Atmos. Chem. Phys., 26, 15423—-15443, 2026 Atmospheric
https://doi.org/10.5194/acp-26-15423-2026 :

© Author(s) 2026. This work is distributed under Chemls.try
the Creative Commons Attribution 4.0 License. and Physics

Retrieval of ultraviolet aerosol absorption from radiation
measurements in young wildfire plumes

Jan-Lukas Tirpitz'-2, Nathaniel Brockway'-*, Santo Fedele Colosimo', Robert Spurr?, Matt Christi’,
Samuel Hall*, Kirk Ullmann®, Vijay Natraj®, Nicolas Theys’, Johnathan Hair>, Taylor Shingler?,
Rodney Weber®, Ruchen Zhu®, Jack Dibb’, Richard Moore’, Elizabeth Wiggins®, and Jochen Stutz'

1Department of Atmospheric and Oceanic Sciences, UCLA, Los Angeles, CA, USA
ZRT Solutions Inc., Cambridge, MA, USA
3independent researcher: Fort Collins, CO 80524, USA
“National Center for Atmospheric Research, Atmospheric Chemistry Observations
and Modeling Laboratory, Boulder, Colorado, USA
National Aeronautics and Space Administration, Langley Research Center, Hampton, Virginia, USA
6School of Earth and Atmospheric Sciences, Georgia Institute of Technology, Atlanta, GA, USA

TEarth Systems Research Center, University of New Hampshire, Durham, NH, USA
8Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA, USA

Royal Belgian Institute for Space Aeronomy, Brussels, Belgium

3now at: Department of Chemistry, CU-Boulder, Boulder, CO, USA
Phow at: Southcoast Air Quality Management District, CA, USA

Correspondence: Jan-Lukas Tirpitz (jltirpitz@ gmail.com) and Jochen Stutz (jochen @atmos.ucla.edu)

Received: 8 November 2025 — Discussion started: 5 February 2026
Revised: 28 September 2026 — Accepted: 2 October 2026 — Published: 3 November 2026

Abstract. Aerosols play an important role for atmospheric radiative transfer in biomass burning (BB) plumes,
where they control photochemistry, direct radiative forcing, and radiation-induced atmospheric dynamics. The
optical properties of BB aerosol, however, remain poorly constrained with respect to their absorptive properties
at ultraviolet and visible wavelengths. Aircraft-based observations show considerable variability due to hetero-
geneity in BB plumes, and different measurement methods do not agree with each other. To overcome this
challenge, we have developed an algorithm based on the VLIDORT for photochemistry (VPC) radiative transfer
model to retrieve the imaginary refractive index k()) from airborne actinic flux observations at wavelengths A of
308440 nm. Using three flights from NASA/NOAA'’s Fire Influence on Regional to Global Environments and
Air Quality (FIREX-AQ) airborne experiment, we obtain values k(387 nm) between 0.02 and 0.03, and absorp-
tion Angstrom exponents ¢ between 3 and 5 for different transects. Volume absorption cross section (VAC) and
single scattering albedo generally agree with aircraft-based observations, but show less variability, most likely
because of the inherent spatial averaging of our observations. k(1), VAC and single-scattering co-albedo decrease
with physical plume age, with half-lives 71,5 of 1343, 16 =4 and 17 =4 h, respectively. Based on our observa-
tions, we present a parameterization of the absorptive properties of BB aerosol from western US wildfires as a
function of wavelength and plume age, which will help to improve the representation of BB aerosol in models.
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1 Introduction

The optical properties of biomass burning (BB) aerosols in
the ultraviolet (UV) and visible (Vis) spectral range play an
important role in quantifying the impact of BB emissions
on climate and air quality. These properties control plume
radiative transfer, so they are of direct relevance for plume
photochemical processing, direct radiative forcing, remote
sensing of plume composition, and radiation-induced atmo-
spheric dynamics.

A crucial parameter contributing to these effects is the par-
ticle absorptivity and its dependence on the radiation wave-
length, A. It is commonly described via the particle single
scattering albedo (SSA), w(A), or the imaginary part of the
refractive index (RI), k(A), of the particle material, which
is directly linked to the single scattering co-albedo (SSC =
1 — SSA) (Bohren and Huffman, 1998; Moosmiiller et al.,
2009). UV-Vis particle absorption properties allow us to dis-
tinguish four BB particle components: non-absorbing com-
pounds (NAC), black carbon (BC), brown carbon (BrC), and
dark brown carbon (d-BrC). NAC compounds possess a neg-
ligible imaginary RI and thus only scatter light. They con-
sist of inorganic material, water, and non-absorbing organic
compounds. BC refers to refractory elemental carbon, fea-
turing a strong uniform absorption over the UV-Vis spectral
range with k on the order of 0.8 (Bond and Bergstrom, 2006).
BrC comprises a subgroup of organic compounds, which is
weakly absorbing in the visible (k & 0.01) but shows a strong
increase in absorption towards the UV, approaching values of
k 2 0.1 at wavelengths A < 350nm (Kirchstetter et al., 2004,
Chakrabarty et al., 2014; Laskin et al., 2015). D-BrC was
recently proposed as an additional optically relevant com-
pound (Chakrabarty et al., 2023), comprising insoluble or-
ganic compounds with similar absorption behaviour as BC
but a smaller imaginary RI of k =~ 0.1.

Because of their differing RI values, the four classes show
very different scattering and absorption properties, as illus-
trated in Fig. 1A, where absorption, scattering and extinc-
tion (absorption 4 scattering) cross-sections for spherical ho-
mogeneous particles of typical size (* 100nm in radius) are
shown. The extinction cross-section is controlled by the par-
ticle size and the real RI. The latter is similar for the different
compounds, and so is their extinction cross-section. In con-
trast, the balance between scattering and absorption, i.e. the
SSA, is determined by the imaginary RI, which varies among
the compounds by several orders of magnitude.

In the case of a mixed BB particle of the same diameter
(Fig. 1B), BrC typically dominates the optical properties in
the UV and short-wave visible, due to its high abundance.
Scattering is the dominant process in the visible, making BB
plumes act as bright diffusors, similar to clouds (Fig. 1D).
Towards the UV, the contribution of absorption increases,
rendering the plume relatively dark and opaque (Fig. 1C).

The strong wavelength-dependent UV absorption, im-
posed by the presence of BrC, constitutes a unique challenge
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Figure 1. Qualitative illustration of extinction, absorption and scat-
tering cross-sections for a spherical homogeneous particle consist-
ing of various BB particle compounds. Panel (A) assumes particles
consisting of pure brown carbon (BrC), dark brown carbon (dBrC),
black carbon (BC) and non-absorbing compounds (NAC). Panel (B)
assumes a mixture, based on the abundances of the individual com-
pounds in Panel (A). Abundances are given in terms of volume and
represent typical values in a BB plume (Bond et al., 2004; Reid
et al., 2005; Sun et al., 2021; Chakrabarty et al., 2023). Panels (C)
and (D) illustrate the macroscopic appearance of a plume consisting
of such particles.

for modeling radiative transfer in BB plumes. Among other
effects, it influences the plume’s direct radiative forcing (Park
et al., 2010; Feng et al., 2013; Wang et al., 2014; Liu et al.,
2015a; Shamjad et al., 2018; Drugé et al., 2022), it affects
the plume photochemical processing (Forrister et al., 2015;
Mok et al., 2016; Sumlin et al., 2017; Peng et al., 2021; Xu
et al., 2021), limits the sensitivity of satellite measurements
(Bousserez, 2014; Theys et al., 2020; Rowe et al., 2022;
Theys et al., 2025), and changes atmospheric dynamics by
heating the surrounding air (Yu et al., 2002; Barbaro et al.,
2014; Hodzic and Duvel, 2018). Despite their importance,
BB aerosol absorption properties, particularly in the UV, are
still not well constrained, for two major reasons:

First, they vary strongly with aerosol composition and
mixing state (Bond et al., 2006), which are both influenced
by factors such as fuel composition, fuel moisture content,
the combustion process, smoke age, and atmospheric con-
ditions (e.g., Laskin et al., 2015; Pokhrel et al., 2021; Liu
etal., 2021; Zeng et al., 2022; Saide et al., 2022; Shetty et al.,
2023). Thus comprehensive and consistent datasets are re-
quired to understand and capture these variabilities through
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parameterizations of BB aerosol absorption properties. The
acquisition of such datasets and the development of improved
parameterizations are priorities for BB research.

Second, aerosol absorption properties are still challeng-
ing to measure. In recent decades, various measurement ap-
proaches have been developed, each with its own advantages
and limitations (e.g. Moosmiiller et al., 2009; Corr et al.,
2009). Probably, the most common in situ technique to mea-
sure absorption coefficients of suspended particles is photoa-
coustic spectroscopy (PAS, e.g., Arnott et al., 1999; Beck
et al., 2003; Lack et al., 2012; Sharma et al., 2013; Lan-
gridge et al., 2013; Fischer and Smith, 2018). This contact-
less technique provides real-time data at high temporal res-
olution. However, accurate PAS measurements require suit-
able light sources (stable high-power collimated beams) that
are challenging to realize for UV wavelengths, particularly
below 350nm. Direct PAS measurements of UV absorption
are therefore scarce and have only been applied in labora-
tory and ground-based settings (Ajtai et al., 2010; Wiegand
et al., 2014; Sumlin et al., 2018). In most applications, PAS
measurements are limited to a few wavelengths in the visi-
ble spectral range. UV absorption properties are inferred via
spectral extrapolation, which is associated with large uncer-
tainties (Zeng et al., 2022). In a humid environment (ambient
relative humidity 2 40 %), additional biases can arise from
light-induced particle evaporation (Langridge et al., 2013).

Less direct optical approaches, such as combining cavity
enhanced absorption spectroscopy (CEAS) or cavity ring-
down spectroscopy (CRDS) for extinction with nephelome-
try for scattering measurements (e.g., Singh et al., 2016), are
also employed. While these methods share most of the limita-
tions inherent to PAS, an additional challenge arises because
absorption is calculated as a typically small difference be-
tween two large measured quantities (extinction minus scat-
tering). This requires exceptionally high accuracy for both
extinction and scattering measurements to yield meaningful
absorption results (Massoli et al., 2009).

Absorption properties of soluble BrC compounds are often
determined by gathering particles on filters for later analysis.
In the laboratory, these particles are extracted from the filters
with water or methanol. Insoluble compounds are removed
from the solution, and the absorption of the remaining dis-
solved chromophores is measured using a liquid light waveg-
uide capillary (e.g., Hecobian et al., 2010; Forrister et al.,
2015; Liu et al., 2014, 2015a; Zhang et al., 2017). Such mea-
surements can be performed over broad spectral ranges at
high resolution. However, reconstructing the absorption of
the aerosol in its particulate state requires information on the
original morphology and the absorption of insoluble com-
pounds. Usually, information on both these aspects is lim-
ited, and uncertainties on reconstructed absorption properties
> 50 % are not uncommon (Shetty et al., 2019; Zeng et al.,
2020, 2022).

Instruments such as the aethalometer or the particle soot
absorption photometer (PSAP) calculate particle absorption
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from transmittance and reflectance of particle-laden filters.
Using conveyor-belt filters, such measurements can be per-
formed in a fully automated manner in real-time at sufficient
temporal resolution, and over the UV spectral range. How-
ever, they are known to suffer from artifacts related to filter-
loading and multiple scattering effects (Weingartner et al.,
2003; Lack et al., 2008; Cappa et al., 2008; Drinovec et al.,
2015).

All of the above measurement techniques are far from
ideal, as they alter the original state of the particles, and they
have limited sensitivity or suffer from cross-interferences.
Various comparison studies show considerable inconsisten-
cies among the different approaches (e.g. Laing et al., 2020;
Cheng et al., 2021; Zeng et al., 2022). Clearly, observations
and techniques with reliable uncertainty estimates are highly
desirable to (1) understand artifacts and inconsistencies in
existing methods, (2) identify crucial factors and processes
determining the particle absorption, and (3) develop and im-
prove parameterizations of aerosol properties for better pre-
diction of plume radiative transfer in BB scenarios.

The retrieval of aerosol absorption properties from pas-
sive spectral observations of solar radiation, offers a valu-
able complementary approach to in situ measurements. Re-
trievals have been performed from ground (Petters et al.,
2003; Krotkov et al., 2005; Barnard et al., 2008; Corr et al.,
2009; Pistone et al., 2019; Jeong et al., 2022), aircraft (Corr
etal., 2012) and satellite platforms (Torres et al., 2007; Jethva
and Torres, 2011), based on spectral observations of radi-
ance, irradiance and actinic flux (the directionally integrated
amount of radiation incident at a given location). Remote
sensing provides spectrally continuous sampling of the unal-
tered aerosol state, down to wavelengths as low as 300 nm. At
the same time, remote sensing inherently averages over large
parts of the plume, potentially reducing biases from spatial
variability. Aerosol optical property retrievals for BB scenar-
ios have, for example, been performed by Corr et al. (2012),
showing the potential of this approach. However, Corr et al.
(2012) only used wavelengths longer than 350 nm, thus miss-
ing the strongest BrC absorptions. Retrievals of aerosol prop-
erties from remote sensing observations rely heavily on a
priori information of various factors that influence the ra-
diative transfer, such as plume geometry, choice of particle
size distribution (PSD), and stratospheric total ozone col-
umn. Preferably, these factors are constrained by direct ob-
servations or alternatively taken from literature. In both cases
they introduce uncertainties that often limit the significance
of the retrieval results. Any aerosol optical property retrieval
from remote sensing observations thus needs an extensive
uncertainty analysis.

In the present study, we have two main goals. First, we aim
to assess feasibility and accuracy of UV-Vis remote sensing
of aerosol absorption properties in dense BB plumes. Second,
we want to compare the determination of absorption prop-
erties from aircraft-based comparison measurements and re-
mote sensing observations, and ultimately derive a parame-
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Figure 2. The aerosol absorption signal can clearly be seen in the
actinic flux spectra from the CAFS instrument. The ratio of spec-
tra recorded inside and outside of the plume reveals an increasing
attenuation towards UV wavelengths.

terization for the aerosol absorption properties. We will use
the unique dataset acquired during the FIREX-AQ campaign
(Sect. 2), where various young and dense BB plumes were
sampled with a comprehensive suite of in situ and remote
sensing instruments on the NASA DC-8 research aircraft.
The key measurements for our analysis are UV-Vis actinic
flux spectra recorded on the aircraft by a Charged-coupled
device Actinic Flux Spectroradiometer (CAFS). The sensi-
tivity of these measurements to UV aerosol absorption can
easily be demonstrated by comparing two spectra recorded
outside and inside the plume, respectively (Fig. 2). Their ra-
tio indicates a strong increase in attenuation towards the UV,
whose major portion can unambiguously be attributed to BrC
absorption (Tirpitz et al., 2025). This very strong absorption
signal allows us to use inverse modeling to derive aerosol ab-
sorption properties. In other words, a radiative transfer model
is used to simulate actinic flux spectra, and the model results
are then fit iteratively to the observed actinic fluxes by vary-
ing the aerosol absorption properties in the model.

The FIREX-AQ dataset provides comprehensive and un-
precedentedly accurate constraints for remote sensing re-
trievals and their uncertainties, enabling us to study several
fires for a wide range of plume ages. In addition, remote
sensing observations were performed for an extended wave-
length range down to 298 nm, thus enabling the analysis of
the strongest part of the atmospheric BrC absorption. Based
on this dataset, we will address the following questions:

1. Can particle UV absorption properties be reliably re-
trieved from actinic flux spectra in dense BB plumes,
considering the various sources of uncertainty?

2. Can we gain new insights regarding biases and incon-
sistencies in existing measurements?

3. Can we find a parameterization for aerosol UV absorp-
tion properties, to better constrain radiative transfer in
BB plumes in general?
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We introduce a retrieval framework (Sect. 3) based on
the VPC (VLIDORT for PhotoChemistry) radiative trans-
fer model (Sect. 3.1). This framework is applied to plume
data from three fires sampled during FIREX-AQ (Sect. 2) to
retrieve smoke particle imaginary RIs from 308 to 440 nm,
and their uncertainties (Sect. 4.1 and 4.2). From the imagi-
nary RI we further derive SSA and volume absorption cross-
section (VAC). The latter describes the aerosol absorption
cross-section per aerosol volume in units of um~! (Bond and
Bergstrom, 2006). The more common mass absorption cross-
section (MAC) can be obtained by dividing by an appropriate
particle material density.

We compare our results to aircraft-based filter sampling
and in situ photoacoustic measurements from FIREX-AQ to
assess method agreement and reliability (Sect. 4.3), and pro-
pose new parameterizations for the dependence of imaginary
RI, VAC and SSA on wavelength and plume age (Sect. 4.6).

2 FIREX-AQ campaign

The present study is based on data from the NOAA/NASA
Fire Influence on Regional to Global Environments and
Air Quality (FIREX-AQ) measurement campaign (Warneke
etal., 2023). This 6-week campaign took place in the Western
US from July to September 2019, and comprised sampling of
more than 90 wildfire plumes with a variety of in situ and re-
mote sensing instrumentation on the NASA DC-8 research
aircraft. The full dataset is available at https://www-air.larc.
nasa.gov/missions/firex-aq/ (last access: 10 October 2026)
(Aknan and Chen, 2023).

2.1 Investigated fires

In the present study, we performed retrievals for three fires:
Shady, Lefthand, and Williams Flats. These fires evolved
under clear-sky ambient conditions; this consideration sim-
plifies the radiative transfer modeling. Table 1 provides an
overview of the fire occurrences and their key characteristics,
such as plume aerosol optical depth (AOD), burned fuel, and
meteorological conditions.

Figure 3 shows a typical flight path through the Shady fire.
The aircraft crossed the plume in transects perpendicular to
the wind direction, and in sequentially increasing distances
(steps of &~ 10km) to the fire. At a distance of about 100 km
from the fire, the aircraft returned to the original starting
point, repeating the transect pattern over the plume.

2.2 Key instruments

The key FIREX-AQ observations for the present study are
the actinic flux spectra from which aerosol absorption prop-
erties are retrieved. However, ancillary FIREX-AQ measure-
ments were used to constrain other relevant environmental
parameters; these include atmospheric conditions, particle
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Table 1. Investigated fires
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Name Shady Lefthand Williams flats
Date 25 July 30 July 3 August
Latitude 44.517 46.933 47.939
Longitude —115.019 —120.9930 —118.618
State D WA WA
Fuel Timber, tall grass  Timber, logging slash ~ Dead trees, grass, sage bitter brush
Max. AOD? 9.8 0.5 11.3
SZA [P 47-82 73-79 43-78
Smoke age [hh:mm] 00:15-03:10 04:50-06:30 00:30-06:50
MCE® 0.88 £0.02 NAd 0.92+£0.02
Wind [ms~!] 8.9+3.3 74£1.6 4.1£13
Wind dir. [°]° 270+ 18 265+8 270+ 30
Humidity [%] 3345 35+1 20+ 13
Transects 20 5 22
Lidar profiles® 284 39 564

2 At 400 nm. ® Retrievals ultimately limited to SZA < 75° (Sect. 4.1). © Mass combustion efficiency (Stockwell et al., 2014). dco
enhancement too low for reliable MCE calculation. ¢ Clockwise with respect to North. f Complete profiles with plume AOD > 0.2.
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Figure 3. A segment of the flight path sampling the Shady fire plume, illustrating the typical flight pattern. The aircraft crossed the plume in
so-called “transects” perpendicular to the wind direction, and in sequentially increasing distances (steps of &~ 10km) to the fire. Track color

indicates plume signal based on in situ carbon monoxide measurements.

size and plume geometry. The following paragraphs intro-
duce the most relevant instruments. Assimilation of the data
into the retrieval is described in Sect. 3.

Actinic flux spectra were recorded by the CAFS instru-
ment onboard the NASA-DCS aircraft (Shetter and Miiller,
1999; Hall et al.,, 2018). This instrument combines data
from two channels with upward and downward-facing en-
trance optics, to capture radiation over the full 47 stera-
dian solid angle. The instrument was calibrated in the labo-
ratory to provide absolute actinic flux density spectra in units
of photonss~! cm~?nm~!. It covers the spectral range from
298 to 640nm at a resolution of 1.7nm (FWHM) at 297 nm
and =~ 0.8 nm sampling. Typical spectra are shown in Fig. 2.
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Its limit of detection is 6 x 10'? photonss~!em™2nm~!, a
value determined from noise analysis under low light condi-
tions. The error in sensitivity was estimated to be 5% and
arises from uncertainties in the instrument’s calibration.

The aerosol spatial distribution was constrained using Li-
dar observations from the aircraft, from an instrument called
DIAL-HSRL, which combines a High Spectral Resolution
Lidar (HSRL, Hair et al., 2008) and an ozone Dlfferential
Absorption Lidar (DIAL, Browell, 1989). The Lidar obser-
vations were complemented by in situ measurements of the
aerosol extinction, absorption, and scattering coefficients, us-
ing TSI Nephelometers, a Radiance Research Particle Soot
Absorption Photometer (PSAP), and the NOAA Aerosol Op-
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tical Properties Suite (AOP, Langridge et al., 2011; Lack
et al., 2012). The data were combined and processed as de-
scribed in Tirpitz et al. (2025) to infer vertical profiles of
the aerosol extinction coefficient at 532nm, at a temporal
resolution of 10s (equivalent to a horizontal spatial resolu-
tion of 1.5km at the average speed of the aircraft of about
150 ms~—!) and a vertical resolution of 30 m (Fig. 5). Time se-
ries of these profiles (Lidar curtains) for the individual tran-
sects are shown in panel A of Fig. 5, and in Figs. S3 and S4
in the Supplement.

A TSI model 3340 laser aerosol spectrometer measured
aerosol size distributions at 1 s temporal resolution, at aircraft
cabin temperature and dry humidity. Hygroscopic growth ef-
fects were neglected, since relative humidities during the in-
vestigated flights were < 40% (Table 1). Under these con-
ditions, scattering enhancements for BB aerosol are reported
to be < 1% (Kotchenruther and Hobbs, 1998; Chang et al.,
2023).

For the physical plume age, i.e. the residence time of the
smoke in the atmosphere since emission, we use data from
the FIREX-AQ database (Aknan and Chen, 2023). These are
the “wind uncorrected” plume ages, calculated as described
in Holmes et al. (2025) by backtracking upwind trajectories
from the aircraft to the source fire location using the NOAA
HYSPLIT model (Stein et al., 2015).

The DC-8 aircraft meteorology and navigation systems
provided temperature, pressure, humidity, wind speed, wind
direction, geolocation, altitude above sea level, ground
speed, and radar measured altitude above ground at 1 s tem-
poral resolution.

3 Retrieval setup

We developed a general retrieval scheme that can be applied
at any given time in the flight. The basic idea is (1) to use a
radiative transfer model with the capability to model actinic
flux spectra, (2) constrain the model with information from
ancillary FIREX-AQ measurements and literature data, and
(3) to vary the a priori aerosol absorption properties in the
model in order to match the coincident CAFS actinic flux
measurement. To obtain reliable estimates of the retrieval
uncertainties for a wide range of measurement conditions,
the framework includes an error propagation scheme, consid-
ering uncertainties from the CAFS measurements, ancillary
constraints, and simplifying assumptions in the modeling ap-
proach. Fig. 4 provides a schematic overview of the frame-
work. Details of each element are discussed in the following
subsections. Key quantities in this scheme and their math-
ematical expressions (we follow the notation by Rodgers,
2000) used throughout this paper are the following:

1. The measurements, summarized in the vector y:
They comprise the CAFS measurements of up- and
downwelling actinic fluxes at various wavelengths X
(Sect. 3.4).
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2. The critical fixed model input parameters, summarized
in the vector b. These are model inputs that will not
be varied during the fit, but are critical to constrain at-
mospheric state and radiative transfer. They are inferred
from FIREX-AQ aircraft measurements or satellite ob-
servations, or taken from literature (Sect. 3.5).

3. The fit parameters, which are elements of the vector x,
describe the aerosol absorptive properties and will be
varied in order to bring model simulations and measure-
ments into agreement. The fit result is denoted as X.

4. The radiative transfer model, in the following equations
referred to as the vector function F(x, b).

To find the solution X, we use the “optimize.least_squares”
method from the SciPy Python library (Virtanen et al., 2020).
This method minimizes a weighted least-squares cost func-
tion

x> =(F(x,b)—y) C;' (F(x,b)—y) (1)

applying a Levenberg-Marquardt iteration scheme (Leven-
berg, 1944; Marquardt, 1963), where Cy is the measurement
error covariance matrix (Sect. 3.6).

3.1 Radiative transfer model F

We use the 1D radiative transfer model VPC (VLIDORT
for PhotoChemistry, Tirpitz et al., 2025), built around the
Quasi-Spherical Vector Linearized Discrete Ordinate Radia-
tive Transfer (VLIDORT-QS) code (Spurr et al., 2022). The
model simulates actinic fluxes for a given atmospheric state,
solar geometry, and observer altitude. The atmospheric state
is described in terms of various model input parameters, in-
cluding aerosol properties and aerosol vertical profile (de-
tails in Sect. 3.5 and 3.3). For plumes that are several kilo-
meters wide and for solar zenith angles < 75°, Tirpitz et al.
(2025) showed that the application of 1D radiative transfer
models such as VPC, is highly successful: Comparisons be-
tween modeled and measured actinic fluxes showed that 3D
radiative effects can occasionally be significant for individ-
ual data points (10 s temporal resolution) in areas with large
extinction gradients, such as plume edges. However, transect-
averaged measurements agreed very well with the model,
confirming minimal 3D effects in this approach.

3.2 Representation of plume aerosol

In the model, we approximate plume particles as an ensemble
of homogeneous spherical particles of uniform composition.
For their representation we make use of VPC’s “microphys-
ical aerosol” module (Tirpitz et al., 2025), which character-
izes the ensembles in terms of a bimodal log-normal PSD,
the complex refractive index n(A) 4+ ik()) of the particle ma-
terial and a vertical extinction coefficient profile E()o) at a
predefined reference wavelength Ag. This simplified aerosol

https://doi.org/10.5194/acp-26-15423-2026
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Figure 4. Schematic diagram of the retrieval setup. The left side provides an overview of the various model inputs. Most relevant are the
fixed critical parameters (Sect. 3.5) and the fit parameters (Sect. 3.3), mathematically represented by the vectors b and x in the parameter
vector space. Both critical and uncritical fixed parameters are constrained by external data from aircraft, satellite or literature. The retrieval is
performed by minimizing the least-squares residual between model results and measurements, represented by the vectors F(x) and y in the
measurement vector space. Once the imaginary RI has been successfully retrieved, further parameters like VAC, MAC and SSA are derived
using a Mie code. Blue arrows and symbols illustrate the error propagation strategy (Sect. 3.6). Symbols C indicate covariance matrices,

symbols J indicate Jacobian matrices.

representation was chosen to (1) best accommodate avail-
able FIREX-AQ measurements, (2) minimize the number of
retrieved parameters, given the limited information in the
spectra, and (3) align with the Mie aerosol representation
commonly used for radiative transfer calculations in current
chemical transport and climate models (Bond and Bergstrom,
2006; Stevens and Dastoor, 2019). The description is com-
plete in the sense that all bulk optical properties (extinction
coefficient, SSA and scattering phase function) can be cal-
culated for arbitrary wavelengths and altitudes by running
VPC’s integrated Mie model. The imaginary RI is the param-
eter of primary interest in this study and the target quantity
of the retrieval (Sect. 3.3).

It should be noted that the retrieved imaginary RI repre-
sents a “Mie equivalent” value. RI values for actual particles
may differ due to specific mixing state and particle morphol-
ogy. At the same time, this Mie-equivalent RI value is “ra-
diatively correct” in the sense that the Mie code will yield
optical bulk properties (extinction cross-section, SSA, scat-
tering phase function) that are close to reality. Furthermore,
the homogeneous sphere representation underlying the Mie-
equivalent approach is often used in satellite retrievals and
chemical transport models. This makes our results directly
transferrable.

Nevertheless, we performed sensitivity studies for more
complex particle representations, to estimate direction and
approximate magnitude for the biases induced by our homo-
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geneous sphere assumption. For particles with a core-shell
morphology (core is BC, shell is BrC, BrC / BC volume ra-
tio and PSD same as in the homogeneous case), our retrieval
overestimates the particle average imaginary RI by ~ 10%
and underestimates its Angstrom coefficient by ~ 0.15. For
particles that are externally mixed (pure BC particles, pure
BrC particles), our retrieval underestimates the particle aver-
age imaginary RI by =~ 10 % and overestimates its Angstrom
coefficient by 0.3. These numbers are within the uncertain-
ties of our retrieval. Furthermore, we investigated poten-
tial impacts of ammonium nitrate (NH4NO3) coating on the
aerosol optical properties, as reported, e.g., by Yuan et al.
(2020). High-resolution Aerosol Mass Spectrometer mea-
surements (see FIREX-AQ database, Aknan and Chen, 2023)
during the three analyzed flights imply NH4NO3 volume
fractions of 1.9 %-2.4 %. Assigning all particulate nitrate to
NH4NOj3 gives conservative upper bounds of 2.4 %-3.3 %,
with a transect-averaged maximum of 7 %. Core-shell Mie
calculations using 2.5 %, 3.5 %, and 7 % volume fractions of
non-absorbing NH4NO3 shells (n = 1.55) changed absorp-
tion by at most 6 % and single-scattering albedo by equal to
or less than 0.01. As illustrated in Sect. S2, these changes are
about an order of magnitude smaller than the changes intro-
duced by the size uncertainties assumed in our error prop-
agation scheme (see Sect. 3.6) and thus have no significant
impact on the retrieval results.
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3.3 Retrieved model input parameters x

The goal of the retrieval is to infer the wavelength dependent
imaginary refractive index k(A) of the aerosol material. To
reduce the number of retrieved parameters, we do not retrieve
independent values k(A) at multiple wavelengths. Instead, we
assume an Angstrom wavelength dependence

— )\'0 “*
k(A) = k(Ao) - (2)

and we then retrieve the Angstrom coefficient o, plus mag-
nitude k(Ap) at a reference wavelength of Ag=387nm.
These two parameters constitute the parameter vector x =
(k(X0), o). Adding higher order terms to Eq. 2 had only a
small impact and was thus not implemented.

The retrieved state vector elements combined with infor-
mation on the size distribution and real RI (see Sect. 3.5),
enable calculations of the imaginary refractive index, and the
SSA and VAC at other wavelengths.

3.4 Measurements y

The measurement vector y in our retrieval scheme contains
m = 18 values: these are the logarithm of CAFS upwelling
and downwelling actinic fluxes, each at 9 selected wave-
lengths (308, 313, 322, 332, 347, 364, 387, 405, 440 nm). In-
stead of the full spectra provided by the CAFS, this reduced
set of wavelengths has been selected to improve computa-
tional efficiency, while still capturing the spectrally smooth
aerosol signal. The wavelengths are specially chosen to avoid
interference with strong solar Fraunhofer lines. To tempo-
rally match the CAFS and the Lidar, the 1 Hz CAFS data was
averaged over the 10 s Lidar measurement window. The loga-
rithmic transformation of y improves model linearity, numer-
ical stability, and representativeness of uncertainties, consid-
ering the exponential nature of the Beer-Lambert law.

3.5 Fixed model inputs b

The fixed model inputs were constrained with ancillary
FIREX-AQ aircraft measurements, satellite observations and
literature data. We distinguish between uncritical and critical
fixed inputs, based on their relevance to the modeled actinic
fluxes and ultimately to the retrieval results.

Uncritical fixed parameters have a negligible impact on
the modeled actinic flux (< 3 % when uncritical input is var-
ied within its uncertainty) and are not considered in the re-
trieval error propagation scheme (Sect. 3.6). They comprise
the pressure profile, temperature profile, NO, profile and
background aerosols, and are constrained following the pro-
cedures described in detail in Tirpitz et al. (2025). Table 2
provides an overview of all uncritical fixed inputs, along with
short descriptions of the respective sources of information
(FIREX-AQ instrument or literature reference).
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Critical fixed parameters have a higher impact on modeled
actinic flux and are considered in the retrieval error propaga-
tion scheme (Sect. 3.6). Critical fixed inputs are the PSD, the
aerosol vertical profile, the ozone vertical profile, the surface
albedo and the real part of the plume aerosol RI. Except for
the real RI, the critical fixed inputs are constrained following
the procedures in Tirpitz et al. (2025), a summary of which
is provided in the following paragraphs.

PSDs were measured in situ by a laser aerosol spectrome-
ter on the aircraft. For the retrieval we use transect-averaged
data, to reduce measurement noise, while still capturing
changes in particle size with plume age (Sect. S1). The Mie
module of VPC describes particle sizes in terms of a nor-
malized multi-modal log-normal size distribution, described
via median radii, modal widths, and modal fraction for each
mode. These model input parameters were inferred by fitting
a bimodal distribution to the observed PSDs. The bimodal
distribution describes the observed PSDs accurately (see
Sect. S2). The amount and spatial distribution of aerosols
are described through vertical profiles of the aerosol extinc-
tion coefficient at 532 nm. These are inferred combining Li-
dar observations and in situ measurements, both performed
on the aircraft (Sect. 2.2). Conversion to the actual retrieval
wavelengths in the UV-Vis (Sect. 3.4) is performed on-the-
fly at each inverse-model iteration, based on derived aerosol
microphysical properties from the current iteration. The sur-
face albedo is constrained using the TROPOMI database
for monthly Lambertian-equivalent reflectivity (LER, Tilstra
et al., 2024), which is integrated into the VPC model. The O3
tropospheric profile is inferred from O3 in situ measurements
during ascent and descent of the corresponding flight. For
the stratospheric profile we assumed the 1976 US Standard
Atmosphere, scaled according to OMI satellite observations
(Bhartia, 2012).

The most critical fixed parameter in our retrieval is the
real RI n(A) of the aerosol. During FIREX-AQ, no direct
measurements of n(\) were performed. Based on literature
review and FIREX-AQ related investigations presented in
Saide et al. (2022), we choose a fixed value of n = 1.52 for
all wavelengths.

3.6 Error propagation scheme

Finding a realistic uncertainty estimate for the retrieval re-
sults ¥, based on the various uncertainties and assump-
tions involved in the retrieval, constitutes a major chal-
lenge. Sources of uncertainty are present in both the pa-
rameter space (e.g. errors in the critical fixed parameters)
and the measurement space (e.g. CAFS measurement error).
Combining these requires propagation of error contributions
through the radiative transfer model F in both the forward
direction (from the parameter to the measurement space) and
the backward direction (from the measurement to the param-
eter space). For this purpose, we resort to the most general
approach for linear propagation of statistical errors: the for-
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Table 2. Overview of the uncritical fixed model parameters and how they are constrained during the retrieval. A more detailed explanation

of the retrieval process can be found in Tirpitz et al. (2025).

Parameter

Data source description

Size distribution
Refractive index
Extinction profile

Tropospheric background aerosol

Laser aerosol spectrometer measurements outside plume
Literature (Levoni et al., 1997)
Lidar extinction profiles outside plume

Size distribution
Refractive index
Extinction profile

Stratospheric background aerosol

Literature (Wrana et al., 2021)
Literature (Levoni et al., 1997)
SAGE II database (SAGE Science Team, 2012)

Other Pressure profile
Temperature profile

NO; profile

Std. atmosphere, scaled with in situ
Std. atmosphere, troposphere scaled with in situ
Lidar aerosol profile scaled by in situ NO; : aerosol-ratio

malism for error propagation with covariance matrices (e.g.
Strutz, 2011; Tellinghuisen, 2001; Rodgers, 2000). This ap-
proach is based on the equation

Cr=JCsJ" 3)

where Cg is the covariance of some function or model f(f),
resulting from covariances Cg in the input parameters f,
propagated using the Jacobian matrix

af
=55 0)
Here, the “T” suffix denotes matrix transpose.

This formalism is applicable to any vector-valued func-
tion and considers potential correlations between errors, rep-
resented by the off-diagonal elements of the covariance ma-
trices. It should be noted that for a multivariable scalar func-
tion f(B) and uncorrelated errors, Eq. 3 reduces to the much
more familiar equation for error propagation:

Af? Z( o >2Aﬁ2 5)
—~\ 9B '
For our retrieval, we consider the following error contribu-
tions: (1) uncertainties in the CAFS measurements, (2) un-
certainties in the fixed model parameters, (3) errors arising
from model simplifications, and (4) the fit residual to cap-
ture potential failures in convergence of the fit. For these ini-
tial uncertainties, we construct covariance matrices, assum-
ing the errors to be uncorrelated, i.e. the off-diagonal ele-
ments of these covariance matrices are identically zero. The
measurement covariance matrix Cy is constructed based on
the CAFS measurement uncertainties Ay (see Sect. 2.2). The
covariance of the fixed model parameter Cy, is constructed
similarly, assuming the uncertainties Ab listed in Table 3.
Uncertainties arising from model simplifications are consid-
ered by additional uncertainties in distinct model input pa-
rameters, which lead to similar errors in the modeling re-
sults as one would expect from the actual model simplifi-
cations. These errors, Ab’, are listed in Table 3 and are rep-
resented by the covariance matrix Cj. They are applied to
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(1) the PSD radii to account for the simplified representation
of aerosols as homogeneous and spherical particles, (2) the
aerosol optical depth to account for horizontal inhomogene-
ity of the plume and related 3D radiative transfer effects, and
(3) the surface albedo to account for horizontal inhomogene-
ity in surface properties. The fit residual is represented by
the covariance matrix C;, with the squared residual elements
(Fi(x)— yi)2 on the diagonal. It captures the cases in which
the simplified model cannot reproduce the real observations,
most noteworthy in scenarios where the assumption of a sim-
ple angstrom dependence of k does not hold.

The complete error propagation scheme is qualitatively
illustrated by the blue arrows and symbols in Fig. 4. The
scheme unfolds in two major steps, indicated by the upper
and lower light-blue arrows, respectively. In the first step, we
forward propagate Cp, and C}, through the model to obtain a
“model covariance” Cr in the measurement space. This co-
variance describes the uncertainties in the modeled actinic
fluxes that arise from uncertainties in the critical fixed model
inputs and model simplifications. In accordance with equa-
tion 3, it is calculated as

Cr=Jp(Ch+CpJIp" (©6)

using the radiative transfer model Jacobians with respect to
the fixed input parameters:

_ 9F(x.,b)

Jb b

)
In the second step, the covariances in the measurement space
(CF, C; and Cy) are combined and propagated back through
the model to obtain the fit result covariance

éx zjx (CF+Cr+Cy)ija (8)

using the weighted Moore-Penrose inverse (also referred to
as weighted generalized inverse or gain matrix in literature):

Je=("C 1071 C ©)
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Table 3. Assumed uncertainties for the fixed model inputs

Parameter b; Ab;  AD]
PSD radii 10% 20%
Real refractive index 0.1

Aerosol extinction profile  15% 20%
Ozone vertical column 5%

Surface albedo 30% 40%

Here, Jx are the Jacobians with respect to the retrieved pa-
rameters

_ 3F(x.b)

Ix 0x

(10)
With the retrieval state vector having just two elements, Cx
is a 2 x 2 matrix providing the uncertainties for the retrieved
imaginary RI and its Angstrom coefficient

Ak(ho) =+/Cx.11 and Ady; =4/ Cy 2. a1

as well as their correlation coefficient

A

Cx,lZ

~>
I

) (12)
Cx,llcx,22

4 Retrieval application and post-processing

Our goal is to determine the average aerosol absorption prop-
erties on a transect basis, as they will form the dataset for our
analysis. Calculation of these transect averages is performed
in multiple steps as outlined in the following subsections.

4.1 Retrievals on individual profiles

In a first step, we apply the retrieval scheme described in
Sect. 3 to each Lidar profile where (1) vertical gaps in the
Lidar profile are absent or can reliably be interpolated and
(2) the AOD is > 0.2. This results in 10-20 individual re-
trievals per plume transect at 10s temporal resolution. For
all three fires, we perform nearly 900 retrievals (see Table 1).
As these retrievals include any data with a notable plume sig-
nal, they cover a broad range of conditions. We use this set
of results to assess (1) the ideal conditions for accurate and
stable retrievals, (2) the reliability of propagated errors, and
(3) the contribution from various error sources to the total
uncertainty in the retrieval results.

Figure 5 shows a time series of the lidar profiles and the
imaginary Rl retrieval results in terms of kg (at Ao = 387 nm)
and oy, for the Shady fire. Section S3 provides similar plots
for the Lefthand and Williams Flats fire.

At first glance, the retrieval results show significant vari-
ability within and between transects (Fig. 5B and C). How-
ever, there are clear indications that the quality of the retrieval
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strongly depends on the geometrical configuration and the
underlying atmospheric conditions and that particularly large
variations originate from retrieval artifacts rather than from
any real variations of the plume aerosol properties.

Based on our sensitivity studies in Sect. S4 and Tirpitz
et al. (2025) and considering the limitations of the 1D radia-
tive transfer model, most reliable results are expected when
the aircraft is inside the plume, the AOD is moderate, the hor-
izontal variability is low, and the sun is relatively high in the
sky (SZA < 75°). For retrievals where these conditions are
met, the variability in the retrieval results is relatively small
and the propagated errors in k(1g) and o« are on the order
of 20 % and 15 %, respectively. A few examples of such re-
trievals are highlighted by the green shading in panels B and
C of Fig. 5. For the imaginary RI k(1), this translates into
uncertainties of about 20 % in the UV and 25 % in the visi-
ble (example shown in Fig. S7, top row). In these cases, the
errors are dominated by uncertainties in the critical fixed pa-
rameters Cp (Fig. SE), with the highest contributions from
the real RI of the aerosol and the plume AOD (green and
blue areas in Fig. 5F). Interestingly, the sensitivity to the PSD
(red, Fig. 5F) is relatively small, i.e., similar retrievals for
other plumes are conceivable in the future, even in scenar-
ios where the PSD is not as well constrained as was the case
during FIREX-AQ.

On the other hand, there are scenarios where conditions
are less favorable. For example, for low AODs, the aerosol
signal in the spectra is small, rendering the retrieval suscep-
tible to inaccurate assumptions about surface properties, the
presence of thin clouds, or horizontal inhomogeneities. Fur-
thermore, when the aircraft is far above, well below, or close
to the edge of the plume, 3D radiative transfer effects not cap-
tured by the model, such as shadowing and side-illumination,
become increasingly probable. As a result, the retrieval occa-
sionally becomes unstable and yields extreme or even unre-
alistic values for kg and ay. Such scenarios are sometimes
captured by the error propagation scheme, in terms of corre-
spondingly large associated uncertainties (example indicated
by the orange shading in Fig. 5), which provides confidence
in our error propagation scheme to reflect the quality of the
conditions and results well. However, accounting accurately
for all detrimental effects is impractical and, for extreme sce-
narios, the non-linearity of the problem can cause the error
propagation scheme to fail (example indicated by the red
shading in Fig. 5). Consequently, it becomes necessary to ap-
ply additional filters, as described in detail in Sect. 4.2.

The error magnitudes shown in Fig. 5E indicate that the
contribution of the fit residual C; to the propagated retrieval
error typically stays below the contribution of the model er-
ror Cp, indicating a successful convergence of the fit within
the limits of the model. During in-plume observations at high
SZAs, the retrieval error is dominated by the increasing mea-
surement noise Cy of the CAFS measurements (Fig. SE, tran-
sects 17-20) due to low-light conditions.

https://doi.org/10.5194/acp-26-15423-2026



J.-L. Tirpitz et al.: Aerosol absorption in wildfire plumes 15433
— 1.5 Aircraft 6
£ | » altitude T
gso A -y l:%' -'i' .E- il e 1| - -— 7"“—-;: = 4§
2 B Gkdp 70 A 4 7 ] 7.1, Zg
Z 0061 } & m | ‘ b 'Fitered bl }H +‘ + Ou’i
22 003 f # ¥
Pl o B ot s i 1 i g

9

el A b it i | o4 Lo

801

60- ——— o - ————

Solar zenith
angle

10t 4 T T
—— Model Cr

Error
RMSD
—
o
L2

T
—— Residual C;

T
—— Measurement C;

PEA

[y
=]

F

W= O3 column  Wew Surface albedo  WEM Plume AOD WM PSD radius

Rel. error
contribution
o
w

=3
=}

Supplement Fig. S5, left

. Real RI

Transect

Supplement Fig. 55, right

Figure 5. Results from retrievals performed on individual lidar profiles from the 20 transects crossing the Shady fire. Similar timeseries
for the Williams Flats and Left hand fires can be found in Sect. S3. Panel (A) shows the plume cross-sections in terms of Lidar curtains
of aerosol extinction coefficient. Panels (B) and (C) show the retrieval results in terms of imaginary RI magnitude & (at 387 nm) and the
Angstrom coefficient ax. Error bars indicate propagated uncertainties according to Eq. 11. Grey data points are flagged as invalid according
to the filter criteria described in Sect. 4.2. Panel (D) shows solar zenith angle. Panel (E) indicates contributions from the model error Cp,
fit residual C; and measurement error Cy to the total retrieval uncertainty Cx. Values represent root-mean-square differences (RMSDs) over
the diagonal of the corresponding covariance matrix. Panel F illustrates the relative contributions of each critical fixed parameter to the total
model covariance Cg. As indicated on the transect x-axis, results for transects 4 and 17 are shown in more detail in Sect. S7.

4.2 Calculation of transect averages

To obtain the final absorptivity results discussed in the result
sections, we calculate average values for each transect from
the time series in Fig. 5. The averaging smoothes out small-
scale variability and retrieval instabilities, thereby providing
more reliable results, while major dependencies, e.g., on the
plume age, can still be investigated.

To reduce biases introduced by extreme outliers, we apply
additional filtering, as noted above in Sect. 4.1. We generally
find that unrealistic retrieval results occur when we obtain
very large values in ko and very low values in «g, or vice
versa. We therefore apply a filter based on the ko/oy ratio.
We discard retrieval results where ko/ay deviates from the
ko/ax median by more than a factor of 5 or 0.2 in the upper
or lower direction, respectively. In our dataset for all three
fires, this filtering removes 14 % of the retrievals. Allowing
for larger or smaller deviations in ko /oy affects the variabil-
ity of our results, but does not introduce significant biases in
the transect-averaged values (Fig. S9). During transect aver-
aging of the filtered data, individual retrievals are weighted
by their propagated error, such that the averages are driven by
the most reliable retrievals. We use the weighted average of
the propagated errors of the individual retrievals to represent
the uncertainties of the transect averages. This is a conser-
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vative approach, but quite reasonable, considering that many
of the contributing errors are expected to systematically bias
individual retrievals in a common direction (such as biases
arising from the fixed real RI, PSD size calibration, Lidar
ratio estimates for the current transect, etc.).

In the Supplement (Fig. S7) we present examples showing
how the averaging process successfully calculates transect-
averaged spectrally resolved RI, VAC, and SSA for a case
where retrievals vary little during a transect and one where
larger systematic variations are encountered.

Based on the approach described in Sect. 4, we derive
transect-averaged imaginary RI and Angstrom exponents for
all three investigated fires (Fig. 6A). The retrieved imagi-
nary RIs vary between 0.02 and 0.03 between transects with
uncertainties below 0.01. The Angstrom exponents vary be-
tween 3 and 5, with uncertainties below 1. Outliers in kg and
ok, as for instance occurring for transects 5 and 6 during the
Lefthand fire (Fig. 6A), can be attributed to non-ideal condi-
tions such as low AOD, which are partly captured by the er-
ror propagation scheme and associated with correspondingly
large uncertainties in oy.

To further illustrate our results, we calculate VACs and
SSAs at three wavelengths (Fig. 6B and C). We observe
the expected strong increase in absorption towards shorter

Atmos. Chem. Phys., 26, 15423—15443, 2026



-
o

Angstrom exponent
Ak

ié?ﬁﬁ%twtﬁt wttww herfer LY

o
o
o

T T
o N B o o]

w

310 nm <‘; 360 nm

His +“+°”f"+.+,+%
"ty

; ww w;upw

)
[ e
+ o¢¢¢¢‘o¢¢ ¢¢*o')

Volume absorption
coefficient (VAC) [um~1] ¢

o [ N w S
L f L

_v_
{ o oteo—
{ o —o—o—

) ————

=

—Q

1 o=
»

N

lo———10—
P

1 oo |—o-
1 o
i —
—e—

Lot
Lo

2_ 1.0 C . j
53 ° 4 ©0°04%040
%Q g b ?:J‘o\ +|/)(:)I) *)+ ¢ i’<.<?)(vb“'?(')")<?<:‘: ? t* F?
L 3++ 4$++++$+ “H{H SERRIEERRRREERR S ff%f“
& K ® 310nm ¢ 360nm ¢ 440 nm
0.6 — T T T T T T T — T —T
Zs — — = 50
Q61— Plume age SZA ____ﬁ— :::: —_— | _____———' —_—
% ;::D¥:::__:i_____ L] = _E_:::_:::——_____—__
z 0 —

Transect

— T T T T T T T T T T T — T T T T T
S NM TN OO0 0 HNMST N ON00O0 2 N M < n o
C I B B B I B B B I | Transect

0

— T

HNM?LDEOV\COC\OHN#I!\LDI\CX)G\O
L B T B B T B e B B )
Transect

— N M
N NN

Figure 6. The final transect-averaged retrieval results for all three investigated fires. Panel (A) shows the directly retrieved parameters
(imaginary RI kg at 387 nm and Angstrom exponent «y). Panels (B) and (C) show derived VACs (SSAs) at three wavelengths. Panel (D)

shows physical plume age and solar zenith angle.

wavelengths. Although the different transects comprise vary-
ing numbers of individual retrievals and variability among
them (e.g. Fig. S7A and C), the transect averages are mostly
consistent, within the uncertainty estimates (Fig. 6). Surpris-
ingly, the values are similar between the three different fires,
in particular towards shorter wavelengths (Fig. 6B and C).
The dependence of the optical properties on plume age (the
latter is shown in Fig. 6D), will be analyzed in more detail in
Sect. 4.4.

Transect-averaged imaginary RI and Angstrom exponents,
as well as VAC and SSA derived from them, are in line with
previous studies (as, for example, reviewed in Laskin et al.
(2015)) and coincident aircraft-based comparison measure-
ments, which we will discuss further in Sect. 4.3.

4.3 Comparison with coincident aircraft-based
measurements

During the Shady fire flight, our retrievals coincided with
two independent aircraft-based UV-visible aerosol absorp-
tion datasets: filter samples analyzed offline by spectral anal-
ysis of extracted BrC chromophores (SAEB), and real-time
in situ measurements by photoacoustic spectroscopy (PAS).
These datasets provide complementary points of comparison
with our remote sensing results.
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The first comparison dataset, referred in the sequel to as
SAEB (spectral analysis of extracted BrC chromophores), is
based on aircraft filter collection followed by offline solvent
extraction and spectrophotometric analysis, and is therefore
not strictly an in situ measurement in the same sense as PAS.
Particles were collected on separate filters for each transect.
The filters were then extracted with water and afterwards
with methanol. While most organic material dissolves in ei-
ther of these solvents, insoluble black carbon remainders can
be removed from the solution using pore filters. The absorp-
tion coefficients of the solutions between 300 and 700nm
were determined using a Liquid Waveguide Capillary Cell.
Detailed descriptions of the procedure can be found in Liu
etal. (2014, 2015a); Zeng et al. (2020). Following Zeng et al.
(2022), we combined this data with BC measurements from
a single-particle soot photometer (Schwarz et al., 2006) and
sizing information from the laser aerosol spectrometer, to re-
construct the absorption coefficient of the original particle
ensemble and to estimate uncertainties (~ 30 %) for the full
measurement and analysis procedure.

The second comparison dataset is based on in situ PAS.
The PAS instruments during FIREX-AQ provided real-time
measurements of the dry aerosol absorption coefficient at
wavelengths of 405, 532 and 664 nm. Given the low humid-
ity conditions during the Shady fire (< 35 %), dry absorption
can be considered representative of ambient absorption (Lan-
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Figure 7. Statistical comparison of VACs from our retrieval with
aircraft-based data from offline filter-based SAEB and in situ PAS
measurements. Boxes expand from the first to the third quartile of
the data. Whiskers indicate the 5th and 95th percentile. Grey shaded
areas in the background indicate the retrieval’s average propagated
errors, including systematic uncertainties that are not necessarily
reflected by the box plots. Blue and red shaded areas in the back-
ground indicate average specified uncertainties for the SAEB and
PAS measurements, respectively.

gridge et al., 2013). In contrast to SAEB, PAS observations
measure directly the total absorption of aerosol in its partic-
ulate state. Uncertainties for the direct PAS measurements
are estimated to be 20 % (Langridge et al., 2011). However,
since the measurements were limited to three wavelengths in
the visible, UV absorption properties were determined as de-
scribed in Zeng et al. (2022), a process based on log-linear
spectral extrapolation, something that potentially introduces
considerable biases (Liu et al., 2015b; Zeng et al., 2022).

Zeng et al. (2022) performed a detailed comparison of
absorption coefficients from SAEB and PAS and reported
substantial inconsistency (as also evident in Figs. 7 and S8
in the present study). In the following, we perform a sim-
ilar comparison, this time including our remote sensing re-
sults. For this purpose, absorption coefficients from PAS and
SAEB were converted to VACs, assuming the same aerosol
PSDs from the laser aerosol spectrometer (Sect. 3.5) that
were used in our retrieval. For 14 transects during the Shady
fire, all three absorption datasets (Remote sensing, SAEB and
PAS) contain sufficient data and enough temporal overlap
for meaningful comparisons to be made. Comparing data for
individual transects shows that, within the specified uncer-
tainties, our remote sensing results agree with at least one of
the aircraft-based comparison datasets for nearly all transects
and wavelengths (Fig. S8).

Figure 7 summarizes this comparison over all transects in
the form of VAC box-plots at five UV-Vis wavelengths and
VAC Angstrom exponents, thereby revealing general system-
atic features. On average, our retrieved VACs and Angstrom
coefficients are between the SAEB and PAS results. In the
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UV spectral range, VACs are closer to the SAEB data but
stay slightly below, whereas in the visible, our results tend
towards the PAS data. These trends agree well with the re-
cent analysis by Zeng et al. (2022). In the UV, they expect the
SAEB measurements to be most reliable, since soluble BrC
dominates the absorption. At the same time, they postulate a
potential overestimation in SAEB measurements due to the
alteration of the chromophores through the extraction pro-
cess, such as change in pH or direct reaction with the solvent.
The UV PAS measurements suffer from uncertainties intro-
duced by the UV extrapolation. Since the Angstrom exponent
is inferred in the visible, where BC weakens the absorption
wavelength dependence, PAS is expected to increasingly un-
derestimate the real VAC towards shorter wavelengths. The
situation changes in the visible spectral range. Here, SAEB
excludes potentially relevant absorption from insoluble com-
pounds and thus underestimates the VAC, whereas the PAS
provides direct reliable measurements. However, while our
results confirm the assumptions by Zeng et al. (2022), it
should be noted that the propagated errors of the retrieval
(with a large systematic contribution from uncertainty in the
fixed real RI) could allow for other outcomes and further
measurements would be beneficial to increase confidence in
the validity of the results.

Our remote sensing results feature remarkably low vari-
ability (cf. small box sizes in Fig. 7), which is about three
times less than in the corresponding aircraft-based compari-
son datasets. As demonstrated in Fig. S9, this low variabil-
ity is not artificially imposed by our filtering (Sect. 4.2) but
likely related to the enhanced spatial averaging inherent to
remote sensing. This indicates that aircraft-based compari-
son measurements averaged over a single plume transect may
suffer from biases due to variations associated with the spe-
cific height at which the plume was probed and variability
in the plume geometry during the transect. Therefore, these
values are not necessarily representative for the entire plume
cross-section. This effect may be in part responsible for the
large variability in absorption properties reported in the liter-
ature, and for the current consensus that a simple parameter-
ization of the aerosol absorption properties of BB cannot be
found (Laskin et al., 2015).

4.4 Dependence on plume age

Based on the data from all three investigated fires, we find
a dependence of imaginary RI, VAC and SSC on physical
plume age (Figs. 8 and S10), with Pearson correlation co-
efficients of ~ 0.5. Fitting an exponential decay to data of
strongly absorbing wavelengths (308 to 347 nm), yields half-
lives 712 of 13+£3, 1644 and 17 £4h for imaginary RI,
VAC and SSC, respectively. The fit result for VAC is indi-
cated by the gray dashed line in Fig. 8. The values obtained
are in good agreement with previous studies investigating
the oxidative and photochemical bleaching of BB aerosol
(which leads to a decay of BrC absorption with plume age).
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Figure 8. The dependence of the volume absorption cross-section
(averaged from 308 to 347 nm) on plume age is shown for the three
fires, which burned under similar conditions in similar ecosystems
(Pearson correlation coefficient 0.5). Similar plots for the imaginary
RI and SSC can be found in Supplement Fig. S10. Error bars repre-
sent propagated errors. Marker size indicates cos(SZA), as a proxy
for the solar exposure. The grey dashed line shows an exponential
fit, based on all data points.

While laboratory studies with synthetic organic aerosol have
reported a wide range of absorption half-lives from a few
minutes to several hours (Zhong and Jang, 2011; Zhao et al.,
2015), measurements in real plumes report values between 9
and 24 h (Wang et al., 2016; Lee et al., 2014; Forrister et al.,
2015; Zeng et al., 2022). Given the limited amount of data
and the relatively large uncertainties, we could not identify
a dependence of 71,2 on the exposure to sunlight in terms of
solar zenith angle (dot size in Fig. 8).

4.5 Variability among fires

Given the uncertainty limits in our retrievals, we find no
significant differences in imaginary RI, VAC and SSA be-
tween the three fires (Fig. 9). This is surprising considering
that aerosol absorption properties have been reported to vary
significantly between different fires for a variety of reasons
(Sect. 1). The small differences might be partly explained by
the similarity in combustion conditions. A common proxy
for combustion conditions is the modified combustion ef-
ficiency (MCE), defined as ACO;/(ACO + ACO,), where
ACO and ACO; are background-corrected concentrations
of carbon monoxide and carbon dioxide, respectively (Ak-
agi et al., 2011). For both the Shady and the Williams Flats
fires we find little variation in MCE throughout the plumes
and average values close to 0.9 (see Table 1), representing
approximately equal contributions from flaming and smol-
dering combustion (Stockwell et al., 2014). For the Lefthand
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Table 4. Values of various absorption properties and their uncer-
tainties, with their wavelength and plume age dependencies.

Property  Ag? o 12
Values k 0.023 3.5 13h
VAC 1ipm~! 40 16h
SSC 0.1 29 17h
Uncertainties & 0.0068 35 NA
VAC 032um~! 32 Na
SSC 0.028 23 NA

4 Property value at wavelength Ao = 400nm and plume age ¢ = Oh.

fire, the enhancement ACO is too small to calculate a reliable
MCE value.

4.6 Parameterization for general applications

We have seen that the aerosol UV absorption properties
depend on wavelength and plume age, while the variation
among the three investigated fires is insignificant within
the retrieval uncertainties. Our retrieved absorption proper-
ties might therefore be applicable to other fires, for which
comprehensive measurements similar to FIREX-AQ are not
available. Example applications are chemical transport mod-
eling, assessment of BB radiative forcing, or other re-
mote sensing applications such as trace gas retrievals from
satellite-based measurements. For such purposes we consol-
idate our results into a parameterization, that considers the
relevant dependencies according to:

A0\ & tIn2
AL, 1) =Ap- <T) -eXp(——). (13)
12

A(X, 1) is the absorption property of interest (either k, VAC
or SSC), that is a function of wavelength A and physical
smoke age t. Ao is the value of the property at Ao = 400nm
and r = Oh. The wavelength parameterization is given by an
Angstrom dependence with exponent «, while plume age is
characterized by an exponential decay with half-life 7 /,. Ta-
ble 4 provides the values for Ag, @ and t for each absorp-
tion property. These values were determined by fitting Eq.
13 to correspondingly binned averages of our retrieval re-
sults. It should be pointed out that this parameterization is
intended for plume ages between 0.5 and 8 h, and a wave-
length range from 308 to 440 nm; it is probably only valid
for fires with fuel and MCE values similar to those for the
three fires treated in the present study (see Table 1).

5 Conclusions
Remote sensing based on radiation measurements taken in-

side and in proximity of BB plumes is a promising approach
to determine aerosol UV absorption properties in a contact-
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Figure 9. Statistical comparison of retrieved spectral imaginary RI, VAC and SSA for the three investigated fires. The plotted data have been
adjusted to represent a plume-age of zero, using the plume age parameterization described in Sect. 4.6. Boxes expand from the first to the
third quartile of the data. Whiskers indicate the 5th and 95th percentiles. Surprisingly, the results for different fires agree within the retrieval

uncertainties.

less manner. Using the VPC radiative transfer model, we de-
veloped a retrieval scheme based on actinic fluxes, including
a rigorous error propagation scheme that considers various
sources of uncertainties. This retrieval was applied to three
fires from the FIREX-AQ campaign.

The success and quality of the retrieval results clearly de-
pends on the geometrical configurations and the atmospheric
conditions for a given fire scenario. Best results are achieved
at high sun (SZA < 75°) and when the aircraft is inside a
plume of moderate AOD (between 1 and 3 at 532 nm) with
little horizontal variability. Under such favorable conditions,
the results and uncertainty estimates are stable and consis-
tent. Propagated uncertainties for the retrieved imaginary RI,
VAC and SSC are on the order of 20 % to 30 %. Uncertainties
in the Angstrom exponent for the imaginary RI are < 20 %.
Less favorable conditions can destabilize the retrieval, lead-
ing to unrealistic results and false uncertainty estimates. This
was the case for =~ 20% of the retrievals performed in the
present study, which could be identified and filtered based on
simple criteria. For the remaining data, we find a relatively
small variability of aerosol absorption properties within indi-
vidual transects on the order of or smaller than the retrieval
uncertainties. We conclude that BB particle properties are
surprisingly homogeneous for smoke from the same fire and
of similar atmospheric age, at least on the scales of the re-
trieval spatial resolution (few km horizontally, few hundred
meters vertically). Under favorable conditions, the error of
the retrieval is dominated by uncertainties in the real RI and
the plume AOD, whereas the aerosol size distribution is a mi-
nor contributor. This is particularly interesting for aerosol ab-
sorption remote sensing of other plumes, where comprehen-
sive additional measurements such as those obtained during
FIREX-AQ are not available. Actinic fluxes have been and
likely will be measured routinely during aircraft campaigns
that comprise BB plume events, such as ARCTAS (Corr
et al., 2012) SEAC4RS (Wolfe et al., 2022), WE-CAN (e.g.
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Palm et al., 2021; Peng et al., 2021), or ASIA-AQ (Zavaleta
and Vasques). In the future, our evaluation scheme might be
extended to such datasets, to cover a wider range of fire sce-
narios. Furthermore, the retrieval scheme can be modified for
application to additional measured quantities, such as radi-
ance spectra, and to other geometries, e.g., from ground or
space.

Our forward model uses a Mie code to map microphys-
ical properties (size distribution and complex refractive in-
dex) to optical bulk properties (extinction, single-scattering
albedo, and phase function (see Sect. 3.2). This approach
assumes an ensemble of homogeneous, spherical particles.
Consequently, the retrieved imaginary refractive index (RI)
should be interpreted as a “Mie-equivalent” value. It may
thus diverge from the physical RI of the actual particles,
but remains radiatively consistent, in the sense that the Mie
code will yield optical bulk properties that are close to real-
ity. Furthermore, we parameterize the spectral dependence of
all retrieved variables using a simple Angstrom relationship.
While our fit residuals (see Fig. S6) suggest this represen-
tation is robust within the scope of our retrieval, caution is
advised when extrapolating these spectral dependencies be-
yond the wavelength range investigated in this work.

We gained new insights into the validity and limitations
of coincident aircraft-based comparison measurements, in-
cluding in situ photoacoustic spectroscopy (PAS) and offline
filter-sampling analysis (SAEB). In the UV, we find closer
agreement with the SAEB observations, while in the visi-
ble, our results show better agreement with the PAS mea-
surements. This is in line with current speculations on the
origin of the disagreement between the methods (e.g. Zeng
et al., 2022). When comparing data for different transects,
our retrieval results show about three times less variability
than is the case with the corresponding aircraft-based com-
parison datasets. This illustrates the advantage inherent in the
use of spatial averaging typical of remote sensing applica-

Atmos. Chem. Phys., 26, 15423-15443, 2026



15438

tions. In contrast to remote sensing observations, it seems
that aircraft-based comparison measurements, averaged over
a single plume transect, do not necessarily provide aerosol
absorption properties that are representative of the entire
plume cross-section. This effect may have contributed to the
high variability of reported BB aerosol absorption in the past.

In the wavelength range between 308 and 440 nm, the re-
trievals yield average Angstrom coefficients of 3.5, 4.0, and
2.9 for the imaginary refractive index, VAC, and SSC, re-
spectively. Between individual transects, the corresponding
coefficients vary by about 0.5 (standard deviation), which
is within the propagated retrieval uncertainty. In addition to
this wavelength dependence, we also find a significant cor-
relation with physical smoke age. For the smoke age range
covered in the present study (0.5 to 8 h), we estimate a half-
life decay time for the imaginary RI in the UV of 13 +3h,
and similar values for VAC and SSC. This is in agreement
with other studies suggesting a limited lifetime for BrC (see
Sect. 4.4). Encouraged by these findings, we have consoli-
dated our results into a parameterization for aerosol absorp-
tion properties (Sect. 4.6), applicable to other fires with sim-
ilar fuel, combustion states, and atmospheric conditions (Ta-
ble 1), such as those generally found in the western US. Con-
ceivable applications in this context are, for instance, plume
chemistry models, chemical transport models, or trace gas
remote sensing from satellite observations.

Appendix A: List of abbreviations

AOD Aerosol optical depth

BB Biomass burning

BC Black carbon

BrC Brown carbon

CAFS CCD Actinic Flux Spectro-radiometer
FWHM  Full width at half maximum

PSD Particle size distribution

RMSD  Root-mean-square deviation

RI Refractive index

SAEB Spectral analysis of extracted BrC chromophores
SSA Single scattering albedo

SSC Single scattering co-albedo (1-SSA)

SZA Solar zenith angle

uv Ultraviolet (spectral range)

VAC Volume absorption cross-section

Vis Visible (spectral range)

VPC VLIDORT for photochemistry
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campaign is available on the “NASA Airborne Science Data for At-
mospheric Composition” database: https://www-air.larc.nasa.gov/
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version of the VPC model is on a private Github repository. The
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