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Abstract. Pyrocumulonimbus events (pyroCb) are a natural driver of stratospheric aerosol variability by injecting smoke 8 

plumes containing aerosols and trace gases into the upper troposphere and lower stratosphere. Smoke aerosols are distinct in 9 

their chemical, optical, and microphysical properties from stratospheric sulfate aerosols. A new approach in retrieving the 10 

bimodal lognormal aerosol size distribution from stratospheric aerosol observations is developed. Aerosol size distributions 11 

inferred from in situ and satellite based studies are used to model stratospheric aerosol properties following a pyroCb event. 12 

Synthetic and observational multi–wavelength data from the Stratospheric Aerosol and Gas Experiment III on the 13 

International Space Station (SAGE III/ISS) are used to simulate and validate the retrieval method. Aerosol optical and 14 

microphysical properties are determined to vary for coarse mode aerosol concentrations totaling more than 0.1–1 % of the 15 

population. Simulated retrievals show reduced negative bias in number density with retrieval of a bimodal distribution, with 16 

limitations from the measurement technique and retrieval persisting in defining the ultrafine aerosol concentrations. 17 

Retrieved aerosol size distributions resolve the shape, centers, and range of the synthetic distributions, with retrieved 18 

distribution moments consistently within the uncertainty range of the input extinction measurements.  19 

Validation of the retrieval algorithm applied to SAGE III/ISS observations is conducted against in situ balloon-borne 20 

measurements characterizing aerosol properties following pyroCb events in the northern hemisphere in 2017 and 2020. 21 

SAGE III/ISS retrieved aerosol size distributions of stratospheric smoke in these coincident observations display two modes 22 

with fine mode median diameters approximately 200–400 nm and coarse mode median diameters of 500–800 nm. Observed 23 

aerosol surface area and volume densities are enhanced in the perturbed layers over quiescent conditions and show strong 24 

agreement between the SAGE III/ISS retrieved and in situ measured values. 25 

1 Introduction 26 

Stratospheric aerosols are present in persistent, evolving layers globally which directly contribute to Earth’s global 27 

radiative balance (Junge et al., 1961; Murphy et al., 2021). Volcanic eruptions and pyrocumulonimbus (pyroCb) events are 28 

natural drivers of change to the stratospheric aerosol layer through high altitude injections of aerosols and gases. PyroCb 29 

Deleted: Aerosol size distributions can be used to provide valuable 30 
insights into pyroCb aerosol and stratospheric aerosol properties. …31 
Deleted: historical stratospheric aerosol32 
Deleted:  33 
Deleted: Forward simulations determine that smoke aerosol 34 
properties are distinct from sulfate aerosols and enhance 35 
stratospheric aerosol direct radiative forcing. …36 

Deleted: within the accumulation mode 37 



2 
 

events occur with relative frequency globally during periods of intense wildfire activity (Peterson et al., 2025). These events 38 

efficiently transport smoke into the upper troposphere and lower stratosphere (UTLS), potentially perturbing UTLS aerosol 39 

layers for months (Das et al., 2021; Solomon et al., 2022; Peterson et al., 2021; Yu et al., 2019; Baars et al., 2019). PyroCb 40 

aerosols are black and brown carbon enlarged by coatings of organic materials up to several hundred nanometers which 41 

persist during aging and transport (Katich et al., 2023; Beeler et al., 2024; Asher et al., 2024). Smoke in upper atmospheric 42 

layers have distinctly observable aerosol optical and microphysical properties which evolve over time (Christian et al., 2020; 43 

Torres et al., 2020; Ansmann et al., 2018, 2021, 2024; Baars et al., 2019; Haarig et al., 2018; Ohneiser et al., 2020, 2021, 44 

2022; Asher et al., 2024; Todt et al., 2023). Increased stratospheric aerosol direct radiative forcing and midlatitude 45 

stratosphere ozone depletion follow pyroCb events due to the unique composition and size of the smoke aerosols (Solomon 46 

et al., 2022, 2023; Stone et al., 2025; Christian et al., 2020; D’Angelo et al., 2022; Yu et al., 2019, 2021). Intense pyroCb 47 

outbreaks have resulted in increased ozone loss over the polar regions (Solomon et al., 2023; Stone et al., 2025; Ohneiser et 48 

al., 2021, 2022; Ansmann et al., 2022). 49 

 50 

Stratospheric aerosols consist primarily of sulfate aerosols with natural and anthropogenic sources fueling sulfate production 51 

in the stratosphere (Junge et al., 1961; Murphy et al., 2021). Stratospheric aerosol samples also include tropospheric 52 

originating aerosols from biomass burning, dust, and industrial burn–off transported to the UTLS along with sedimenting 53 

aerosols from the upper atmosphere containing meteoric and metallic compounds (Murphy et al., 2014, 2021, 2023; Junge et 54 

al., 1961; Trickl et al., 2024). In situ measurements from balloon-borne optical particle counters typically assuming a 55 

hydrophilic sulfate aerosol have provided the most consistent data record of stratospheric aerosol microphysical properties to 56 

date, with major sampling efforts taking place in the northern and southern hemisphere midlatitudes (Deshler et al., 2023; 57 

Todt et al., 2023). Efforts to characterize the stratospheric aerosol layer and its role in global radiative and chemical 58 

equilibria, cloud microphysics, and stratospheric dynamics rely largely on these in situ observations (Deshler, 2008; Murphy 59 

et al., 2021). 60 

 61 

Diverse sources of stratospheric aerosols and their complex aerosol microphysical interactions produce polydisperse aerosol 62 

size distributions (Kremser et al., 2016). Stratospheric aerosols measured by in situ optical particle counters are typically 63 

distributed in bimodal lognormal distributions with mostly dominant fine modes and secondary coarse modes (Deshler, 64 

2008; Deshler et al., 2023). Major volcanic eruptions enhance aerosol size and concentrations, while shifting partitioning 65 

toward the large particle mode (Yue, 1999; Deshler et al., 2003; Asher et al., 2024). The role of frequent, small volcanic 66 

eruptions has been shown to modulate the stratospheric aerosol layer (Vernier et al., 2011; Wrana et al., 2023). The increased 67 

frequency and overall intensity of wildfires and pyroCb events over the last decade globally has contributed to a growing 68 

proportion of carbonaceous aerosols within the UTLS (Katich et al., 2023). Poorly constrained estimates of smoke aerosol 69 

size, concentration, and composition in the UTLS introduce uncertainties in aerosol and climate models relying on estimates 70 

of the aerosol optical and microphysical properties. 71 

Deleted: –72 

Deleted: have been observed following73 
Deleted: periods of intense 74 
Deleted: activity 75 
Deleted: 1976 
Deleted: polar77 
Deleted:  78 

Deleted: secondary sourced79 

Deleted: The many different sources of stratospheric aerosols and 80 
complex aerosol microphysical interactions taking place produce 81 
polydisperse aerosol size distributions (Kremser et al., 2016). …82 

Deleted: rely 83 
Deleted: dependent 84 

Deleted: DiverseThe many different85 
Deleted: their86 
Deleted: taking place87 
Deleted:  88 
Deleted: ¶89 



3 
 

 90 

Satellite instruments have observed elevated near infrared aerosol extinction following both volcanic and pyroCb events 91 

(Bourassa et al., 2019; Solomon et al., 2022; Rieger et al., 2021; Siddaway et al., 2011). Extreme pyroCb outbreaks like the 92 

2017 Pacific Northwest Event (PNE) and 2019/2020 Australian New Year’s Super Outbreak (ANYSO) increase 93 

stratospheric aerosol loading in the respective hemisphere for months (Torres et al., 2020; Yu et al., 2019, 2021; Peterson et 94 

al., 2018, 2021; Das et al., 2021; Khaykin et al., 2020). Total attenuation resulting from aerosol plumes following major 95 

pyroCb events are comparable with that of moderate to large volcanic eruptions, inducing negative radiative forcing at the 96 

surface and top of atmosphere (Liu et al., 2022; D’angelo et al., 2022; Yu et al., 2021; Khaykin et al., 2020; Selitto et al., 97 

2022; Das et al., 2021). Sparse and recent in situ and ground-based measurements of pyroCb smoke report larger diameters 98 

than for boundary layer smoke and are distinct in their composition and microphysics from background stratospheric 99 

aerosols (Katich et al., 2023; Li et al., 2025; Asher et al., 2024; Murphy et al., 2021; Haarig et al., 2018; Baars et al., 2019; 100 

Ansmann et al., 2021). The modern day stratosphere requires understanding of the microphysical properties of stratospheric 101 

smoke aerosols and their spatiotemporal evolution. More generally, stratospheric aerosol size distributions must be 102 

characterized and more frequently sampled to comprehensively understand their impacts on the stratospheric radiative 103 

budget as well as their influence on stratospheric processes, chemistry, and circulations (Murphy et al., 2021). 104 

 105 

Aerosol extinction in the stratosphere measured by occultation or scattering techniques is strongly dependent on the 106 

ambient aerosol size distribution. Limb scattering instruments like the Ozone Mapping and Profiler Suiter (OMPS) currently 107 

in operation (Taha et al., 2021; Chen et al., 2018; Loughmann et al., 2018), the Scanning Imaging Absorption Spectrometer 108 

for Atmospheric Chartography (SCIAMACHY) (Malinina et al., 2018), and the Optical Spectrograph and InfraRed Imager 109 

System (OSIRIS) (Bourassa et al., 2008; Rieger et al., 2014, 2019) currently in operation, use a priori assumptions of the 110 

aerosol composition and size distribution shape, having fixed parameters of number, radius, or distribution width for 111 

lognormal or gamma distributions, to retrieve aerosol extinction. Assumptions of the aerosol size distribution during 112 

processing of scattering data from limb profilers affects the retrieved extinction profiles (Malinina et al., 2019; Loughmann 113 

et al., 2018; Rieger et al., 2014). 114 

 115 

While retrieving aerosol size distribution from multi–wavelength extinction data is difficult and ill–constrained, it is well 116 

suited to solar occultation measurements with high signal to noise ratio and no a priori assumptions of the size distribution 117 

(von Savigny & Hoffmann, 2020; Ramachandran & Leith, 1992). The Atmospheric Chemistry Experiment Fourier 118 

Transform Spectrometer (ACE-FTS) currently in operation measures aerosol transmittance using the solar occultation 119 

technique over a broad spectral range in the infrared from 750–4000 cm-1 with two additional visible/near–infrared imager 120 

filtered channels at 525 and 1022 nm, respectively (Bernath et al., 2005; Bernath, 2017). ACE-FTS is capable of identifying 121 

stratospheric sulfate aerosol from the transmission spectra with high accuracy of the chemical species and provides a 122 

climatology of the median aerosol diameter, slant column number density, and weight percentages of H2SO4 inferred using a 123 
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unimodal lognormal distribution and fixed distribution width (Bernath et al., 2026; Bhusal et al., 2026; Boone et al., 2024). 129 

ACE-FTS climatology show that the stratospheric aerosol size distribution is responsive to major volcanic and pyroCb 130 

events which typically increases the aerosol median diameter (Bernath et al., 2026; Bhusal et al., 2026). Aerosol size 131 

distribution retrievals with assumption of a bimodal distribution better recreate the observed transmission profiles from 132 

ACE-FTS (Boone et al., 2024). 133 

 134 

The Stratospheric Aerosol and Gas Experiment (SAGE) instruments have used the solar occultation technique to monitor the 135 

stratospheric composition since 1979 (Chu & McCormick, 1979; Yue et al., 1986; Thomason et al., 1997; Thomason & 136 

Knepp, 2023) with high precision data that correlate closely with various satellite and in situ datasets (Deshler, 2003; 137 

Kovilakam & Deshler, 2015; Kalnajs and Deshler, 2022; Kovilakam et al., 2020). Solar occultation aerosol measurements 138 

from SAGE II were inverted to lognormal aerosol size distributions detailing climatology of stratospheric aerosol size and 139 

microphysical properties (Yue et al., 1986; Yue, 1999, 2000; Wang et al., 1996; Bingen et al., 2003, 2004). Inversion 140 

products from the currently operational SAGE III on the International Space Station (SAGE III/ISS) use unimodal lognormal 141 

aerosol size distributions to detail aerosol size and distribution width and evaluate variability in stratospheric aerosol 142 

microphysical properties, particularly during volcanically active periods (Knepp et al., 2024; Wrana et al., 2021, 2023, 143 

2025). The SAGE III/ISS version 6 product provide statistical evaluation of the retrieved parameters to fit the size resolved 144 

information in the extinction spectra (Knepp et al., 2024). SAGE III products use the broad spectrum of the instrument 145 

channels to formulate extinction color ratios having sensitivity to a large range of aerosol sizes in the stratosphere from 146 

inclusion of a new NIR channel at 1544 nm. The retrieval methods display increased sensitivity using three or more channels 147 

and should include the UV channel to enhance the curvature in the spectral data (Malinina et al., 2019). 148 

 149 

 A new technique for retrieving bimodal lognormal aerosol size distributions from satellite multi-wavelength 150 

extinction data is developed to characterize stratospheric aerosol properties with growing influence of wildfires contributing 151 

to aerosol concentrations. Key parameters of the aerosol size distribution can be inferred from spectrally dependent aerosol 152 

extinction measurements from occultation instruments (Yue et al., 1999; Wrana et al., 2021; Knepp et al., 2024). Unique 153 

solutions of the aerosol size distribution are generated with assumptions of the aerosol composition and morphology and 154 

adherence to similar properties calculated with Mie theory over a broad wavelength range. This work utilizes the naturally 155 

varying extinction spectra of stratospheric aerosols to infer a bimodal aerosol size distribution and introduces retrieval of the 156 

mode number fraction for satellite instrument retrievals. The retrieval technique is tested using synthetic aerosol extinction 157 

measurements derived from in situ aerosol size distribution measurements and demonstrated for external mixtures of sulfate 158 

and smoke aerosols. The retrieval approach is applied to select SAGE III/ISS multi-wavelength extinction observations 159 

which has been in operation since June 2017 and provided continuous high resolution vertical profiling in the stratosphere. 160 

Descriptions of the SAGE III/ISS aerosol dataset and in situ datasets are included in Sect. 2. The theoretical basis and 161 

framework of the retrieval algorithm are described in Sect. 3. Application of the retrieval algorithm to synthetic data in both 162 
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quiescent and perturbed samples is described in Sect. 4. Validation of SAGE III/ISS retrieved stratospheric aerosol size 195 

distributions and aerosol properties against in situ measurements made following pyroCb events (the 2017 PNE event and 196 

2020 North American pyroCb events) is presented in Sect 5. Performance and limitations of the retrieval algorithm in 197 

inferring stratospheric aerosol size distributions and aerosol optical and microphysical properties from synthetic and 198 

observational SAGE III/ISS measurements are discussed in Sect. 6. 199 

2 Datasets 200 

2.1 SAGE III/ISS 201 

SAGE III/ISS solar and lunar occultation L2 v6.0 products are hosted by the Atmospheric Science Data Center at 202 

NASA Langley Research Center with data available since launch in June 2017 (NASA/LaRC/SD/ASDC, 2025). Solar 203 

occultation observations during sunrise and sunset events provide dual hemispheric coverage every month with nominal 204 

spatial coverage from 70° S to 70° N following the orbital inclination of the ISS at 51.6°. SAGE III/ISS solar occultation 205 

measurements report aerosol extinction at 9 wavelength channels, ranging from 384 to 1544 nm, with a vertical range from 206 

0–45 km altitude at 0.5 km resolution. 207 

 208 

Identification of large smoke or volcanic plumes, and additionally clouds, is quantitatively dependent on the transmission 209 

angle and whether the SAGE III/ISS instrument captures the full extent of the phenomena within its line of sight, with 210 

potential biases in measurements of off–center atmospheric phenomena. SAGE III/ISS aerosol extinction measurements 211 

reach saturation at 1E-2 km-1. High saturation can lead to increased uncertainty for affected wavelength channels. A 212 

conservative threshold of 20 % relative uncertainty is used here to include only high quality aerosol extinction data (Knepp 213 

et al., 2022; Yue et al., 2005). Following the Kovilakam et al. (2023) aerosol categorization method, SAGE III/ISS 214 

observations are processed to filter measurements of clouds and cloud–aerosol mixtures from optically dense aerosol layers. 215 

First, a mask is applied to exclude anomalous negative extinction coefficients for stratospheric observations below 25 km. 216 

Second, an aerosol/cloud screening method is applied to each observation to conservatively keep aerosol only observations 217 

(Kovilakam et al., 2023; Thomason & Vernier, 2013). Data must pass the quality checks for each selected wavelength 218 

channel to proceed with the aerosol size distribution retrieval. 219 

2.2 In situ Observations 220 

 Long–term measurements of stratospheric aerosols using balloon payloads have been conducted at various 221 

midlatitude and polar sites, with the primary data acquisition from Laramie, WY since 1970. Optical particle counters (OPC) 222 

launched from Laramie, WY and Boulder, CO have provided long–term records of stratospheric aerosols in northern 223 

hemisphere midlatitudes (Deshler, 2023). Balloon–borne OPC sample aerosol optical diameters and aerosol size resolved 224 

concentrations, determined from scattered light, from the launch point up to a height exceeding 30 kilometers. The Wyoming 225 
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Laser Particle Counter (WLPC) (2008–2020) and Laboratory for Atmospheric and Space Physics (LASP) Optical Particle 243 

Counter (LOPC) (since 2020) use laser illumination at 633 nm, and 780 nm, respectively, to collect aerosol sizing and 244 

concentration data with minimum uncertainty of 10 % (Deshler, 2023; Kalnajs & Deshler, 2022). 245 

 246 

WLPC measures across 8 size bins ranging from 0.184–9 μm, with the upper size bin sometimes extending to 33.2 μm. 247 

LOPC data are collected over more than 50 size bins ranging from 0.300–20.0 μm. Condensation nuclei (CN) measurements 248 

are taken by a condensation nuclei counter (University of Wyoming CNC, LASP Stratospheric Total Aerosol Counter 249 

(STAC)) capable of measuring aerosol diameters larger than 0.020 μm. OPC aerosol optical and microphysical properties are 250 

calculated using Riemann sums over the size resolved concentrations in the full resolution products. OPC aerosol size 251 

distributions, available online accompanying the full resolution product, fit bimodal or unimodal lognormal distributions to 252 

the OPC and CNC/STAC aerosol concentrations at a 0.5 km vertical resolution. Monte Carlo simulations determine 253 

uncertainty measures for OPC aerosol size distribution moments, median radii, and distribution widths at 40 %, 30 %, and 20 254 

%, respectively (Deshler et al., 2003). 255 

3 Retrieval Algorithm Theoretical Basis and Framework 256 

 The bimodal lognormal aerosol size distribution is defined by 6 distinct parameters: fine and coarse mode median 257 

diameters (dp), fine and coarse mode geometric widths (𝜎g), coarse mode number fraction (𝛾Coarse), and the total aerosol 258 

number (N0). The bimodal lognormal aerosol size distribution for N0 particles can be expressed as shown in Eq. (1). 259 
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 261 

The initial N0 used for all synthetic distributions is set to 10 cm-3. Unimodal or bimodal lognormal aerosol size distributions 262 

are distinguished by the coarse mode fraction (𝛾Coarse) with values ranging from 0–10 %. Fine mode and coarse mode refer to 263 

individual modes of the bimodal lognormal distribution. Median diameters range from 1–2000 nm for the fine mode (dp, Fine) 264 

and 300–2300 nm for the coarse mode (dp, Coarse) in intervals of 50 nm. Mode widths (𝜎g) for both modes range from 1.05–2 265 

in intervals of 0.1. 266 

 267 

Forward calculations of aerosol extinction (𝜏(𝜆)) in Eq. (2) are performed using Mie theory for a polydisperse aerosol 268 

population at selected wavelength (𝜆) and complex refractive index (m). Aerosol extinction is calculated by integrating the 269 

product of the aerosol size distribution (𝑛(𝑑!) ) and extinction cross section (𝜎123(𝜆, 𝑑!, 𝑚) ), considering the size, 270 

composition, and wavelength dependent aerosol scattering and absorption effects across size resolved concentrations. 271 

𝜏123(𝜆)  =   ∫ 𝜎123$𝜆, 𝑑!, 𝑚&𝑛$𝑑!&𝑑𝑑!
4
5  (2) 272 
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 283 

The Angstrom exponent (𝛼) in Eq. (3) relates the spectral dependency of aerosol extinction (𝜏) at selected wavelengths to 284 

classify aerosol size. The Angstrom exponent can be used to characterize the coarse mode of the size distribution by the 285 

predominant aerosol microphysics (Ångstrom, 1929, 1930; Schuster et al., 2006). 286 

𝛼6',6%   =   −
/0('(%
/0 )')'

 (3) 287 

 288 

 The retrieval framework uses two solution spaces to infer aerosol size distribution parameters of a bimodal 289 

lognormal distribution from multi–wavelength observations. The retrieval performed over the solution spaces consider the 290 

spectral properties of the aerosol population which are inherently independent of aerosol loading. The initial solution space 291 

uses forward simulated aerosol extinction color ratios (ECR, 𝛸′) spanning the UV–NIR spectrum to infer the fine mode size 292 

distribution (dp, Fine and 𝜎g, Fine). The next solution space uses forward simulated Angstrom exponents (𝛼) by fine mode 293 

diameter to infer the coarse mode characteristics (𝜎g, Coarse and 𝛾Coarse). The retrieval algorithm then iteratively refines the fine 294 

and coarse mode characteristics (dp, Fine, 𝜎g, Fine, dp, Coarse) until the final results are self consistent. 295 

 296 

Mie theory code implemented following the Bohren and Huffman specification (Bohren and Huffman, 1983; Sumlin et al., 297 

2018) performs all calculations of aerosol properties. Aerosol properties of externally mixed sulfate (75 % H2SO4 by weight) 298 

and organic carbon aerosols are calculated at SAGE III/ISS wavelengths of 384 nm, 756 nm, and 1544 nm using the 299 

refractive indices in Table 1 provided in Optical Properties of Aerosols and Clouds Dataset (OPAC, Hess et al., 1998) under 300 

assumption of dry (low relative humidity) conditions. The organic carbon (soluble) refractive index is similar to brown 301 

carbon measurements after smoke events (Sumlin et al., 2018; Knepp et al., 2022), thus solutions using the organic carbon 302 

refractive index are referred to as smoke aerosols hereafter. 303 

𝝀 (nm) Sulfate Smoke 
384 1.452+1E-8j 1.53+5E-3 
756 1.427+7.17E-8j 1.53+8.5E-3 

1544 1.403+1.2E-4j 1.51+2.25E-2 
Table 1 Aerosol refractive index (m) at select SAGE III/ISS wavelengths for sulfate and smoke aerosols assuming 0 % 304 

relative humidity (OPAC, Hess et al., 1998). 305 

 306 

Forward simulated aerosol extinction coefficients are used to formulate reference ECRs, using the 384/756 nm and 1544/756 307 

nm pairs, for each permutation of the aerosol size distribution and composition defined above. The ECRs, and also Angstrom 308 

exponents, are known to decrease with increasing aerosol diameters (Kovilakam et al., 2023; Wrana et al., 2021; Bhatta et 309 

al., 2023; von Savigny & Hoffmann, 2020; Yue et al., 2000; Wang et al., 1996). ECRs of 384/756 nm and 1544/756 nm are 310 

composed of wavelength ratios near 2, with both ECRs having high functional sensitivity to a range of aerosol sizes. As 311 

shown in Fig. 1, the 384/756 nm [1544/756 nm] ECR for sulfate aerosols shows sensitivity to aerosol diameters 0.001–1.25 312 
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μm [0.05–2.0 μm]. For smoke aerosols, the 384/756 nm [1544/756 nm] ECR shows sensitivity to aerosol diameters 0.050–336 

0.9 μm [0.2–1.7 μm]. Figure 2a shows the initial solution space assuming a unimodal distribution (𝛾Coarse = 0). Fine mode 337 

parameters (dp, Fine and 𝜎g, Fine) are determined through interpolation of the observational data which are mapped to the 338 

solution space. Forward simulated ECRs vary for bimodal lognormal distributions, with permutations of 𝛾Coarse and 𝜎g, Coarse 339 

modifying the resulting aerosol optical properties (fig. 2b). Figure 2b shows the initial solution space after determination of 340 

𝛾Coarse = 10 % and 𝜎g, Coarse = 1.05 with increases in large particle concentrations forming similar but unique ratios from fig. 341 

2a.  342 

 343 
Figure 1: Extinction color ratios for sulfate and smoke aerosols using the 384/756 nm and 1544/756 nm wavelength pairs as a 344 
function of aerosol diameter. 345 
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Figure 2: Forward simulated extinction coefficient ratios (𝛸′) at 1544/756 nm (x axis) and 384/756 nm (y axis) for sulfate and 350 
smoke aerosols as a function of the aerosol size distribution. Each curve shows the extinction ratios for a unique fine mode 351 
distribution width (𝜎g, Fine) parameterized within the range of values (1.05, 1.1–2.0) in intervals of 0.1 and for fine mode median 352 
diameters (dp, Fine) in range of 1–2000 nm in intervals of 50 nm. The initial solution space (shown in (a)) assumes a coarse mode 353 
fraction (𝛾Coarse) equal to 0. (b) shows the solution space for 𝛾Coarse equal to 10 % and 𝜎g, Coarse equal to 1.05. 354 

 Forward simulated Angstrom exponents are used to determine the unique solution for the coarse mode 355 

characteristics (𝜎g, Coarse and 𝛾Coarse) (Malinina et al., 2019; Schuster et al., 2006). Figure 3 shows the dependence of the 356 

Angstrom exponent on dp, Fine for sulfate and smoke aerosols for each forward simulated bimodal lognormal aerosol size 357 

distribution. The Angstrom exponent varies with aerosol size, with possible solutions of 𝛾Coarse shown along a gradient as a 358 

function of the retrieved dp, Fine and 𝜎g, Fine. The Angstrom exponent similarly varies for 𝜎g, Coarse at fixed 𝛾Coarse as a function of 359 

dp, Fine. The retrieval algorithm first determines 𝛾Coarse and then 𝜎g, Coarse, with iteration further refining the fine and coarse 360 

mode parameters. The Angstrom exponent (384/756 nm) as a function of the retrieved dp, Fine is most sensitive to the coarse 361 

mode characteristics when dp, Fine is less than 750 nm. Larger dp, Fine weaken sensitivity to coarse mode characteristics as 362 

Angstrom exponents reach minimums. 363 

 364 
Figure 3: Forward simulated Angstrom exponents (𝛼) at 384/756 nm (y axis) as a function of the fine mode median diameter (dp, 365 
Fine) (x axis) for sulfate and smoke aerosols. Angstrom exponents varying for the fine mode width (𝜎g, Fine) and coarse mode number 366 
fraction (𝛾Coarse) (shown here), with fixed coarse mode width (𝜎g, Coarse) (𝜎g, Coarse = 1.05). 367 
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 Previous works (Yue et al., 1999; Oberbeck et al., 1983; Deshler et al., 2003; Rieger et al., 2014; von Savigny & 372 

Hoffmann, 2020) provide satellite and in situ descriptions of stratospheric bimodal lognormal aerosol size distribution. The 373 

sensitivity of aerosol properties to varying coarse mode concentrations is assessed using forward simulations across 75 374 

logarithmically spaced 𝛾Coarse ranging from 0–10 %. These forward simulations use synthetic stratospheric aerosol size 375 

distributions inferred from the literature and data record. Aerosol optical and microphysical properties for the synthetic 376 

aerosol size distributions are assessed across the range of 𝛾Coarse. The retrieval algorithm is then used to retrieve aerosol size 377 

distributions from the synthetic aerosol extinction data with varying 𝛾Coarse. Retrieval performance is assessed based on the 378 

retrieved size distributions and aerosol properties and their agreement with the synthetic aerosol size distributions and 379 

distribution moments. Synthetic SAGE III/ISS aerosol extinction measurements are given an uncertainty of 20 % which is 380 

propagated to the aerosol size distribution moments. 381 

4 Application of Retrieval Algorithm to Synthetic Data 382 

 Two scenarios are simulated to evaluate the retrieval of the aerosol size distributions and 𝛾Coarse dependent aerosol 383 

properties under stratospheric quiescent and non–quiescent conditions. Simulated quiescent and non–quiescent scenarios 384 

produce varying number, surface area, and volume distributions as a function of 𝛾Coarse (Fig. 4). Retrievals are performed for 385 

each aerosol composition and size distribution with a 20 % uncertainty range applied to the synthetic aerosol extinction 386 

coefficients. 387 

 388 

The quiescent stratospheric sample shown in figure 4 has the following aerosol size distribution parameters: 389 

dp, Fine = 204 nm, dp, Coarse = 730 nm, 𝜎g, Fine = 1.5, 𝜎g, Coarse = 1.2, N0 = 10 cm-3. 390 

 391 

A bimodal aerosol size distribution representing a large scale stratospheric perturbation is adopted from Yue, 1999 392 

referencing in situ samples following the El Chichón volcanic eruption (Yue, 1999; Oberbeck et al., 1983). Aerosol size 393 

distribution parameters for the non–quiescent distributions shown in figure 4 are: 394 

dp, Fine = 350 nm, dp, Coarse = 1050 nm, 𝜎g, Fine = 1.7, 𝜎g, Coarse = 1.3, N0 = 10 cm-3. 395 

 396 

The non–quiescent distributions have enhanced aerosol size, surface area, and volume densities from the quiescent sample. 397 
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 401 
Figure 4: The aerosol size (a), surface area (b), and volume (c) distributions are shown for a quiescent (green/yellow) and non–402 
quiescent (blue/magenta) stratospheric sample. Forward simulated 𝛾Coarse values range from 0–10 % are presented with increases 403 
in 𝛾Coarse over 75 total iterations. 404 

4.1 Retrievals of the Quiescent Aerosol Size Distribution 405 

Figure 5a shows the forward simulated and retrieved aerosol extinction (384 nm) and Angstrom exponents (384/756 406 

nm) for sulfate aerosols calculated from the quiescent distribution. Synthetic aerosol extinction coefficients range from 7–407 

25E-4 km-1 and increase when 𝛾Coarse is greater than 1 % (Fig. 5a left panel). Retrieved aerosol extinction is underestimated 408 

when 𝛾Coarse is 0.1–1 % with retrieved distributions having smaller median diameter and broader width than the synthetic 409 

distribution. When the prescribed 𝛾Coarse is greater than 1 %, retrieved aerosol extinction values increase as the size 410 

distribution shifts to increased concentrations of coarse mode aerosols. Retrieved extinction deviates from the synthetic 411 

values with increases in coarse mode aerosol concentrations. Angstrom exponents range from 0.4–2.2, with decreases with 412 

𝛾Coarse values larger than 1 % (Fig. 5a right panel). Retrieved Angstrom exponents remain in close agreement with the 413 

synthetic data, maintaining alignment in the spectral properties of the polydisperse aerosol population, while retrieved 414 

aerosol extinction yields mixed results depending on the magnitude of 𝛾Coarse. Retrieved 𝛾Coarse of at least 0.1 % lead to best 415 

agreement with the synthetic data (Fig. 6a). The retrieval algorithm is sensitive to 𝛾Coarse larger than 0.1 %, with synthetic 416 
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𝛾Coarse less than 0.1 % implying that the distribution is effectively unimodal with small overestimations of retrieved aerosol 417 

diameter. 418 

 419 
Figure 5: Retrieved 384 nm aerosol extinction (km-1) and Angstrom Exponent (𝛼384/756 nm) for synthetic distributions describing: (a) 420 
quiescent, sulfate, (b) quiescent, smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. Retrievals performed for aerosol 421 
extinction values with a 20% uncertainty range. Retrieved aerosol extinction calculated using assumed particle number of 10 cm-3 422 
to highlight retrieval performance. 423 
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 424 
Figure 6: Retrieved aerosol size distribution coarse mode number fractions (𝛾Coarse) for synthetic distributions describing: (a) 425 
quiescent, sulfate, (b) quiescent, smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. 1:1 line shown for theory and 426 
retrieval 𝛾Coarse. 427 

Retrieved aerosol size distributions for sulfate aerosols have mostly increased aerosol sizes from the synthetic 428 

distribution with retrieved aerosol effective diameters (dp, eff) near 150–350 nm (Fig. 7a). Retrieved aerosol size distributions 429 

with prescribed 𝛾Coarse of less than 1 % have retrieved dp, Fine ~250 nm and dp, Coarse ~550 nm, and dp, eff of 150 nm. For 430 

prescribed 𝛾Coarse of 1 % and greater, the retrieved dp, Coarse increases towards the true value ~700 nm, with increases in dp, Fine 431 

to ~400 nm, and dp, eff to ~300 nm. Retrieved dp, Fine and dp, Coarse increase as the prescribed 𝛾Coarse increases with retrievals for 432 

small (large) 𝛾Coarse biased towards the fine (coarse) mode. Increases in retrieved aerosol diameters are accompanied with 433 

narrowing of the retrieved distribution modes, while underestimation of the median diameters tends to broaden the retrieved 434 

distribution modes. 435 
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 437 
Figure 7: Retrieved aerosol effective diameter (dp, eff) for synthetic distributions describing: (a) quiescent, sulfate, (b) quiescent, 438 
smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. Values shown with a 20% uncertainty range. 439 

Retrieved aerosol surface area and volume density for sulfate aerosols are found within or near the prescribed uncertainty 440 

bounds with slight underestimations (Figs. 8a, 9a). Synthetic surface area densities increase when 𝛾Coarse are larger than 1 % 441 

and synthetic volume densities increase with 𝛾Coarse larger than 0.5 %. Retrieved aerosol number density profiles are 442 

consistently underestimated and within one order of the initialized N0 value of 10 cm-3 (Fig. 10a). Larger prescribed 𝛾Coarse 443 

increase the retrieved aerosol median diameters and dp, eff with larger underestimation of N0. The retrieved distributions 444 

emphasize the fine mode aerosol concentrations which dominate the overall aerosol number while maintaining a slight 445 

coarse mode, describing the accumulation mode population in the synthetic distribution. The retrieved distributions resolve 446 

the higher order aerosol size distribution moments and, in particular for large 𝛾Coarse, is an encouraging result of the retrieval 447 

performance. 448 
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 449 
Figure 8: Retrieved 384 nm aerosol surface area density (μm2 cm-3) for synthetic distributions describing: (a) quiescent, sulfate, (b) 450 
quiescent, smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. Values shown with a 20% uncertainty range. 451 

 Aerosol extinction is marginally increased for smoke aerosols compared to sulfate aerosols at 384 nm (Figs. 5a, 5b) 452 

and across SAGE III/ISS NIR channels (not shown). Retrieved aerosol extinction coefficients for smoke aerosols show fair 453 

agreement with the synthetic data with small underestimations with synthetic 𝛾Coarse values less than 0.1 %, and increased 454 

extinction with slight overestimations for most retrievals when synthetic 𝛾Coarse is greater than or equal to 0.1 % (Fig. 5b left 455 

panel). Retrieved aerosol extinction increases for the large prescribed 𝛾Coarse as distributions shift to describing larger aerosol 456 

sizes within the range of the synthetic distribution defined fine and coarse modes. For synthetic 𝛾Coarse larger than 1 %, 457 

synthetic aerosol optical and microphysical properties increase with increased coarse mode aerosol concentrations. Synthetic 458 

Angstrom exponents range from 0–1.8 with good agreement between retrieved and synthetic data (Fig. 5b right panel). 459 

Smoke aerosol Angstrom exponents are smaller than for sulfate aerosols from the increased NIR extinction.  460 

 461 

The retrieved aerosol size distributions for smoke aerosols are bimodal lognormal distributions with large 𝛾Coarse ranging 462 

from 0.1–10 % (Fig. 6b). Synthetic 𝛾Coarse values less than 0.05 % are overestimated with retrieved 𝛾Coarse equal to 10 %. The 463 

inflated coarse mode partitioning has retrieved dp, Fine and dp, Coarse of less than 500 nm, with dp, eff closely matching the 464 

synthetic data (Fig. 7b). Retrieved 𝛾Coarse are found closer to the 1:1 line for the synthetic 𝛾Coarse values larger than 0.05 %, 465 
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approximating the threshold of 𝛾Coarse where the coarse mode strongly impacts aerosol properties (Fig. 6b). Retrieved median 468 

diameters increase by 300 nm for retrievals over the synthetic 𝛾Coarse range, with retrieved dp, Fine ranging from 100 to 400 nm 469 

and dp, Coarse from 400 to 700 nm, and dp, eff from 150–300 nm (Fig. 7b). Retrievals of larger dp and broader 𝜎g, Coarse increase 470 

dp, eff to 200–400 nm (Fig. 7b) and further lower retrieved number densities (Fig. 10b). 471 

 472 

Surface area densities are retrieved for smoke aerosols within the sample uncertainty bounds with good agreement with the 473 

synthetic values overall (Fig. 8b). Retrieved aerosol number and surface area densities are underestimated from synthetic 474 

values for retrieved distributions having strong coarse modes and where synthetic 𝛾Coarse is greater than or equal to 0.05 %. 475 

Volume densities are retrieved in close agreement with the synthetic values (Fig. 9b). Size distribution retrievals for smoke 476 

aerosols exhibit some instability with 𝛾Coarse larger than 0.05 % in this distribution. 477 

 478 

Retrieved aerosol properties are in closer agreement with the synthetic data for smoke aerosols than sulfate aerosols 479 

for 𝛾Coarse larger than 1 % even with increased dp, eff. Overall, the sulfate retrieved aerosol size distributions include larger dp, 480 

med with a dominant fine mode describing the accumulation mode aerosols. Smoke aerosol retrievals exhibit stronger 481 

partitioning to coarse mode aerosol concentrations with larger 𝛾Coarse values, broadening the 𝜎g, Coarse, and increasing dp, eff. 482 

Retrieved aerosol number, surface area, and volume density tend to be larger in the smoke aerosol retrievals for this 483 

distribution as a result. The retrieved aerosol distribution moments are resolved well with dp, eff, surface area, and volume 484 

density remaining within the uncertainty bounds of the synthetic dataset for both compositions. 485 

4.2 Retrievals of the Non–Quiescent Aerosol Size Distribution 486 

 Aerosol extinction is significantly enhanced in the non–quiescent distribution across the SAGE III/ISS wavelength 487 

spectrum for both sulfate and smoke aerosols, e.g., aerosol extinction coefficients at 384 nm for sulfate aerosols range from 488 

4–8E-3 km-1, with increases in aerosol extinction with 𝛾Coarse larger than 1 % (Fig. 5c left panel). Retrieved distributions for 489 

sulfate aerosols produce aerosol extinction within the uncertainty bounds of the synthetic data for most retrieved size 490 

distributions. Angstrom exponents range from 0 to 0.6 (Fig. 5c right panel) and decrease when 𝛾Coarse exceeds 1 %. The 491 

Angstrom exponents are notably smaller with the increased aerosol diameters from the quiescent aerosol size distribution. 492 

  493 

 There is strong agreement overall in the microphysical properties of the retrieved and synthetic aerosol size 494 

distributions for sulfate aerosols. Most retrieved 𝛾Coarse describe a unimodal distribution (Fig. 6c) with retrieved aerosol 495 

concentrations firmly within the accumulation mode, matching the synthetic distribution where these optically impactful 496 

aerosols dominate extinction. The retrieved distributions have broad fine modes with distribution means near 400 nm and 497 

retrieved dp, eff agree well with the synthetic values ranging from 350–500 nm (Fig. 7c). Number densities are retrieved in 498 

close agreement and are within 20 % of 10 cm-3 for most retrievals (Fig. 10c).  499 
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 501 

The non–quiescent synthetic distributions produce enhanced aerosol surface area densities of 5–8 μm2 cm-3 (Fig. 8c) and 502 

volume densities of 0.6–1.0 μm3 cm-3 (Fig. 9c). The increased particle diameters and enhanced surface area and volume 503 

densities in the retrieved distributions for sulfate aerosols match the synthetic data. The retrieval algorithm is more likely to 504 

result in a bimodal lognormal distribution when synthetic 𝛾Coarse is larger than 5 % (Fig. 6c). The retrieved bimodal 505 

distributions for large synthetic 𝛾Coarse have strong agreement with the synthetic data as dp, eff increases to ~450–500 nm (Fig. 506 

7c). 507 

 508 
Figure 9: Retrieved 384 nm aerosol volume density (μm3 cm-3) for synthetic distributions describing: (a) quiescent, sulfate, (b) 509 
quiescent, smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. Values shown with a 20% uncertainty range. 510 

 Synthetic aerosol extinction coefficients for smoke aerosols are marginally increased from sulfate aerosols and 511 

range from 4–8E-3 km-1 at 384 nm (Fig. 5d left panel). Angstrom exponents from the synthetic dataset for smoke aerosols 512 

range from 0–0.3 (Fig. 5d right panel), are marginally smaller than for sulfate aerosols, and have strong agreement between 513 

the retrieved and synthetic values. For synthetic 𝛾Coarse less than 0.1 %, the retrieved distributions produce enhanced aerosol 514 

extinction from the synthetic data with retrieved distributions largely bimodal (Fig. 6d) and overestimating aerosol size with 515 

dp, eff ~1 μm (Fig. 7d). The retrieval algorithm solution spaces deteriorate with large 𝛾Coarse and 𝜎g, Coarse, compensating with 516 

increased aerosol sizes to match the large extinction values produced in the synthetic distribution. Retrieved smoke aerosol 517 
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number density is underestimated (Fig. 10d) and volume density is overestimated (Fig. 9d) with increases in retrieved 519 

diameters. Retrieved surface area densities maintain close agreement with the synthetic values within the uncertainty range 520 

with the retrieved distribution having sensitivity to the accumulation mode aerosols (Fig. 8d). 521 

 522 

Retrieved aerosol extinction coefficients best match the synthetic dataset for a range of synthetic 𝛾Coarse from 0.1–10 % where 523 

larger synthetic 𝛾Coarse more clearly define a fine and coarse mode, with retrieved dp, eff between 300–400 nm (Fig. 7d). 524 

Retrieved volume densities show strong agreement with the synthetic data where retrieved number densities (Fig. 10d) and 525 

𝛾Coarse (Fig. 6d) are shown to be in stronger agreement with the synthetic data. The separation of two modes in synthetic 526 

distributions with large 𝛾Coarse helps the retrieval algorithm target the optically impactful aerosols, where otherwise the 527 

retrieved size distributions isolate a single mode producing the enhanced aerosol extinction, leading to overestimates in 528 

retrieved aerosol sizes. This range also produces solutions which oscillate between the best match and overestimates in 529 

aerosol extinction, marking instability in the retrieval of synthetic distributions with large 𝛾Coarse as Mie resonances increase 530 

with particle diameter. Solutions oscillate as retrieved distributions infer a broad coarse mode which introduces non-531 

uniqueness to the solution space. 532 

 533 

When compared to the sulfate aerosol retrievals reflecting a major volcanic event, the retrieved distributions for smoke 534 

aerosols have larger dp, Fine, relatively narrow 𝜎g, Fine, along with strong partitioning to a broad coarse mode. Retrieved aerosol 535 

size distributions with retrieved dp, Fine ~400 nm, dp, Coarse ~600–900 nm, dp, eff ~300–400 nm, and 𝛾Coarse ~1 % show strong 536 

agreement in aerosol optical and microphysical properties with the synthetic data. Synthetic 𝛾Coarse ranging from 0.1–10 % 537 

provide the closest matches in the retrieved and synthetic data with the synthetic distributions including stronger partitioning 538 

to a large particle mode and enhanced aerosol extinction, closely resembling aerosol size distributions following a 539 

stratospheric perturbation. 540 
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 543 
Figure 10: Retrieved 384 nm aerosol number density (cm-3) for synthetic distributions describing: (a) quiescent, sulfate, (b) 544 
quiescent, smoke, (c) non–quiescent, sulfate, and (d) non–quiescent, smoke. The retrieved value is calculated from the extinction 545 
measurement (± 20 % uncertainty) while assuming aerosol number density is equal to 10 cm-3. 546 

5 Application of Retrieval Algorithm to Observational Data 547 

 The pyroCb observations analyzed in Sect. 5 include individual stratospheric profiles from SAGE III/ISS and 548 

coincident in situ measurements collected near Laramie, WY. This research includes samples of the 2017 PNE event in 549 

western North America during late summer of 2017, along with pyroCb events in western North America in September 550 

2020. SAGE III/ISS observations are filtered for coincidence with the in situ measurement within a bounding box of ± 5° 551 

latitude, ± 10° longitude from the Laramie, WY launch location (41.31° N, -105.65° E) and within ± 24 hours of the 552 

WLPC/LOPC flight. Coincidence criteria are relaxed to ± 10° latitude if no coincident profile is found. Satellite and in situ 553 

data of sulfate or smoke aerosol external mixtures use the refractive indices in Table 1. 554 

5.1 2017 Pacific Northwest Event (PNE) 555 

 Two SAGE III/ISS observations are coincident with the WLPC in situ measurement made on 9 November 2017 556 

near Laramie, WY: Profile 1 on 9 November 2017 (46.87° N, -98.44° E) and Profile 2 on 10 November 2017 (46.5° N, -557 

108.96° E). Both SAGE III/ISS and WLPC detect enhanced aerosol extinction from 14–20 km following dispersal of pyroCb 558 
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aerosols in the lower stratosphere (Fig. 11a) (Yu et al., 2019; Torres et al., 2020; Baars et al., 2019). SAGE III/ISS aerosol 563 

extinction measurements are within 50 % of the WLPC measurements. Tropopause heights from MERRA-2 reanalysis 564 

matching the spatiotemporal location of individual SAGE III/ISS profiles are shown as horizontal dotted lines. SAGE III/ISS 565 

aerosol extinction measurements and calculated values from retrieved size distributions are overlaid in figures 11 and 15, 566 

respectively, with retrieved SAGE III/ISS profiles labeled as sulfate or smoke values. Angstrom exponents in the lower 567 

stratosphere are reduced to ~0.5–1.5 and increase sharply with height above 20 km (Fig. 11b). WLPC Angstrom exponents 568 

assuming smoke aerosols show strong agreement with SAGE III/ISS observations up to ~20 km with persistent aerosol 569 

loading in the lower stratosphere from the summer pyroCb events. 570 

 571 
Figure 11: Aerosol extinction at 384 nm (km-1) (a, left panel) and Angstrom exponents (384/756 nm) (b, right panel) from SAGE 572 
III/ISS observations coincident with WLPC in situ measurements made on 09 November 2017. WLPC aerosol extinction 573 
coefficients and Angstrom exponents are shown for external mixtures of sulfate and smoke aerosols, respectively. SAGE III/ISS 574 
sulfate and smoke aerosol data are calculated from the retrieved aerosol size distributions.  575 

 SAGE III/ISS and WLPC display increases in aerosol effective diameters to 300–700 nm in the lower stratosphere 576 

below 20 km (Fig. 12a), in agreement with EARLINET lidar retrieved aerosol effective diameters of 640 ± 200 nm in smoke 577 

layers intercepted above Leipzig, Germany in August (Haarig et al., 2018). WLPC measured aerosol effective diameters 578 

below 20 km within smoke infiltrated layers have high variance at 0.5 km altitude resolution with an uncertainty of 40 % 579 

spanning several hundred nanometers. SAGE III/ISS and WLPC collected dp, Fine range from 200–500 nm with significant 580 
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partitioning to a coarse mode within the upper accumulation mode where dp, Coarse are centered near 500–800 nm. Lower 592 

stratospheric aerosol surface area densities are enhanced and range from 1–3 μm2 cm-3 and 0–3 μm2 cm-3 from SAGE III/ISS 593 

and WLPC, respectively, with SAGE III/ISS retrieved values in agreement within the 40 % uncertainty range of the WLPC 594 

(Fig. 12b). SAGE III/ISS retrieved aerosol volume densities in the lower stratosphere below 18 km reach maxima of 0.1–595 

0.25 μm3 cm-3 (Fig. 12c), while values at higher altitudes remain below 0.1 μm3 cm-3. Strong agreement in SAGE III/ISS 596 

retrieved and WLPC measured volume densities are shown in the smoke enhanced layers and throughout the vertical profile. 597 

PollyNET (NETwork of POrtabLe Lidar sYstems) stratospheric aerosol mass measurements of the diluted smoke layers 598 

agree well with the coincident SAGE III/ISS and WLPC observations, similarly describing the enhanced aerosol mass 599 

following the PNE over background stratospheric conditions (Baars et al., 2019). Decreases in aerosol volume density 600 

coincide with decreases in aerosol size above 22 km.  601 

 602 
Figure 12: SAGE III/ISS and WLPC (a) aerosol effective diameter (nm), (b) surface area density (μm2

 cm-3), and (c) volume 603 
density (μm3 cm-3) profiles from 9–10 November 2017. (a) WLPC full resolution mean aerosol effective diameters at 0.5 km 604 
resolution (WLPC 0.5 km) with error bars depicting standard deviation at this vertical resolution. WLPC Size Distribution uses 605 
the publicly distributed size distribution fits of the measured aerosol concentrations to calculate the distribution moments. 606 

Retrieved SAGE III/ISS aerosol number densities are consistent with WLPC aerosol size resolved concentrations for N(dp > 607 

0.02–0.3 μm) with the majority of SAGE III/ISS retrieved number densities below 20 km falling between 1–10 cm-3 (Fig. 608 

13a). SAGE III/ISS retrieved smoke aerosol number densities are mostly larger than the sulfate retrieval, with WLPC 609 
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number density including CN measurement showing that total aerosol concentrations can be dominated by the small aerosol 620 

population. WLPC number concentrations for N(dp > 0.300 μm) are near or less than 1 cm-3, while N(dp > 0.184 μm) range 621 

from 3–10 cm-3 through much of the lower stratosphere (Fig. 13b). WLPC measured aerosol concentrations show a broad 622 

range between the N(dp > 0.300 μm) and N(dp > 0.184 μm) bins suggesting that a large portion of the accumulation mode 623 

population falls within 184–300 nm range (Fig. 13b). Increased concentrations of aerosols with diameters less than 300 nm 624 

indicate growth of total aerosol population, with coagulation being an efficient driver of aerosol growth following increases 625 

in stratospheric aerosol mass which are most prominent in the smoke affected layers. 626 

 627 
Figure 13: SAGE III/ISS and WLPC (a) aerosol number density (cm-3) and (b) WLPC aerosol size resolved concentrations (cm-3). 628 
(a) WLPC aerosol number densities are calculated with and without inclusion of independent CN measurement, shown in (b) 629 
N(dp> 0.020 μm). 630 

From 16.5–17.6 km, smoke aerosols are detected with near maximum aerosol size, surface area and volume density, and 631 

extinction in the vertical profile for this date (Figs. 11–12). At 16.5 km, retrieved aerosol effective diameters range from 632 

~400–600 nm (Fig. 12a). SAGE III/ISS retrievals at 16.5 km show dp, Fine are found between 250–350 nm in profile 1 and 633 

250–500 nm in profile 2, and WLPC dp, Fine is equal to 240 nm (Fig. 14). SAGE III/ISS and WLPC aerosol size distributions 634 

describe 𝜎g, Fine from 1.4–1.6 with 𝜎g, Coarse remaining narrow (~1.1–1.4). SAGE III/ISS retrieved dp, Coarse are found between 635 

550–800 nm for profiles 1 and 2 if a coarse mode is detected. WLPC dp, Coarse is equal to 3.66 μm with minimal aerosol 636 

concentrations of diameters 2–9 μm meeting the lower concentration sensitivity of the WLPC instrument. SAGE III/ISS 637 
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retrieved aerosol size distributions at this height closely resemble the WLPC aerosol size distribution fine mode and 643 

negligible coarse mode concentrations. The measured distributions highlight the overall increased concentration of 644 

accumulation mode aerosols within the broad ranging polydisperse distribution describing the smoke aerosols. 645 

 646 
Figure 14: SAGE III/ISS and WLPC aerosol size distributions (cm-3) at 16.5 km from 9–10 November 2017. 647 

Sampling at Laramie, WY in late April 2018 with coincident SAGE III/ISS measurement indicate reduced aerosol optical 648 

and microphysical properties from November 2017 (not shown here). WLPC measurements describe CN concentration 649 

increases from the previous samples, along with reduced accumulation mode aerosol concentrations with dp ranging from 650 

184–800 nm. N(dp > 0.80 μm) are less than N(dp < 0.80 μm) aerosol concentrations by an order of magnitude but remain 651 

enhanced over quiescent conditions. Aerosol effective diameters remain enlarged to near 400 nm throughout the lowermost 652 

stratosphere. SAGE III/ISS retrieved aerosol optical and microphysical properties for sulfate and smoke aerosols below 20.5 653 
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km demonstrate reductions in aerosol extinction, surface area and volume density by ~40 %, with decreases in number 658 

density reaching 50 %. Aerosol number and volume density reductions indicate further reduction in the smoke aerosol 659 

retrieved properties which decrease by more than 50 and 60 %, respectively. Aerosol diameters remaining increased to 660 

several hundred nanometers and reductions in volume density, and other aerosol properties shown here, are similar to 661 

observations of smoke aerosols in the UTLS up to 12.5 km in NASA’s AToM field campaign in 2017 and 2018 (Katich et 662 

al., 2023). Decreases in stratospheric aerosol properties near Laramie, WY over this time span agree with Polly lidar station 663 

measurements of reduced aerosol mass in the northern hemisphere midlatitudes (Baars et al., 2019). 664 

5.2. Post September 2020 PyroCb Events 665 

 A single SAGE III/ISS observation is coincident with the dual launch of the WLPC and LOPC from Laramie, WY 666 

on 13 September 2020 following an active wildfire period in the continental United States. During September 2020, five 667 

pyroCb events in California and Colorado injected smoke aerosols into the UTLS between 10–17 km (Peterson et al., 2025). 668 

Resulting pyroCb smoke plumes were transported to Europe in subsequent days (Baars et al., 2021; Hu et al., 2022). In situ 669 

measurements from Boulder, CO also document increased aerosol loading in the lower stratosphere during the intense 670 

wildfire outbreaks in 2020 (Todt et al., 2023). Stratospheric aerosol layers are expected to have residual impacts from the 671 

2019 Raikoke volcanic eruption (48.3° N, 153.3° E) contributing to the aerosol loading along with the additional smoke 672 

aerosols. 673 
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 675 
Figure 15: Aerosol extinction at 384 nm (km-1) and Angstrom exponents (384/756 nm) from SAGE III/ISS observations coincident 676 
with WLPC and LOPC in situ measurements made on 13 September 2020 during an active wildfire period in North America. In 677 
situ aerosol extinction coefficients are shown for external mixtures of sulfate and smoke aerosols, respectively. SAGE III/ISS 678 
sulfate and smoke aerosol data are calculated from the retrieved aerosol size distributions. 679 

SAGE III/ISS and WLPC/LOPC measured aerosol extinction profiles show moderate extinction in the lower stratosphere 680 

from tropopause (~14.6 km) to 18 km, with maximums from 18–20 km (Fig. 15a). SAGE III/ISS measures reduced 681 

Angstrom exponents up to 19 km which match OPC measured reductions in the smoke profile (Fig. 15b). In smoke 682 

dominated layers, LOPC reports more pronounced reductions in Angstrom exponent than the WLPC with increased 683 

sensitivity to large aerosols in the LOPC measurement. Angstrom exponents increase with height above 19 km. SAGE 684 

III/ISS retrieved aerosol optical and microphysical properties are juxtaposed to the measured values from the WLPC and 685 

LOPC throughout much of the vertical profiles while showing strong agreement with the WLPC in the lowermost 686 

stratosphere and with the LOPC at higher altitudes. LOPC aerosol extinction is largely enhanced from the WLPC at high 687 

altitudes where low concentrations benefit sampling from the high flow rate LOPC instrument. 688 
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 693 
Figure 16: SAGE III/ISS, WLPC, and LOPC (a) surface area density (μm2

 cm-3), and (b) volume density (μm3 cm-3) profiles from 694 
13 September 2020. 695 

 Aerosol surface area and volume densities are moderate from tropopause to 18 km, with values increased above 18 696 

km up to 22 km and where the maximum quantities are measured. SAGE III/ISS and WLPC retrieved aerosol surface area 697 

densities range from ~1.0–3.0 μm2 cm-3 with LOPC measurements reaching 5 μm2 cm-3 in the stratosphere (Fig. 16a). SAGE 698 

III/ISS and WLPC retrieved aerosol volume densities range from ~5–10E-2 μm3 cm-3 while LOPC measurements reach 1–699 

4E-1 μm3 cm–3 (Fig. 16b). From 18–20 km, increases in aerosol number densities are measured from each instrument 700 

converging to values of ~5 cm-3 (4–7 cm-3) (Fig. S1c). Aerosol number densities in the lowermost stratosphere below 18 km 701 

are overall reduced from the higher altitude layers. SAGE III/ISS retrieved values show fairly strong agreement with the 702 

aerosol concentrations from the lowest measured size bins from the WLPC and LOPC, N(dp > 0.184 μm) and N(dp > 0.300 703 

μm) respectively, ranging from 1–10 cm-3 (Fig. S1). 704 

 705 

 The UTLS below 18.5 km is modulated by smoke aerosols moderately enhancing aerosol size and optical and 706 

microphysical properties. SAGE III/ISS retrieved and WLPC/LOPC measured aerosol effective diameters range from 350–707 

800 nm with most effective diameters larger than 400 nm over the collective instrument range (Fig. 17a). From 15–18 km, 708 

SAGE III/ISS retrieved dp, Fine range from 350–500 nm for sulfate aerosols and 100–400 nm for smoke aerosols, with OPC 709 

measured dp, Fine ranging from 100–200 nm (Fig. 17b and S2a–b). SAGE III/ISS retrieved dp, Coarse range from 400–800 nm, 710 
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with good agreement between SAGE III/ISS and WLPC measurements within a constrained range (550–750 nm) at 16 km 719 

(Fig. 17b). SAGE III/ISS and WLPC/LOPC aerosol effective diameters at 16 km are ~500 nm (Fig. 17a). WLPC measured 720 

aerosol effective diameters range from 500–750 nm in the lower stratosphere with high variance in the 0.5 km averaged 721 

altitude bins in smoke infiltrated layers, and with reduced values in the WLPC/LOPC measurement fit aerosol size 722 

distributions (Fig. 17a). SAGE III/ISS retrieved aerosol effective diameters range from 350–550 nm in the same altitude 723 

range and are in stronger agreement with LOPC measured aerosol effective diameters from 400–550 nm. 724 

 725 
Figure 17: SAGE III/ISS, WLPC, and LOPC (a) aerosol effective diameter (nm) from retrieved, measured, and fit data. SAGE 726 
III/ISS, WLPC, and LOPC aerosol size distributions (cm-3) at (b) 16 km and (c) 19.5 km from 13 September 2020. (a) OPC full 727 
resolution mean aerosol effective diameters at 0.5 km resolution (WLPC 0.5 km, LOPC 0.5 km) resolution with error bars 728 
depicting standard deviation at this resolution. WLPC Size Distribution and LOPC Size Distribution use the publicly distributed 729 
size distribution fits of the measured aerosol concentrations for each instrument. 730 

Stratospheric aerosols near the tropopause are larger in diameter by up to several hundred nanometers compared to the 731 

stratospheric layers above, where SAGE III/ISS retrieved aerosol effective diameters from 18.5–20.5 km range from 350–732 

550 nm (Fig. 17a). SAGE III/ISS retrieved aerosol size distributions have dp, Fine near 100–250 nm and dp, Coarse from 400–550 733 

nm in the higher altitude layers (Fig. 17c and S2c–d). At 19.5 km, WLPC/LOPC aerosol size distributions have dp, Fine near 734 

200 nm (160–186 nm) and dp, Coarse of ~400 nm (406–436 nm) (Fig. 17c). Most indications are the stratospheric aerosol 735 

layers well above the tropopause are sampling residual volcanic aerosols, and that aerosol sizes are reduced but with 736 

enhanced concentrations within the accumulation mode producing enhanced aerosol extinction, and near maximums in 737 
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surface area and volume densities in the vertical profile from all instruments. Aerosol concentrations and extinction are 750 

reduced above 22 km as all instruments report a decline in aerosol properties as altitude increases. These values are 751 

indicative of background stratospheric aerosols, unperturbed by smoke or other pollutants. 752 

6 Discussion 753 

6.1 Simulations of the Quiescent and Non–Quiescent Distribution for Sulfate and Smoke Aerosols 754 

 Aerosol size distributions retrieved from synthetic data are shown to resolve synthetic aerosol size distributions and 755 

aerosol properties for both sulfate and smoke aerosols in the quiescent sample. Retrieved 𝛾Coarse exhibit best agreement with 756 

the synthetic 𝛾Coarse in range from 0.1–10 % where there is significant coarse mode partitioning of total aerosol number 757 

concentrations. Angstrom exponents vary with increases in 𝛾Coarse larger than 0.1 %, are retrieved in close agreement with the 758 

synthetic dataset, and are used to define the relative contribution of fine and coarse mode aerosol to the total aerosol mixture. 759 

The retrieved number density is highly sensitive to assumptions of the aerosol size distribution and less robust to 760 

uncertainties in refractive index and particle shape. Retrieving aerosol number density in quiescent conditions continues to 761 

be challenging due to disproportional impacts of the small aerosol population on aerosol number, as opposed to surface area 762 

or volume density, which have negligible impacts on the extinction measurement. 763 

  764 

  Synthetic aerosol size distributions, modeled after a stratospheric perturbation, exhibit enhanced aerosol extinction, 765 

surface area, and volume density from background samples due to increases in aerosol size and enhancement of 766 

accumulation and coarse mode aerosol concentrations. Increases in 𝛾Coarse by several percent enhance these properties to 767 

more than double the original value. Retrieved aerosol size distributions for sulfate aerosols are in better agreement with the 768 

synthetic data, with better sensitivity to the coarse mode aerosol concentrations more than 1 μm, than smoke aerosols for 769 

most 𝛾Coarse. The retrieved sulfate aerosol size distributions are primarily unimodal, broad, and have distribution means near 770 

350–500 nm. Retrieved smoke aerosol size distributions provide good agreement with synthetic aerosol properties for 771 

discrete ranges in synthetic 𝛾Coarse from 0.1–10 %. The retrieved smoke aerosol size distributions are in closest agreement 772 

with retrieval of a bimodal distribution, 𝛾Coarse ~1 %, and with fine and coarse mode dp both enhanced in the accumulation 773 

mode, ~400 nm and 600–900 nm, respectively. Retrieved smoke aerosol size distributions otherwise overestimate aerosol 774 

extinction due to incorrectly assuming the extinction is caused by a smaller number of large particles rather than a larger 775 

number of small particles, resulting in underestimated number densities and overestimated volume densities. 776 

 777 

PyroCb aerosols have been measured to be larger than typical smoke aerosols at the point of emission, with size distributions 778 

in the UTLS from in situ measurement suggesting two distinct modes within the accumulation mode (Katich et al., 2023; Li 779 

et al., 2025; Asher et al., 2024). Aerosol mass is largely present in the large particle mode with diameters of more than 500 780 

nm (Haarig et al., 2018; Ansmann et al., 2021, Ohneiser et al., 2021). Wildfire and pyroCb emissions may initially have 781 
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narrow unimodal distributions in measurements of fresh smoke plumes. Microphysical interactions with time broaden the 786 

size distributions. The subsequent growth, transport, and dispersal of the injected aerosols over time further alter 787 

stratospheric aerosol properties with pyroCb smoke aerosols undergoing physicochemical aging along with mixing 788 

throughout the stratosphere. 789 

 790 

Stratospheric OPC measurements and instrument validation efforts typically assume exclusively a sulfate aerosol 791 

composition to retrieve aerosol size resolved concentrations (Li et al., 2021; Kalnajs & Deshler, 2022). PyroCb aerosols 792 

following major events can have enhanced aerosol diameters and properties calculated using a smoke refractive index (Asher 793 

et al., 2024). Measures of the aerosol optical diameter will vary for sulfate and smoke aerosols and potentially lead to high 794 

variance in mixed aerosol layers. Forward simulated multispectral aerosol extinction coefficients vary per aerosol 795 

composition and are larger for smoke aerosols in the NIR. The differences in the forward simulated aerosol extinction 796 

coefficients for sulfate and smoke aerosols drive differences in the SAGE III/ISS retrieved aerosol microphysical properties. 797 

Retrieved aerosol optical and microphysical properties are found to be in close agreement for each aerosol composition. 798 

Agreement in the retrieved and synthetic aerosol properties show that the retrieval algorithm can be used to quantify aerosol 799 

properties in the stratosphere with assumptions of the aerosol composition and expectation of a diverse, polydisperse 800 

distribution. 801 

6.2 Characteristics of the Retrieved Aerosol Size Distributions 802 

Retrieved aerosol size distributions describe aerosol concentrations spanning the accumulation mode with 803 

sensitivity to ultrafine and coarse mode aerosol concentrations. Most retrieved distributions include median dp larger than 0.1 804 

μm. The retrieved distributions are able to describe broad ranges of aerosol concentrations with similar resolution of the 805 

overall distribution shape as contemporary in situ measurements have shown. The range of the retrievable aerosol size 806 

distribution median diameters in simulations of the retrieval of bimodal lognormal distributions maxes out near 1 μm 807 

difference between dp, Fine and dp, Coarse. Challenges in resolving aerosol properties with distributions containing narrow 𝜎g 808 

coincide with instances where there may be a large difference between the fine and coarse mode dp. Retrieved dp and 𝜎g per 809 

mode see changes from the synthetic dataset values in a way that minimizes the error in the resolved aerosol properties 810 

described by the retrieved aerosol size distribution. These two parameters will undergo changes inversely, and for either 811 

mode, with retrieved values preserving the original distribution shape. 812 

 813 

Aerosol extinction produced by a bimodal lognormal aerosol size distribution can oftentimes be attributed to a 814 

primary, optically significant mode of the distribution over a less significant, secondary mode; the primary/secondary mode 815 

can manifest as either fine/coarse or coarse/fine. The weight of fine and coarse mode aerosol concentrations are expressed in 816 

the Angstrom exponent, which is used to identify the modal properties of the sample aerosol size distribution through direct 817 

retrieval of 𝛾Coarse. Forward simulated aerosol extinction ratios and Angstrom exponent spectra dynamically vary for 818 
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permutations of 𝛾Coarse, and the fine and coarse modes, of the bimodal lognormal distribution. While good agreement in 828 

retrieved and synthetic 𝛾Coarse is shown in some instances, and here for large 𝛾Coarse, the retrieval of 𝛾Coarse is more prone to 829 

error while the retrieved aerosol microphysical properties are not. Testing of the retrieval algorithm reveals that large 830 

synthetic 𝛾Coarse values can possibly cause oscillations in the retrieved values for some aerosol size distributions. Mie theory 831 

can produce resonant oscillations in extinction coefficients with increasing particle diameters (Todt et al., 2023; Mei et al., 832 

2020). Oscillations in retrieved aerosol size distribution parameters occur with increases in 𝛾Coarse over 0.01 %, with most 833 

increases beginning near 0.1–1 % and greater. Some retrieved aerosol size distributions show oscillations only beginning 834 

near to the retrieval 𝛾Coarse limit of 10 % with enhancement of retrieved aerosol diameters and broad 𝜎g, Coarse. 835 

 836 

 The distribution mean aerosol extinction cross section helps to integrate the size, composition, and spectral 837 

variances of the aerosol extinction measurement when calculating the total aerosol number for the retrieved aerosol size 838 

distribution. Retrieving unimodal distributions for ambient bimodal distributions from occultation methods may lead to 839 

underestimations of the number density (von Savigny & Hoffmann, 2020). Retrieved number densities for bimodal 840 

lognormal distributions have less pronounced negative bias, shown for large 𝛾Coarse here, showing potential for significant 841 

boosts to the accuracy of the retrieved aerosol size distributions through better solution of the mean aerosol extinction cross 842 

section. Including an additional mode can potentially better parameterize the shape of the overall size distribution, increase 843 

resolution of the individual modes, and cover a broader range of aerosol concentrations. Aerosol number density can still be 844 

underestimated due to poor construction of the retrieved aerosol size distribution, potential biases in the extinction 845 

measurement towards larger aerosol diameters, and underlying assumptions in aerosol size, shape, and composition. A strict 846 

bounded range of the aerosol extinction prior to the inversion limits retrieval uncertainties. Resolving the aerosol size 847 

distribution centers, shape, and range proves to conserve agreement in the synthetic and retrieved aerosol microphysical 848 

properties. 849 

6.3 Applicability to SAGE III/ISS Dataset 850 

 SAGE III/ISS and in situ measurements over a four year period from 2017–2021 observe several instances of 851 

stratospheric perturbations from volcanic and pyroCb activity in the northern hemisphere midlatitudes (40°–50° N) (Fig. 18). 852 

In situ measurements are taken from Laramie, WY and Boulder, CO from University of Wyoming (WLPC), the Laboratory 853 

of Atmospheric Space and Physics, University of Colorado Boulder (LOPC), and NOAA’s Balloon Based Stratospheric 854 

Aerosol Profiles (B2SAP), respectively. The most notable perturbation events in this hemisphere during this time are the 855 

2017 pyroCb events in western North America including the 2017 PNE event, and the 2019 Raikoke eruption. PyroCb occur 856 

in Canada, Asia, and the United States annually and can contribute to enhancement of stratospheric aerosol layers in the 857 

northern hemisphere. Intense wildfires in the boreal region can also loft wildfire smoke into the UTLS (Ohneiser et al., 2021; 858 

Ansmann et al., 2024; Khaykin et al., 2025). 859 
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Stratospheric aerosol optical depth (sAOD) in the UTLS up to 30 km following the 2017 PNE and 2019 Raikoke eruptions 864 

increase by 2–3 times the semi–quiescent periods observed prior to the events, perturbing aerosol properties in the northern 865 

hemisphere stratosphere over long periods of time (Khaykin et al., 2024; Kloss et al., 2021; Yu et al., 2019). SAGE III/ISS 866 

sAOD in the midlatitude zonal band is in strong agreement with in situ measurements made over this time period, with 867 

agreement extending to measures of the aerosol microphysical properties. Figure 18 shows enhancements of mean 868 

stratospheric aerosol volume density following numerous volcanic and pyroCb events, with peak values reaching ~ 0.2–0.3 869 

μm3 cm-3 closely following the 2017 PNE and 2019 Raikoke events. Error bars and shading indicate uncertainty range of the 870 

in situ and satellite averages, respectively. Inherent instrument sensitivities and spatiotemporal differences in the sampled air 871 

mass produce differences in the satellite and in situ measurements. Large increases in mean aerosol volume density, surface 872 

area density, and effective diameter are observed over background semi–quiescent conditions. Maximum aerosol surface 873 

area densities range from 1–5 μm2 cm-3 and volume densities from 0.1–0.25 μm3 cm-3 in the stratosphere. Aerosol effective 874 

diameters increase following the most stratospheric impactful events with column averaged diameters reaching 400–600 nm 875 

and size distributions shifting towards increased sizes and concentrations of optically impactful aerosol. Overall strong 876 

agreement is shown in the in situ measured and satellite retrieved data with robust retrievals of stratospheric aerosol 877 

properties for sulfate and smoke samples. 878 

879 
Figure 18: SAGE III/ISS and in situ measured mean aerosol volume densities in the northern hemisphere midlatitudes (40–50° N) 880 
from 10–30 km altitude over a four year span. 881 
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The 2017 PNE enhanced aerosol optical and microphysical properties in the northern hemisphere midlatitude lower 885 

stratosphere, peaking in the lower stratosphere up to a height of 20–22 km, for nearly 10 months with aerosol size 886 

distributions described by significant accumulation mode aerosol concentrations. PyroCb enhanced aerosol concentrations 887 

sampled with coincident in situ measurements ~two months after the pyroCb events produced relatively strong 888 

enhancements of the aerosol extinction, surface area, and volume density in the lower stratosphere along with reduced 889 

measures of the Angstrom exponent. SAGE III/ISS initially measures strong enhancements of aerosol properties following 890 

the pyroCb events. Transport and self-lofting of smoke aerosols spatially redistribute and increase the height of the smoke 891 

layers in the northern hemisphere stratosphere (Torres et al., 2020; Yu et al., 2019). Stratospheric aging and sedimentation 892 

further alter smoke aerosol concentrations following their injection into the stratosphere (Baars et al., 2019). Initial 893 

coincident observations between SAGE III/ISS and WLPC report decreases in smoke aerosol properties and are likely 894 

characteristic of semidiluted stratospheric aerosol layers. Coincident samples more than eight months after the initial 2017 895 

pyroCb events report decreases in aerosol optical and microphysical properties of more than 40 % with aerosol 896 

concentrations diminished. 897 

 898 

The relative impacts to the lower stratosphere from the 2020 pyroCb events with close spatiotemporal proximity to their 899 

injection are subdued in comparison to the 2017 PNE and 2019 Raikoke events and other major pyroCb and volcanic events 900 

globally. Moderate enhancements of the aerosol properties in the lower stratosphere in late 2020 are likely impacts from the 901 

large scale wildfire activity and pyroCb events during this time period, increasing fine and coarse mode aerosol 902 

concentrations in the lower stratosphere and contributing to increased aerosol diameters in the lowermost stratosphere. For in 903 

situ and coincident SAGE III/ISS observations taken in 2017 and 2020 after North American pyroCb events, stratospheric 904 

smoke embedded layers describe a distribution with dp, Fine approximately 200–400 nm and a secondary, coarse mode with dp, 905 

Coarse 500–800 nm. Peak aerosol size and concentration enhancements in lower stratospheric smoke samples are larger 906 

following the 2017 PNE. 907 

 908 

 Major pyroCb and volcanic events alter lower stratospheric aerosol size distributions with increases in aerosol 909 

effective diameter and aerosol optical and microphysical properties which strongly impact stratospheric chemistry, radiative 910 

budget, and processes over time. Retrieved aerosol size distributions and properties from SAGE III/ISS observations 911 

demonstrate sensitivity to stratospheric aerosols in various conditions on an individual profile and global scale. 912 

7 Conclusions 913 

 The stratospheric aerosol size distribution is commonly defined using a lognormal distribution with up to two 914 

modes and is variable in space and time. Stratospheric aerosol optical properties are inherently related to variations in the 915 

stratospheric aerosol size distribution and composition. The retrieval algorithm described here assesses the intrinsic spectral 916 
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properties of the SAGE III/ISS observed aerosol layer to infer the aerosol size distribution. Retrieval performance is 924 

expected to depend on how well the overall size distribution shape, centers, and range are resolved. 925 

 926 

Aerosol size distribution retrievals are performed using synthetic SAGE III/ISS aerosol extinction data under background or 927 

perturbed conditions. Aerosol optical and microphysical properties vary based on the parameterization of the bimodal 928 

lognormal size distribution with each aerosol property determined to change with increases in 𝛾Coarse. 𝛾Coarse larger than 0.1–1 929 

% alter aerosol properties for most distributions. The distribution 𝛾Coarse is retrieved using the inherent spectral properties of 930 

the aerosol sample, with good performance when 𝛾Coarse increases to more than 0.1 % but prone to errors at low 𝛾Coarse. The 931 

retrieved aerosol size distribution and distribution moments show good resolution of the aerosol properties in agreement with 932 

the synthetic dataset for each composition. von Savigny & Hoffmann, 2020 conclude that occultation instruments will 933 

retrieve lower number densities for unimodal retrievals of ambient bimodal size distributions. We suggest that retrieving the 934 

bimodal lognormal aerosol size distribution using the described retrieval algorithm provides reasonable estimates of the 935 

distribution mean extinction cross section and total aerosol number, conserving agreement in the retrieved and synthetic 936 

aerosol microphysical distributions. Retrieved aerosol number density may still exhibit a low bias as a limitation of the initial 937 

measurement and assumptions used to retrieve the aerosol size distribution. Retrieved aerosol size distributions from 938 

synthetic SAGE III/ISS data are shown to resolve aerosol concentrations over the ultrafine, fine, and coarse modes with peak 939 

sensitivity to aerosol concentrations in the accumulation mode. 940 

 941 

 Historical stratospheric aerosol sampling has been limited to largely measures of sulfate aerosols in background or 942 

volcanically perturbed instances. In contrast, the modern lower stratosphere is composed largely of sulfate with increasingly 943 

larger percentages of black and brown carbon aerosols following pyroCb events (Katich et al., 2023; Murphy et al., 2021). 944 

Observations of stratospheric sulfate or smoke will have distinguishing spectral variance and varying aerosol size 945 

distributions. SAGE III/ISS retrieved aerosol size distributions of stratospheric smoke following pyroCb events in the 946 

northern hemisphere sampled here display two modes with dp, Fine approximately 200–400 nm and dp, Coarse 500–800 nm. 947 

Lower stratospheric observations following the 2017 PNE produce the largest increases in aerosol diameters in these ranges, 948 

which increases SAGE III/ISS observed aerosol optical properties and retrieved microphysical properties initially following 949 

the event and over the next 8 months. 950 

 951 

Stratospheric aerosol layers display stratification of aerosol optical and microphysical properties in the vertical profile with 952 

the increased aerosol loading and enhanced size distributions in the UTLS following pyroCb events. The relative increases in 953 

stratospheric aerosol diameter, and surface area and volume density, associated with the pyroCb events can produce long 954 

term, hemispheric–scale impacts to stratospheric equilibria. For each sample, determination of the enhanced aerosol size 955 

distribution moments are critically based on retrieval of the aerosol size distribution, which show strong agreement with in 956 

situ measurements. 957 
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 964 

 Aerosol size distribution retrievals conducted using synthetic and observational SAGE III/ISS measurements 965 

display high sensitivity to the majority of optically and physically impactful aerosols. The retrieval algorithm is able to 966 

produce aerosol size distributions from SAGE III/ISS observations while demonstrating the capability to resolve aerosol 967 

optical and microphysical properties for the dominant aerosol compositions and concentrations in the stratosphere. The 968 

retrieval method uncertainties are contained within a strict bounded range of the SAGE III/ISS observational uncertainty in 969 

the lower stratosphere. Stratospheric aerosol size distributions are otherwise infrequently sampled but can provide key 970 

insights into aerosol properties and aerosol microphysical processing in the stratosphere. A global utility resolving 971 

stratospheric aerosol size distributions will help constrain the uncertainties in the aerosol size distribution of pyroCb aerosols 972 

and their role in weather and climate. 973 

Code and data availability 974 

SAGE III/ISS level 2 solar occultation aerosol data products version 6.0 are provided by the SAGE III/ISS mission and 975 

available from the NASA LaRC ASDC archive from (https://doi.org/10.5067/ISS/SAGEIII/SOLAR_NetCDF4_L2-V6.0). 976 

OPC data is provided and maintained by the University of Wyoming stratospheric aerosol group with data access available 977 

from (https://doi.org/10.15786/wyoscholar/9897). B2SAP data is made available through the NOAA data repository at 978 

https://csl.noaa.gov/projects/b2sap/data.html. SAGE III/ISS, OPC, and B2SAP datasets include aerosol, geolocation, and 979 

meteorological data. 980 

OPAC aerosol refractive indices for aerosol components are maintained and made available from the GEISA (Gestion et 981 

Etude des Informations Spectroscopiques Atmosphériques: Management and Study of Atmospheric Spectroscopic 982 

Information) spectroscopic database, managed and maintained by l'Institut polytechnique de Paris/Institut Pierre Simon 983 

Laplace, with database access available from (https://cds-espri.ipsl.upmc.fr/etherTypo/?id=1058). 984 

All aerosol optical and microphysical properties calculated in this study use the Bohren and Huffman implementation of Mie 985 

code available through the PyMieScatt python package. 986 

Supplement link 987 

The link to the supplement will be included by Copernicus, if applicable. 988 
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