

While the composition and spectral characteristics of smoke are highly variable (Bergstrom et al., 2002; Müller et al., 2005;170

Park et al., 2018; Kozlov et al., 2014; Womack et al., 2021), there is commonality between burning events in that the real

component of the refractive index is spectrally flat and the imaginary component is variable (both behaviors being significantly

different from sulfuric acid aerosol). Therefore, it is reasonable that the extinction spectra (extinction coefficients or extinction

ratios as a function of wavelength) for smoke and sulfuric acid aerosols would differ significantly and that this difference may

be useful in distinguishing between the two aerosol types.175

As an initial test of this hypothesis we used Mie theory to calculate extinction coefficients at SAGE wavelengths for sulfuric

acid aerosol and smoke. The primary challenge in carrying out this simulation is the highly-variable nature of smoke’s refractive
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Figure 2. Zonal monthly mean of 1550 nm extinction coefficients (panels a-f), 520:1550 extinction ratio (panels g-l), and attenuated scattering

ratio from CALIOP (panels m-r). The solid black line indicates the average tropopause altitude and the dashed black line indicates Raikoke’s

latitude.

index, which is dependent on fuel source, burn temperature, humidity, age, etc. Further, smoke in the stratosphere is aged and

its composition has likely changed during its transport due to ongoing chemistry (Yu et al., 2019). Therefore, the likelihood of

this smoke’s refractive index being consistent with the refractive index measured from aircraft or laboratory settings is small.180

To our knowledge there have been no refractive index measurements for stratospheric smoke. Therefore, we used two sets of

smoke refractive indices to span the range of reasonable refractive index values. The Bergstrom et al. (2002) refractive indices

are representative of black carbon (BC) that comes from complete combustion, and the Sumlin et al. (2018) refractive indices

are representative of brown carbon (BrC) smoke from biomass burning events (see Table 1 for values). While it is unlikely

that stratospheric smoke is composed of BC and is more likely composed of BrC, this selection of refractive indices provides185

reasonable bounds, covering all potential values, within this simulation.
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The simulation consisted of two parts: 1. assume a lognormal distribution with constant mode radius (200 nm) and distri-

bution width (1.5) to visualize the expected extinction spectrum; 2. assume a lognormal distribution with constant distribution

width (1.5) and variable mode radius (40–500 nm) to visualize how the slopes changed as a function of particle size. The

results of this simulation are presented in Fig. 3 wherein it is observed that the two species have different spectral behavior for190

extinction coefficients (panel a) and that the slopes were consistently different for small particle sizes. We emphasize that this

model is very simple, contains multiple assumptions, and presents a general relationship that is in no way intended to be rep-

resentative of actual conditions. Certainly, changing the smoke refractive indices from BC to BrC values significantly changed

the extinction spectrum as well as the spectral slopes with the BrC slopes remaining significantly different from sulfuric acid

(≈2x smaller). However, the model remains robust as a general guide for providing a testable hypothesis. While the details195

of the size distribution, refractive indices, and number densities can modulate the differences in the slope, this has no impact

on the subsequent analysis. Finally, we note that, as shown in panel (b) of Fig. 3, when particle sizes become large the slopes

become less distinguishable because of the convergence of extinction coefficients at large particle sizes (as demonstrated by

Thomason (1992) and Thomason et al. (2008) using extinction ratios). The consequence of this is that the current method is

not applicable to large eruptions, such as the 1991 eruption of Mt. Pinatubo, which result in the formation of large sulfuric acid200

particles. The intent of this simulation is solely to demonstrate that smoke will have flatter spectra than sulfuric acid aerosol

that is the product of small to moderate volcanic eruptions.

λ (nm) Sulfuric Acid BC BrC

385 1.448 + 0i 1.75 + 0.50i 1.55 + 1.0E-2i

450 1.434 + 0i 1.75 + 0.50i 1.55 + 4.4E-3i

520 1.431 + 0i 1.75 + 0.50i 1.55 + 2.6E-3i

600 1.430 + 6.38E-9i 1.75 + 0.50i 1.55 + 2.0E-2i

675 1.429 + 1.70E-8i 1.75 + 0.50i 1.55 + 2.0E-2i

755 1.427 + 7.59E-8i 1.75 + 0.65i 1.55 + 2.0E-2i

870 1.425 + 1.91E-7i 1.75 + 0.65i 1.55 + 2.0E-2i

1020 1.421 + 1.51E-6i 1.75 + 0.75i 1.55 + 2.0E-2i

1550 1.403 + 1.42E-4i 1.75 + 0.90i 1.55 + 2.0E-2i

Table 1. Complex refractive indices for smoke and sulfuric acid used in the Mie simulations. The smoke refractive index values were based

on data collected by Bergstrom et al. (2002) for BC and Sumlin et al. (2018) for BrC. Sulfuric acid refractive index values are from Palmer

and Williams (1975).

What stood out most in this simulation was the stark contrast between the sulfuric acid and smoke aerosol types; i.e., the

difference in how rapidly the extinction coefficients changed with wavelength. Indeed, the sulfuric acid values changed more

rapidly than those for smoke, indicating that, when sulfuric acid aerosol is the predominant aerosol type, the overall slope of the205

extinction spectrum will be much larger (i.e., more negative) than when the atmosphere is laden with smoke. This distinction
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Figure 3. Spectra of extinction coefficients (normalized to 1) as a function of wavelength (a) and spectral slope as a function of mode radius

(b) from the Mie theory simulation.

provides a testable hypothesis to determine, preliminarily, the viability of separating smoke and sulfuric acid aerosol in real-

world data. To this end, data collected during the four case-study events listed in Table 2 were used to see, broadly speaking,

whether the different events showed consistent spectral differences. Data were selected for each event by truncating the data

record to include profiles collected within ±5◦ latitude of the event, and included data collected one month prior to, and three210

months after, the event (a four-month window) from 14–25 km. The extinction ratios (a proxy for spectral slope) for these four

events are presented as a function of k1020 in Fig. 4.

Similar to the theoretical work (Fig. 3), the two volcanic events in the SAGE data (Fig. 4, panels a and b) showed very

different behavior from the wildfire events (panels c and d). On one hand, as k1020 increased for the volcanic events the

extinction ratio increased slightly, though it remained mostly unchanged, suggesting that both the composition and mean size215

of the optically important aerosol has remained unchanged from background (following Thomason et al. (2021)). On the other

hand, the extinction ratios for the wildfire events had distinctly different behavior, quickly merging to smaller values (<10) as

the extinction coefficient increased. This figure demonstrates that the measured extinction ratios behave as expected from the

model and that, at least preliminarily, the two event types can be distinguished.

At this point we must reiterate the caveat that this holds true only for small or moderate eruptions and would not be applicable220

to larger eruptions such as the 1991 eruption of Mt. Pinatubo. Eruptions that inject large amounts of SO2 into the stratosphere,

like Pinatubo, have been observed to rapidly produce extinction ratios indistinguishable from water clouds and presumably
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smoke. This process involves the conversion of SO2 to gaseous sulfuric acid (e-folding time of ≈30 days) which then either

deposits on to existing aerosol or nucleates to form many small particles that coagulate to form optically large aerosol. Indeed,

the first SAGE II observations of the main Pinatubo plume (when transmission was not saturated) showed a 525 to 1020 nm225

extinction coefficient ratio of essentially 1 (Thomason, 1992). However, within the framework of the current study we only

consider relatively smaller eruptions that inject much less SO2 into the stratosphere, with Raikoke (VEI-4) being the largest.

Up to now we have only considered the raw extinction spectrum (e.g., Fig. 3 (a)) and a simple combination of extinction

coefficients expressed as the extinction ratio (Fig. 4). This was useful for comparing measurements to theory and for providing

rudimentary visualizations, though it requires the analysis to be done on a channel-by-channel or extinction ratio-by-extinction230

ratio basis (hence the three colors in Fig. 4). Indeed, using a single extinction ratio (e.g., k520 : k1020) yielded results that were

similar to the spectral-slope approach. However, all of the information in these four ratios can be efficiently combined into

a single number within the spectral slope, thereby eliminating the channel-by-channel approach, streamlining the analysis,

mitigating the potential for noise in a single channel to influence the outcome, as well as mitigating the impact of the low

bias in the k520 channel. Therefore, given the consistent behavior between the model and the measured extinction ratios we235

hypothesize that small-to-moderate volcanic eruptions that inject material into the stratosphere can be distinguished from

wildfire events in the SAGE record by looking at the spectral slope.

Event Date Altitude (km) Latitude

Canadian wildfire August 2017 14-25 52◦N

Ambae eruption April/July 2018 14-25 15◦S

Raikoke mixed June 2019 14-25 48◦N

Ulawun eruption June/August 2019 14-25 5◦S

Australia wildfire January 2020 14-25 35◦S

Table 2. Listing of major events used in the current study. The Raikoke event is labeled as a mixed type because of the impact of coincident

wildfires in Siberia and western Canada. The altitude column refers to the altitude range used in creating Fig. 4.

5 Detection and classification method

To test the aforementioned hypothesis, we evaluated the change in spectral slope as a function of k1020 for 4 case-study events

(2 pyroCb, 2 volcanic; see §6 for details). To do this, the spectral slope was calculated via linear regression where channel240

wavelength (nm) acted as the independent variable and log10(k) was the dependent variable. The 385 channel was excluded

from this analysis because of its rapid attenuation at relatively high altitudes (≈18 km). The 600 and 675 nm channels were

excluded from the linear regression due to the impact ozone has on these aerosol channels. Further, to reduce the influence of

potentially spurious measurements, a conservative cutoff was applied by excluding all extinction coefficients that had relative

error >20% and we only used extinction spectra that had valid values in the 6 remaining channels (450, 520, 755, 870, 1020,245
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Figure 4. Extinction ratio plots, using 3 ratios, for the four case study events. All ratios were referenced to the 1550 nm channel.

1550 nm). These slopes were evaluated for each case study event and the results were then applied to the Raikoke event to

distinguish between sulfuric acid aerosol and smoke within this single event (see §7).

Not all profiles collected after a volcanic or wildfire event were impacted by that event. Therefore, a method for discrimi-

nating between background and perturbed conditions was developed. The use of median (X̃) and median absolute deviation

(MAD) has become a popular, statistically robust, alternative to using mean and standard deviation for the elimination of out-250

liers and their impact on an analysis (Leys et al., 2013). If the sample population is normally distributed, then MAD · 1.4826

is equivalent to 1 standard deviation (1-σ). Therefore, we implemented a more rigorous definition of MAD (labeled MAD∗,

≊ 2-σ) as defined in Eq. (3) where b = 2 · 1.4826 and x is an array of the dataset under investigation.

MAD∗ = b ·median(|x− X̃|) (3)

Herein, the median and MAD∗ of the spectral slopes (X̃m, MAD∗m) and k1020 (X̃k, MAD∗k) collected during background255

periods were calculated for each event, as a function of altitude, using data collected within 5◦of the each event’s latitude.

Initially, the background statistics were calculated using only the month prior to each event, but that provided insufficient

sampling for the Ambae and Ulawun events due to SAGE’s observation schedule (see, for example, Fig. 1 of Knepp et al.

(2020)). Therefore, the background time period for the Ambae and Ulawun events was expanded to include 9 months prior to

the eruption. The Ulawun eruption required an additional modification. Ambae and Ulawun are geographically close (≈2000260

km) and Ulawun erupted within a year of Ambae’s last eruption. Therefore, the stratosphere was still recovering in the months

prior to the Ulawun eruption, which biased the background statistics. Background statistics for Ulawun were calculated using

profiles collected in Ulawun’s latitude band (±5◦), but using data collected in the 9 months leading up to the Ambae eruption.

Spectra were assigned one of 3 classifications based on the following criteria (here, X̃ and MAD∗ refer to background

conditions):265

1. Background: When extinction was not enhanced. i.e.,

k1020 ≤ X̃k + MAD∗k
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2. Sulfuric acid aerosol: When extinction was enhanced, and the slope was less than (i.e., more negative) or equal to the

background slope.

(k1020 > X̃k + MAD∗k) & (slope ≤ X̃m + MAD∗m)270

3. Smoke: When extinction was enhanced and the slope was flatter than background conditions.

(k1020 > X̃k + MAD∗k) & (slope > X̃m + MAD∗m)

A shortcoming of this classification scheme is that it uses hard cutoff values to separate the aerosol types while, in reality,

particles near the smoke/sulfuric acid cutoff would likely be a mixture of the two and not strictly homogeneous. However, the

utility of this method, as described, makes the identification of smoke highly conservative.275

5.1 Layer identification with CALIOP

Ideally, this characterization scheme would be validated with in situ sampling of the various and disparate aerosol layers, which

requires expansive sampling on a global (or at least a hemispherical) scale that is not feasible. However, the CALIOP lidar has

polarization sensitivity at 532 nm which can be used to make general composition estimates (e.g., sulfuric acid aerosol, smoke,

dust, cloud, and volcanic ash). Smoke injected into the stratosphere due to pyroCb events can be discriminated from sulfuric280

acid aerosol based on the level of depolarization in the return signal (Kim et al., 2018). The ratio of the perpendicular and

parallel polarized components of the backscatter (depolarization ratio), provides information about the shape of the scattering

particles. In general, the depolarization ratio of tropospheric smoke is quite low (<0.05). However, the depolarization ratio

of smoke detected in the stratosphere from pyroCb events have much higher depolarization ratio (0.1-0.2, per Christian et al.

(2020)). This feature can be used to separate stratospheric smoke from the volcanic sulfate particles which are spherical and285

thus do not depolarize. In addition to depolarization ratio, the CALIOP data products contain a vertical feature mask (VFM)

product that classifies the different types of detected layers as aerosol (tropospheric and stratospheric) and clouds (Vaughan

et al., 2018). Both depolarization ratio and the VFM were used herein to corroborate the identification of sulfuric acid aerosol

and smoke within the SAGE data.

6 Application to case studies events290

In this study we considered five events that had significant impact on the stratosphere as detailed in Table 2. Excluding Raikoke,

these events were classified as either primarily volcanic or wildfire related, which provides four test cases for evaluating distinct

behaviors for each event class. While the majority of the data collected for these events appears to come from a single source,

we add the caveat that some events were close enough in time and geography to experience some carryover (e.g., the two

Ulawun eruptions and the Australian pyroCb), which will be briefly discussed below.295

To better appreciate the finer details of the profile data, and to demonstrate which parts of the atmosphere were most impacted

by each event, the data were broken into 1 km bins. Statistics for labeling the different layer types in the 4 case-study events are
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presented in Table 3, which contains the total number of valid spectra collected at each altitude, the number of non-background

spectra identified using the above cutoff criteria, and the fraction of enhanced spectra identified as either smoke or sulfuric acid

aerosol.

Altitude (km)

14 15 16 17 18 19 20 21 22 23 24 25

Ambae

Total Spectra 4 15 41 148 628 1391 1583 1586 1586 1586 1586 1586

Enhanced Layers 0 3 17 51 249 479 479 339 189 48 8 0

Sulfuric Acid — 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.97 0.69 0.38 —

Smoke — — 0 0 0 0 0 0 0.03 0.31 0.62 —

Ulawun

Total Spectra 0 1 2 29 205 755 889 892 892 892 892 892

Enhanced Layers 0 1 2 18 154 627 867 883 855 704 395 34

Sulfuric Acid — 0 1.0 0.89 0.97 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Smoke — 1.0 0 0.11 0.03 0 0 0 0 0 0 0

Canada

Total Spectra 2690 3194 3386 3546 3706 3794 3800 3800 3800 3800 3800 3800

Enhanced Layers 2204 2669 2868 2957 2916 2808 2298 1689 1254 1267 1327 1217

Sulfuric Acid 0.62 0.27 0.20 0.19 0.16 0.20 0.12 0.13 0.26 0.57 0.90 0.99

Smoke 0.38 0.73 0.80 0.81 0.84 0.80 0.88 0.87 0.74 0.43 0.10 0.01

Australia

Total Spectra 3402 3789 3935 4029 4113 4135 4138 4138 4138 4138 4138 4138

Enhanced Layers 2472 2885 3080 3204 3218 3142 2885 2710 2620 2441 2172 1865

Sulfuric Acid 0.01 0.01 0 0.01 0.04 0.06 0.06 0.06 0.09 0.14 0.14 0.30

Smoke 0.99 1.0 1.0 0.99 0.96 0.94 0.94 0.94 0.91 0.86 0.86 0.60

Raikoke Primary

Total Spectra 1231 1483 1590 1631 1646 1652 1652 1652 1652 1652 1652 1652

Enhanced Layers 969 1166 1236 1211 1078 753 329 344 389 387 261 123

Sulfuric Acid 0.11 0.26 0.34 0.26 0.25 0.16 0.11 0.20 0.35 0.91 0.95 0.96

Smoke 0.89 0.74 0.66 0.74 0.75 0.84 0.89 0.80 0.65 0.09 0.05 0.04

Raikoke Secondary

Total Spectra 10 32 69 185 458 812 896 896 896 896 896 896

Enhanced Layers 10 28 54 127 319 484 471 380 60 108 218 125

Sulfuric Acid 0 0.5 0.56 0.65 0.70 0.71 0.69 0.72 0.20 0.02 0.33 0.70

Smoke 1.0 0.5 0.44 0.35 0.30 0.29 0.31 0.28 0.80 0.98 0.67 0.30

Table 3. Layer classification statistics from SAGE data. Total number of valid spectra, total number of identified layers as well as the fraction

of spectra identified as smoke or sulfuric acid aerosol for each case-study event.
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6.1 Volcanic events300

The classification scheme worked well for both volcanic case-study events as there were only 34 spectra mis-classified as smoke

(out of >6400, ≈0.5%). It was observed that as extinction increased, the slopes tended to remain approximately consistent

with background slopes, or became slightly more negative as seen in Figs. 5 and 6. Overall, there was little deviation from

background conditions other than the enhanced extinction. This limited change in slope is reasonable because background

stratospheric aerosol is composed of primarily sulfuric acid and the injection of SO2 from moderately-sized volcanic events305

led to further formation of sulfuric acid aerosol. While this increased the overall extinction coefficient, its impact on the spectral

slope was minimal due to the consistent composition and hence spectral properties under background and elevated loads.

We note that the Ulawun event had a small number of points that were classified as smoke with elevated k1020 between

17 and 18 km. While it is not unreasonable to have misclassifications, we note that these spectra were collected in January

and February 2020, at the peak of the Australian wildfire, when smoke had transported over the Ulawun latitude range (Kloss310

et al., 2021). While we cannot definitively attribute these data points to smoke from the Australia pyroCb, the general pattern

observed here (slope rapidly approached 0 with increasing extinction) is consistent with what was observed for the pyroCb

events (vide infra) and we note this as interesting.

Though evidence for ash in the stratosphere, for these events, is tenuous, we cannot categorically exclude the possibility that

ash was present in the stratosphere for at least part of each event’s time period. However, if ash were present, it would result in315

more spectra being classified as smoke because, as discussed above, large particles tend to flatten the extinction spectra while

enhancing k as was seen during Pinatubo. Indeed, this may be the cause of some of the smoke classifications in the Ulawun

event mentioned above. However, particles of this size are not expected from these moderately-sized eruptions. Therefore, we

conclude that ash and any other potentially large aerosol (sulfuric acid) do not appreciably impact the optical measurements

and that the majority of slopes presented in Figs. 5, 6 are reflective of small sulfuric acid aerosol only.320

Figures 7 and 8 show examples of the CALIOP depolarization ratio (panel a), the CALIOP VFM (panel b), SAGE extinction

profiles (panel c) as well as the SAGE spectral slope profile (panel d) for Ambae and Ulawun, respectively. The figure title

provides the SAGE overpass date, latitude, longitude, and distance to the nearest CALIOP profile. The vertical arrow above

panel (a) indicates the location of the SAGE overpass relative to the CALIOP curtain plot.

For both events, the peak in extinction corresponded well with a rapid decrease in spectral slope (i.e., became more negative)325

and a stratospheric aerosol layer identified in the CALIOP VFM between 17 and 19 km, and no significant depolarization,

giving credence to the SAGE-based identification scheme for sulfuric acid aerosol.

6.2 Wildfire events

The wildfire events showed a mix of classifications, though the classification became uniformly smoke with increasing k1020,

as shown in Figs. 9 & 10. Further, as compared to background conditions, the slopes changed by up to 80%. The lowermost330

altitudes for the Australia events showed a nearly monolithic identification of smoke, as well as a distinct separation from
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Figure 5. Spectral slope (x1000) as a function of k1020 and altitude for data collected over the Ambae eruption. The gray shaded regions

indicate the width of MAD∗ as described in Eq. (3).

background conditions, which makes sense since the lowermost altitudes are the most impacted by these events. The Canadian

wildfire likewise showed a nearly uniform identification of smoke.

While the volcanic events showed nearly uniform identification of sulfuric acid aerosol under elevated conditions, the wild-

fire events showed a significant portion of the spectra identified as sulfuric acid aerosol (≈10,000 out of >58,000; ≈19%). Of335

these ≈10,000 sulfuric acid classifications, ≈48% of them were in the Canadian wildfire event between 23 and 25 km. The

reason for the presence of elevated sulfuric acid aerosol within the wildfire events could be for two reasons. First, within the

current identification scheme, it is possible for smoke to be identified as sulfuric acid because of the combination of the SAGE

viewing geometry and the optical thinness of parts of the smoke plume (i.e., depending on whether SAGE is sampling through

the centroid of the plume or only the outer edge). It is reasonable that, when sampling optically thin smoke layers, the extinction340

will be elevated above background levels, but the slope may not deviate significantly. This can be achieved when the viewing

geometry is such that only optically thin portions of the smoke plume are sampled, thereby raising the extinction coefficients,

but the overall, integrated aerosol along the viewing path is not sufficiently different from background conditions to signifi-

cantly change the spectral slope. This could lead to an ambiguous characterization of aerosol composition at extinctions that are

outside background values, but still at the lower end of extinction values for that particular event as seen in Figs. 9 & 10. This345

scenario is the most likely and is expected from a statistical viewpoint. Secondly, a less likely scenario is there may be elevated

levels of sulfuric acid aerosol within the sampling volume due to transport from a nearby volcanic event. Indeed, this may be

the case for some of the spectra classified as sulfuric acid in the Australian wildfire case study. In contrast to the Canadian
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Figure 6. Same as Fig. 5, but for the Ulawun eruption.

Figure 7. CALIOP and SAGE data collected during the Ambae eruption. The title indicates the date, SAGE overpass coordinates, and the

distance between the SAGE profile and the nearest CALIOP profile. The vertical arrow above panel (a) indicates the location of the SAGE

profile along the CALIOP flight path. Solid horizontal lines (panels a and b) indicate tropopause altitude.
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Figure 8. Same as Fig. 7, but for the Ulawun eruption.

wildfire, the range of background extinction coefficients for the Australian fire spanned a wider range and extended into higher

extinction coefficients (e.g., >5E-4 at 16 km), indicating the apparent background conditions were perturbed, potentially from350

the 2019 Ulawun eruptions (Kloss et al., 2021). Regardless of why spectra were classified as sulfuric acid, the performance

of this identification scheme remains encouraging as the majority (>81%) of non-background values were identified as smoke

within these layers as shown in Table 3. Further, the distribution of data for the wildfire events is markedly different from the

volcanic events, indicating that we are observing two distinctly different aerosol types.

Figures 11 and 12 show examples of the CALIOP and SAGE profile data collected over the two wildfire case-study events.355

Here, CALIOP showed significant depolarization near 19 km (Canadian pyroCb) and 14 km (Australian pyroCb), which

corresponded well with a rapid increase in both aerosol extinction and spectral slope in the SAGE profile data. We note that

in Fig. 12 SAGE saw another layer at 19 km that was not manifest within the CALIOP VFM or depolarization ratio profiles.

This altitude is well within the SAGE instrument’s operational altitude range and may be reflective of the relatively poor return

signal at this altitude for CALIOP and its narrow swath width. Alternatively, SAGE may have sampled a narrow smoke filament360

that was not within the CALIOP sample volume.

Overall, the CALIOP data products provided good support for the SAGE-based classification of stratospheric aerosol com-

position. Therefore, this identification scheme will now be applied to a much more heterogeneous event: the 2019 Raikoke

eruption.
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Figure 9. Same as Fig. 5, but for the Canadian wildfire.

Figure 10. Same as Fig. 5, but for the Australian wildfire.
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Figure 11. Same as Fig. 7, but for the Canadian pyroCb.

Figure 12. Same as Fig. 7, but for the Australia pyroCb.

7 Application to the Raikoke event365

7.1 Smoke present in stratosphere prior to Raikoke

Though there were two pyroCb events in the northern hemisphere during the summer of 2019 (Siberia and western Canada

per Kloss et al. (2021) and Vaughan et al. (2021)), there were no wildfire events of similar magnitude as the 2017 Canadian
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wildfire or the 2020 Australian burn. However, Vaughan et al. (2021) claimed they may have observed stratospheric smoke prior

to the Raikoke eruption, Kloss et al. (2021) suggested the NH wildfires impacted the stratosphere, and Bachmeier, Scott (2019)370

classified the Siberian wildfire near Lake Bolon as a pyroCb. Similarly, we applied our method to identify an unambiguous

smoke signal in the stratosphere prior to, or immediately coincident with, the Raikoke eruption. To this end, we evaluated

SAGE and CALIOP data collected to the west of Raikoke (i.e., upwind, see Fig. 13). Unfortunately, SAGE did not begin

sampling this latitude band until after the eruption, therefore we limited our analysis to the first two weeks after the eruption

and to a region far enough west of Raikoke to not have been impacted by the volcanic ejecta.375

Both SAGE and CALIOP collected profiles within this region and indicated the presence of smoke at≈13 km as seen in Fig.

14. These profiles were collected within 8 days of the eruption, while the plume still resided over the North Pacific ocean (Kloss

et al., 2021; Vaughan et al., 2021). This enhancement was most noticeable in the CALIOP data as well as the spectral slope

profile. Indeed, the spectral slope shows a sharp gradient at this altitude, before returning to background conditions between

15 and 20 km (compare to background conditions during the 2017 Canadian pyroCb event, Fig. 11), while the CALIOP380

depolarization ratio and VFM showed a distinct layer between 10 and 15 km. Therefore, while the SAGE sampling schedule

did not allow us to evaluate profiles collected prior to this time, this smoke layer was persistent over this region, in both the

SAGE and CALIOP records, throughout the first ≈2 weeks after the eruption and we concur with previous authors that smoke

was present in the stratosphere during this time period and was visible in both the SAGE and CALIOP profiles.

Figure 13. Field of regard for sampling air that has not been impacted by the Raikoke event, but may have been impacted by coincident NH

wildfires. LB and R indicate location of the Lake Bolon, Siberia fire and Raikoke, respectively.

7.2 Raikoke main peak385

As stated in the introduction, Raikoke erupted on 22-June 2019 and injected SO2 and ash directly into the stratosphere, at

around 15 km altitude, and was observed by SAGE approximately one week later (Fig. 1). Immediately after the eruption,

the main Raikoke plume broke into two distinct plumes. One plume moved southward and appeared to be primarily ash as

determined by Kloss et al. (2021) and Vaughan et al. (2021). The ash in this plume settled out within a week of the eruption

(Kloss et al., 2021). The second plume moved to the north and east and was composed primarily of SO2 (Kloss et al., 2021),390

(which was in the process of being converted into sulfuric acid) before getting temporarily trapped within the Aleutian low
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Figure 14. Smoke identified within an air mass that has yet to be impacted by the Raikoke eruption, but was sampled within 8 days of the

Raikoke eruption.

(Kloss et al., 2021). This SO2 plume remained between Kamchatka and Alaska for 2-3 weeks (de Leeuw et al., 2020; Vaughan

et al., 2021) before moving eastward over the United States, the UK, and Europe. Therefore, similar to the case-study events,

data collected near Raikoke’s latitude (48◦N, ±5◦) and within 7 months after the eruption were used in this analysis. Because

of the broad time range and the lack of longitudinal limitations there were a non-negligible number of spectra that fell into the395

background classification, similar to the case-study events.

Based on the results presented in the previous section, we anticipated that the spectral slopes of the SAGE data collected

over the Raikoke event would behave similar to those for Ambae and Ulawun. However, as shown in Fig. 15 and Table 3 the

Raikoke data presented what appears to be a mixture of sulfuric acid aerosol and smoke, with the predominant composition

being smoke (only 10-30% of spectra were identified as sulfuric acid aerosol). Indeed, the majority of lower-altitude spectra400

were identified as smoke, while the balance seemed to shift at the highest altitude (23 km). While we anticipated observing

smoke within the profiles we did not expect the majority of the spectra to be identified as such. Overall, the Raikoke data

look more like a wildfire event than the other volcanic events in this study. Given the magnitude of this eruption, the spectra

identified as smoke here may be the product of both ash and large particle formation, both of which have short lifetimes in the

stratosphere.405

7.3 Interpretation of the secondary Raikoke plume

As shown in Fig. 2, a secondary layer of elevated aerosol broke off from the main Raikoke plume as it moved southward

and continued to loft to higher altitudes. The composition of this secondary plume was speculated to contain smoke from NH

wildfires, which would cause it to absorb incoming solar radiation, warm the surrounding air, and diabatically loft. This layer
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Figure 15. Same as Fig. 7, but for the Raikoke eruption.

continued to circle the globe before it reached a maximum altitude between 23 and 25 km between 10 and 25◦N (Chouza et al.,410

2020). Extinction spectra collected by SAGE between 10◦N and 30◦N (within 7 months of the eruption) were evaluated to

determine the composition of this secondary plume. The results of the altitude-based classification are presented in Fig. 16 as

well as the statistics in Table 3.

It is important to recall that the atmosphere had a mixture of aerosol compositions within the Raikoke time period and that a

relatively small contribution of smoke can significantly influence the spectral slope as well as k and the degree of this influence415

is dependent on refractive index. Therefore, the interpretation of Fig. 16 must be done with caution and we have tried, prior to

this point, to lay the foundation for this interpretation. In §7.2 we explained how spectra classified as sulfuric acid may have a

smoke influence. This was done with a mixed event, such as the Raikoke time period, in mind. Applying this reasoning to the

secondary peak allows us to provide a reasonable interpretation of Fig. 16, and we ask the reader to understand that we are not

suggesting the data in this case be interpreted as either sulfuric acid aerosol or smoke; rather there are contributions from both420

throughout the profiles.

We observed distinctly different patterns between the two case-study event types (i.e., decreasing or near-constant slope with

increasing extinction for volcanic events (Figs. 5, 6) and flattening of slope with increasing extinction for wildfire events (Figs.

9, 10)). Both of these general patterns were observed in profiles used in creating Fig. 16, sometimes at the same altitude. For

example, the data at 18 and 19 km showed both patterns, which led to a bifurcation in slope at higher extinction coefficients.425

We interpret this as a mixture of smoke and sulfuric acid aerosol at these altitudes, though not necessarily at the same longitude

(i.e., the smoke and sulfuric acid were not necessarily part of the same airmass). That said, what stood out in Fig. 16 was
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Figure 16. Same as Fig. 5, but for the elevated layer that broke off the main Raikoke plume and continued to ascend as it moved southward.

the dominance of sulfuric acid aerosol at the lowermost altitudes (≤21 km) and the stark transition to a predominantly smoke

classification at higher altitudes (>98% at 23 km) where the secondary plume was observed. This transition was most notable

between 21 and 25 km where the slope rapidly changed (Fig. 16, panels c-g). While smoke was identified throughout the profile,430

this partitioning is representative of the behavior expected from single-source events: the absorbing species (smoke) rose to

higher altitudes while the non-absorbing species (sulfuric acid) was carried along the same altitude. Further, the presence of

smoke throughout the profile demonstrates that the smokey air mass did not traverse through the atmosphere in an isolated

manner. Rather, this air mass interacted with the surrounding atmosphere by shedding smoke and likely acquiring sulfuric acid

aerosol as it ascended.435

Unfortunately comparison with CALIOP was not possible for the secondary plume. Due to the sparseness of SAGE coverage

in the tropics an observation that was collocated with CALIOP was not found. However, Chouza et al. (2020) demonstrated

that elevated layers in this latitude band were observed from Mauna Loa and CALIOP.

8 Conclusions

We presented a method of distinguishing between sulfuric acid aerosol and smoke using the SAGE III/ISS extinction spectra.440

This methodology was evaluated using 4 case-study events (2 volcanic, 2 pyroCb) and using the CALIOP depolarization ratio

and vertical feature mask. The CALIOP data were supportive of the smoke/sulfuric acid aerosol identification. Identification

of aerosol source for the wildfire events was more challenging in that a non-negligible fraction of the spectra were identified as
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sulfuric acid aerosol. However, for the pyroCb events, the spectra with the largest k1020 and/or smallest slopes were uniformly

identified as smoke.445

While we cannot provide a clear definition of magnitude of event required for this method to be applicable, we can state two

general cases where it is more likely to fail and the information provided within the introduction should allow the reader to

put these events in their proper perspective. First, small wildfire events may not inject enough smoke into the stratosphere to

sufficiently change the slope. Similarly, even for large events, if the SAGE sample volume only contains optically thin smoke

layers, this too would lead to a sulfuric acid classification. In these cases, we note that classifying these layers as sulfuric acid450

is not necessarily wrong since the majority of these particles may be composed of background sulfuric acid; this just fails to

identify the presence of smoke (i.e., a “false negative” conclusion). Second, during large-scale volcanic eruptions (e.g., Pinatubo

with VEI 6), there is a chance for a “false positive” in classifying the resultant sulfuric acid (possibly ash) particles as smoke.

Under this scenario, massive amounts of ash and SO2 is injected into the stratosphere, resulting in formation of large sulfuric

acid aerosol particles (e.g., > 500 nm). This would result in a spectrally flat extinction spectrum, which effectively mimics455

the behavior of smoke in the slope analysis. Usage of this method in either of these conditions is questionable. However, this

method is applicable to all events within the SAGE III/ISS record to date.

Interpreting spectra collected during mixed events, such as the combination of the Raikoke eruption and NH pyroCb activity

in 2019, presents another challenging case. Ideally, we would understand the composition of these particles, which would

provide better understanding for how they interact with light, and we may be able to better model the system. Indeed, in situ460

sampling of stratospheric smoke would prove valuable for improving this method as well as improving climate and chemistry

models. However, with these limitations in mind, we presented a framework for interpreting data from mixed events that allows

the reader to understand not only the assumptions herein, but the conditions under which conclusions are either reasonable or

tenuous.

Finally, we demonstrated that the secondary plume that broke off from the main Raikoke plume and moved southward was465

composed primarily of smoke while the aerosol at lower altitudes was predominantly sulfuric acid with a smaller contribution

from smoke. This is supportive of the initial hypothesis that the secondary plume was composed of smoke and suggests that the

smoke and sulfuric acid particles separated as they moved southward: smoke continued to loft to higher altitudes while sulfuric

acid stayed at lower altitudes. While these two aerosol types separated, they did not do so perfectly. Indeed, we identified traces

of smoke in the lower altitudes and sulfuric acid aerosol at the higher altitudes. The general pattern we observed is that these470

species separated in a manner that is consistent with the expected behavior based on their refractive index values.
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