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Abstract. Brown carbon (BrC) absorbs solar radiation, thereby partially offsetting the cooling effect of aerosols on the
climate. However, its contribution to climate forcing remains poorly constrained and is currently not explicitly included in
the overall radiative forcing estimates of the IPCC. In this work, we quantify the contributions of BrC to light absorption in
urban outflows from Paris using aircraft observations. We observe a progressive “browning” of the plume over 6 hours of
transport time, characterised by a significant increase in the relative contribution of BrC to aerosol light absorption. This
optical shift is strongly correlated with photochemical ageing as evidenced by the increase in the organic aerosols-to-BC
mass ratio and the simultaneous depletion of aromatic volatile organic precursors. The corresponding rise in the Absorption
Angstrom Exponent from 1.1 to 2.6 provides further evidence that secondary organic aerosol formation is the primary driver
of enhanced light absorption at 450 nm in the aged plume. Our observations indicate that BrC is photochemically produced
during transport at a rate of ~ 0.25 h™ over 6 hours of atmospheric processing under the conditions examined in this study.

For these cases, the findings suggest that urban outflows are not merely diluted during transport but undergo significant
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chemical transformations that alter their radiative impact. Accounting for these time-dependent optical changes provides a

way to refine how climate models simulate radiative impacts of large metropolitan areas to climate change.

1 Introduction

Light-absorbing carbonaceous aerosols (LACs) partially offset the overall climate-cooling of acrosols. They comprise black
carbon (BC) and brown carbon (BrC), a part of organic aerosol (OA), which absorbs sunlight and has a strong spectral
dependence, especially at ultraviolet and short visible wavelengths (Laskin et al., 2015; Saleh et al., 2014; Kirchstetter et al.,
1999). They exert a positive radiative forcing and thereby warm the atmosphere through direct absorption, reducing the
snow/ice albedo, altering planetary boundary height, and modifying the cloud formation and global precipitation patterns
(Bond and Bergstrom, 2006). Legislative efforts to reduce anthropogenic emissions have been implemented globally
(Kaskaoutis et al., 2023). However, the radiative influence of LACs aerosols has increased over the past two decades (Li et
al., 2022). Robust projections of climate change in response to future LACs emissions and associated global warming remain
both a challenge for the scientific community and an important topic at the science-policy interface (Glif3 et al., 2021; Samset

et al., 2018; Szopa et al., 2023).

The contribution of BrC to climate forcing is poorly constrained, leading to a wide range of estimated direct radiative effects
(+0.04 to +0.57 W m™). Wang et al. (2018) suggested that direct radiative forcing of BrC is overestimated due to the bias
between observations and simulations. Indeed, this uncertainty reflects both the diversity of the representation of BrC in
atmospheric models and the limited understanding of its chemical and optical properties during its full atmospheric lifecycle,
from emission to evolution during transport (Drugé et al., 2022). In addition, direct observations constraining the key

processes throughout the lifecycle of ambient BrC remain limited.

Primary BrC is usually associated with biomass combustion, while fossil-fuel combustion is typically a minor contributor,
except for specific sources such as low-efficiency residential coal combustion and heavy fuel oil use in ship engines
(Andreae and Gelencsér, 2006; Desyaterik et al., 2013; Feng et al., 2013; Washenfelder et al., 2015; Zhang et al., 2017;
Corbin et al., 2018, 2019; Xie et al., 2019; Saleh, 2020). Secondary BrC can also be produced from the photo-oxidation of
volatile organic compounds (VOCs) through reactions occurring in the gas phase (Jacobson, 1999; Laskin et al., 2015; Moise
et al., 2015; Nakayama et al., 2013; Saleh et al., 2013; Sareen et al., 2013). Previous laboratory and ambient studies present
contrasting BrC lifetimes, ranging from a few hours (Hems and Abbatt, 2018; Zhao et al., 2015; Zhong and Jang, 2014), to
13 — 28 hours (Forrister et al., 2015; Velazquez-Garcia et al., 2024; Wong et al., 2019; Yu et al., 2026a), or even 22 — 45
hours (Wang et al., 2016) after emission, likely reflecting differences in BrC sources, chemical composition, and

atmospheric ageing processes.
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Various chemical transformations contributing to secondary BrC formation have been reported. Although BrC has been
observed in biogenic secondary OA (SOA) formed in the presence of ammonia (Flores et al., 2014; Lee et al., 2014), the
resulting absorption is considerably weaker than that arising from the oxidation of aromatic VOCs precursors, which are
generally linked to combustion emissions (Zhang et al., 2011; Nakayama et al., 2013; Zhong and Jang, 2014; Liu et al.,
2015; Moise et al., 2015; Dingle et al., 2019; Saleh, 2020). For example, Zhang et al. (2011) reported 4 to 6 times higher
SOA absorption in anthropogenically dominated environment by aromatic VOCs (e.g., Los Angeles, California) than in a
mixed anthropogenic-biogenic environment (e.g., Atlanta, Georgia). Consistent with these findings, laboratory studies have
shown that SOA formed from the oxidation of anthropogenic aromatic precursors, including naphthalene, toluene, and m-
xylene, exhibits significant light-absorbing properties (Liu et al., 2015; Nakayama et al., 2013). Such observations suggest an

important role of anthropogenic photochemical processing in secondary BrC formation, particularly in urban environments.

As BrC is not chemically stable, it may experience rapid photobleaching during atmospheric transport, which reduces its
absorption properties over time, thereby modulating its contribution to aerosol radiative forcing (Wong et al., 2017; Zhao et
al., 2015). For a subset of BrC biomass burning species, Zhao et al. (2015) reported photo-enhancement and photobleaching
changes in rapid timescales, i.e., on the order of an hour or less. Wang et al. (2019) observed over the southeastern margin of
Tibetan Plateau a diurnal cycle in secondary BrC, characterised by photochemical oxidation after sunrise followed by
photobleaching of the chromophores under increasingly oxidising conditions as the day progressed. From an analysis of
satellite observations and chemistry-transport modelling, Konovalov et al. (2021) showed for a Siberian fire plume that its
absorption decreased due to photobleaching in the first hours after emission and then increased to a certain degree due to
secondary BrC build-up. In Paris, active summertime photochemistry has been associated with an increasing contribution of

BrC to aerosol light absorption (Navarro-Barboza et al., 2025; Di Antonio et al., 2025a; Yu et al., 2026a).

Aircraft observations from the ACROSS (Atmospheric ChemistRy Of the Suburban foreSt) campaign have provided insights
into the atmospheric processing of LACs within the Paris urban plume. These studies revealed that plume ageing alters
aerosol optical properties through enhanced BC light absorption driven by non-BC components (Velazquez-Garcia et al.,
2026a) and through SOA formation associated with an increasing contribution of BrC to light absorption (Yu et al., 2026b).
These observations motivate further investigation of the coupling between BrC optical properties, SOA formation, and
atmospheric oxidation during plume transport to better understand BrC ageing under ambient conditions. Building upon
these findings, the present study investigates these coupled processes, providing observational constraints on the factors
controlling BrC optical evolution during atmospheric ageing. While laboratory studies provide important mechanistic
insights, semi-Lagrangian aircraft observations tracking plume evolution enable the investigation of these processes under
complex ambient atmospheric conditions. By combining chemical and optical measurements, as well as atmospheric

transport simulations, we aim to: (1) characterise the contribution of BrC to aerosol absorption; (2) investigate the effects of
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atmospheric transport and photochemical ageing on BrC; (3) provide recommendations for incorporating BrC dynamics into

climate models.

2 Methods

The ACROSS field campaign integrated coordinated aircraft and ground-based observations, aiming to study at different
distances the urban plume emitted from Paris, particularly when they encounter air masses influenced by biogenic emissions
from the surrounding forests (Cantrell and Michoud, 2022). Airborne measurements utilised in this work were conducted
aboard the French ATR42 environmental research aircraft operated by Safire (the French aircraft service for environmental
research) over Paris and its surrounding areas from June 21 to July 5, 2022. Stationed at the Cergy aerodrome (34 km from
Paris centre), the aircraft performed a series of 15 scientific flights across northwestern France, specifically within a region
bounded between 47.5° and 50.5° to the north and -1° to -5° to the east. For the 15-flight ensemble, urban plumes were

sampled at downwind distances ranging from a few kilometres to ~200 km.

2.1 Aircraft measurements

Aerosol particles were collected using the AVIRAD aerosol inlet system (Formenti et al., 2011), which consists of an
isokinetic and isoaxial inlet mounted beneath the aircraft. The inlet provides a 50% transmission efficiency for particles with
diameters up to 12 pm (Denjean et al., 2016). Multiple sampling lines distribute the aerosol flow to instruments dedicated to
measuring aerosol concentrations and their physicochemical properties. The gas-phase measurements were sampled through
a pressurised manifold. All results presented in this study are reported under standard temperature and pressure conditions

(T=273.15 K, P =1013,25 hPa).

The aerosol scattering (0s.t) and extinction (G.x) coefficients at 450 and 630 nm were obtained with an Aerosol Absorption
Spectral Sizer (A2S2), an adapted airborne version of a dual-wavelength cavity-attenuated phase-shift (CAPSpussa,
Aerodyne Inc. Billerica, MA, USA) instrument (Yu et al., 2024). The scattering channels of the A2S2 were calibrated using
nebulized 200 nm polystyrene latex (PSL) spheres. Following (Yu et al., 2024), the measured scattering coefficients were
corrected for angular truncation effects, with mean correction factors of 1.13 at 450 nm and 1.05 at 630 nm applied under the

ACROSS campaign conditions.

The BC-containing particles were measured by a Single-Particle Soot Photometer (SP2; Droplet Measurement Technologies,
Longmont, CO, USA) to assess BC properties such as, mass concentration, size distribution, and mixing state (Laborde et
al., 2012; Moteki and Kondo, 2010; Schwarz et al., 2008; Subramanian et al., 2010). The SP2 measures the incandescence
signal of individual particles within the 90-580 nm particle diameter range. The mass of BC cores is derived from the

incandescence signal using a calibration factor obtained by measuring the incandescence peak height of sizes selected
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fullerene soot (Alfa Aesar, lot no. FS12S011). The SP2 data were processed using the SP2PyPro toolkit (Tinorua et al.,
2024; Velazquez-Garcia et al., 2026b).

The sub-micron non-refractory aerosol composition and concentration was characterised using a mini-Aerosol Mass
Spectrometer (MAMS; Aerodyne Inc., Billerica, Ma, USA) (Drewnick et al., 2005; Konwar et al., 2024; Vu et al., 2016).
This instrument provides quantitative information on organic and inorganic aerosol components, including sulphate,
ammonium, nitrate, and chloride. Instrument calibration involved determining the ionization efficiency with monodisperse
ammonium nitrate particles, while a fixed collection efficiency of 0.5 has been used. The experimental configuration and

data treatment are described in detail in Yu et al. 2026b.

The VOCs (including benzene, toluene, C8 aromatics) were measured with an adapted airborne version of a high-resolution
proton-transfer-reaction time-of-flight mass spectrometer (HR-PTR-ToF-MS, manufactured by Kore Technology Ltd.), as
described in detail by Michoud, V. and Bouzidi, H. (2024). Blank measurements were conducted once on the ground before
the flight, or twice before and after the flight. Regular calibrations were performed before each flight using gaseous VOC
standards from a certified calibration mixing provided by the National Physical Laboratory (NPL) and a dilution system.
Sensitivity determined from calibration, corrected for humidity variations, was used to retrieve the volume mixing ratios of

targeted VOCs. The limit of detection was calculated based on a signal-to-noise ratio of 3 over a period of 10 minutes.

Ozone (Os) was measured using a Thermo Environmental Instruments TEI 491 TL analyser based on UV photometry. The O,
data was processed and validated according to the standards of the MOZAIC-IAGOS (Measurements of OZone, water
vapour, carbon monoxide and nitrogen oxides by in-service Alrbus airCraft) programme. NO, was measured using a four-
channel thermal dissociation-laser induced fluorescence (TD-LIF) instrument employing a pulsed YAG-laser emitting light
at 532 nm (Di Carlo et al., 2013). Calibrations were performed before and after each flight, using NO, and zero air standard
cylinders. Carbon monoxide (CO) was sampled using a PICARRO analyser (model G2401) which is based on cavity ring-
down spectroscopy (CRDS) technology. Calibration was carried out before and after each campaign, with a target control
gas being passed at the beginning and at the end of each flight. The data were processed and validated according to the ICOS
(Integrated Carbon Observation System) research infrastructure protocols (Filges et al., 2015).The number of data points for

each instrument and flight is provided in the supplementary information (Table S1).

2.2 Additional model products

A regional 3D simulation was performed using the WRF-CHIMERE v2020r3 chemical transport model (Menut et al., 2021),
covering the Paris area at a horizontal resolution of 2 km and with 10 vertical layers extending from the surface to 500 hPa
(Di Antonio et al., 2025b). The model simulates transport pathways of emissions including gas and aerosols concentrations,

while taking into account meteorological variables from the WRF model. The simulation covered the period from June 15 to

5
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July 25, 2022, including a two-week model spin-up period. Anthropogenic emissions, including BC, were taken from the
CAMS-GLOB-ANT v5.3 inventory at a spatial resolution of 0.1° x 0.1° (Soulie et al., 2024), refined to the finest model
resolution using land-use proxies (Mailler et al., 2017). Fire emissions came from the CAMS Global Fire Assimilation
System (Kaiser et al., 2012). In this simulation, the BC emissions from Paris were specifically targeted. The BC Paris-to-
regional ratio was calculated as BCparis/(BCparistBCregional), Where BCparis and BCegionat represent the BC concentrations coming
from the Grand Paris domain (APUR, 2026) and the BC concentrations coming from the simulated regional background and

boundary conditions, respectively (Di Antonio et al. 2023).

Forward trajectories were computed using the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT,
Stein et al., 2015) with Global Data Assimilation System (GDAS) meteorological data as a complementary check for the
physical link with the aircraft flight path. Trajectory calculations were performed at 1-hour intervals, with arrival heights
corresponding to the aircraft altitude. The initial conditions were defined with respect to the geographic centre of Paris
(48.86° North latitude and 2.34° East longitude). Air masses were then simulated forward in time in order to intersect the

aircraft flight path at the corresponding sampling altitude and time.

2.3 Deriving intensive aerosol properties

The aerosol single scattering albedo (SSA..,) represents the balance between the scattering and the absorption of solar
radiation by aerosols, providing insight into their potential to cool or warm the atmosphere. The SSA ..., was estimated using

the following equation:

o
SSA =St eq. (1)

aer,A
ext, A

where 6.« and o represents the extinction and scattering coefficient at A = 450 nm.

Yu et al. (2024) demonstrated that the difference between G and Oy measured by the A2S2 can be used to estimate the

absorption coefficient (G.s) from which the absorption Angstrém Exponent (AAE) was calculated as follows:

g
log( abs,l)

AAE— abs,2
l 1
Og ( 7\2 )

where Gavs,1 and Gans2 represent the absorption coefficients at A; = 450 nm and A, = 630 nm, respectively.

The attribution of short-wavelength light absorption to BC and BrC has been achieved using the AAE. This method, well-
established in the literature (Bergstrom et al., 2002; Kirchstetter et al., 2004; Bond and Bergstrom, 2006; Andreae and

6
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Gelencsér, 2006; Lack and Langridge, 2013; Lu et al., 2015), utilises a pair of measurements spanning extremes of visible
wavelength spectrum. Absorption at the longer wavelength (630 nm in this study) is assumed to be only due to BC and
extrapolated to the shorter wavelength (450 nm), adopting a widely used AAE value of 1 (Bond et al., 2013). BrC absorption
is then derived as the difference between the measured absorption and the BC-attributed absorption at the shorter

wavelength, according to:

OBrCabs,A:Gabs,A_GBCabs,A €q. (3)

Different species ratios were derived from the relationships between aerosol and gas-phase concentrations to investigate the
evolution of aerosol properties. The AOA/ABC ratio was calculated from the measurements of the mAMS and the SP2 as an
indicator of SOA formation and atmospheric processing, while the ABC/ACO ratio served as indicator of amount and nature
of sources. The AO/ABC ratio (where Ox = O;+NO,) was used to assess shifts in the atmospheric oxidation state of the
urban outflow (Liu, 1977; Wood et al., 2009; Canonaco et al., 2015; Wang et al., 2019; Thera et al., 2022; Yu et al., 2026a,
b). A denotes an enhancement above background. Borbon et al., (2013) observed in the Paris plume during the MEGAPOLI
experiment that C8 aromatics were more rapidly depleted by photochemical processing than toluene (e.g. ~17% after 30
min), highlighting their pronounced sensitivity to atmospheric oxidation. Thus, to assess the photochemical depletion of
reactive volatile organic compounds, the C8 aromatics/toluene ratio was used. This ratio is also expected to decrease as

photo-chemical age increases (Freney et al., 2014).

2.4 Estimation of outflow boundaries

Air masses were classified into urban and background categories following the criteria detailed in Velazquez-Garcia et al.
(20264a). Briefly, urban and background air masses were initially defined as occurring when the mass concentration of BC
exceeded the 75™ percentile for a specific flight, whereas continental background conditions corresponded to concentrations
below the 25™ percentile (Table S1). This classification was subsequently validated by contrasting ABC/ACO emission ratios
obtained for urban and background air masses (Figure 2b). The spatial extent of the urban plume for each flight was
examined using WFR-CHIMERE simulations, alongside the BC Paris-to-regional ratio corresponding to the aircraft altitude.
Figure 1 compares the observed BC mass concentration for a single flight (F28) with its respective simulated BC Paris-to-
regional ratio. The urban plume exhibited coherent transport patterns, with peaks in BC concentrations occurring at locations
that are consistent with the simulated plume cores, thereby supporting the attribution of these air masses to emissions

originating from the Paris basin.
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Figure 1. Plume identification. a) The left panel shows the spatial distribution along the flight track F28, illustrating
the measured BC mass concentration (colour scale) overlaid on the WFR-CHIMERE-simulated Paris-to-regional BC
ratio (grey-shaded contours). b) The right panel provides a magnified view of the time series of BC mass
concentration, aerosol optical properties and CO mixing ratios. Red and blue stars along the BC time series mark the
selected in plume and background conditions, respectively. Yellow-shaded areas indicate periods excluded from the

analysis. Grey-shaded areas denote selected in-plume periods, defined by BC above the 75" percentile (letters A-G).

2.5 Determination of photochemical age (At)

The degree of photochemical processing (photochemical age, At) within the plume was estimated from hydrocarbon ratios,
following previous studies (Borbon et al., 2013; de Gouw et al., 2005; Warneke et al., 2007). This calculation relates changes
in VOC ratios to atmospheric ageing and allows extrapolation to a zero-photochemical-age condition. The photochemical
age of an air mass can be calculated as follows:

1 «[1 ([C8ar0matzcs] _ <[C80romatlcs]

At=
k [benzene| ’,_, [benzene]

[OH](k eq. (4)

C8—aromatics ' benzene )

where [OH] is the hydroxyl radical concentration assumed to be 5x10° molec.cm™ and Kcs-romaiics (1.4x10"" cm® molec™ s™)

and Kpenzene (1.22x10™2 cm® molec™ s™) are the reaction rate coefficients with OH for C8 aromatics and benzene respectively.
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[benzene] and [C8 aromatics] are the mixing ratios in pptv of benzene and C8 aromatics, respectively. The concentration

ratio at a photochemical age of zero was derived from a scatter plot of [C8 aromatics] vs [benzene] (Figure S1).

2.6 Statistical analyses

To explore the multivariate relationships driving the evolution of LACs within the Paris urban plume a Principal Component
Analysis (PCA) was performed using key photochemical and compositional indicators. The selected features included the
oxidation state tracers (AOx/ABC, AOA/ABC), photochemical depletion (C8 aromatics/toluene), and the overall
photochemical age retrieved. Due to the differing units and scales of the physical variables, the features were standardized to
zero mean and unit variance using a StandardScaler prior to PCA implementation. The analysis computed all orthogonal
principal components, with a particular focus on the primary components capturing the highest variance. The AAE 450-630nm
was explicitly excluded from the PCA matrix calculation and reserved as an independent control variable to validate the
physical interpretation of the extracted components. To evaluate the relationship between plume ageing (represented by the
dominant principal component) and the optical properties of BrC, a LOcally WEighted Scatterplot Smoothing (LOWESS)

regression was applied with a smoothing fraction of 0.6.

3 Results and discussion

3.1 Variability in the contribution of carbonaceous aerosols to light absorption

Flights were conducted in all directions radiating from the centre of Paris to capture the urban plume’s evolution as
illustrated in Figure 2a. The flight strategy consisted of horizontal transects following the plume’s flow at low altitudes —
below 300 m above ground level — enabling a characterisation of the atmospheric boundary layer. The spatial distribution of
BC mass concentration increased notably downwind of the city across the flights, consistent with the simulated Paris-to-
regional BC ratio from the WRF-CHIMERE simulations. Figure 2b illustrates the relationship between BC mass
concentration and CO mixing ratios. The contrasting slopes for the plume (3.4 ng m” ppb™) and background conditions (1.6
ng m” ppb™") demonstrate the successful identification of the Paris plume. Both values fall within the range of observations

reported for urban plumes in previous studies (McMeeking et al., 2011; Spackman et al., 2008; Subramanian et al., 2010).

The analysis of . at 450 nm revealed differences in aerosol optical properties between plume and background conditions
(Figure 2c). In both regimes, BC dominated light absorption, contributing more than 50% of the total absorption at 450 nm.
The relative contribution of BrC was higher under background conditions (approximately 47%) than within the plume
(approximately 38%). This difference was accompanied by slightly higher SSA c: 4s0nm Values in background aerosols (median
of 0.88 and 75™ percentile of 0.91) compared with plume aerosols (median of 0.86 and 75™ percentile of 0.89). Although
small in magnitude, this shift is statistically significant (Mann—Whitney U test, U = 7662.0, p < 0.005), reflecting a more

scattering-dominated aerosol population, a reduced dominance of BC absorption outside the plume and a larger influence of

9



270

275

280

285

290

https://doi.org/10.5194/egusphere-2026-4423
Preprint. Discussion started: 28 July 2026 G
© Author(s) 2026. CC BY 4.0 License. E U Sp here

OA-rich particles in the background atmosphere than in the plumes. Previous studies have reported similar relationships
between increased scattering and enhanced aerosol AAE and higher OA fractions (Russell et al., 2010; Arola et al., 2011;
Costabile et al., 2017; Velazquez-Garcia et al., 2023a; Di Antonio et al., 2025a; Pereira et al., 2025; Eom et al., 2025; Yu et
al., 2026a, b).

There was notable variability in the BC/BrC ratio across different flight days within plume conditions (Figure S3). For
instance, flight F29 showed the highest BC contribution (nearly 80%), whereas flight F34 exhibited a much stronger BrC
influence, where BrC contributed roughly 60% to the total absorption. Flights with relatively larger BrC contributions tended
to exhibit lower BC concentrations (Figure S4), corresponding to periods with lower overall pollution loading (Di Antonio et
al., 2025a), suggesting that atmospheric processing altered the relative importance of absorbing aerosol components. This
variability is consistent with the broader diversity in particle composition and ageing processes modulating the optical
properties of urban plumes observed during the ACROSS campaign (Di Antonio et al., 2025a; Pereira et al., 2025; Yu et al.,
20264, b).

To further investigate the origins of BrC absorption, we examined the correlation between the ABC/ACO emission ratio and
the BrC absorption (Figure S2). Inside the plume, a weak but statistically significant positive correlation was observed
(Pearson coefficient R of 0.24, p < 0.05), indicating a detectable yet limited influence of plume emissions on BrC absorption.
In contrast, no significant correlation was found under background conditions (Pearson coefficient R of -0.19, p > 0.05),
suggesting that background BrC absorption was controlled by processes independent of those governing plume emissions.
While prior research analysing biomass burning plumes have reported a distinct relationship between AAE and the
ABC/ACO emission ratio — concluding that the absorption spectral dependence is modulated by burning conditions
(Rupakheti et al., 2017; Selimovic et al., 2018, 2020; Che et al., 2022; Ding et al., 2023) — our data showed a weak
correlation. This discrepancy indicated that the driving mechanism behind the BrC absorption in our study differs from
primary combustions dynamics. Instead, this weak correlation suggested an alternative origin for the BrC contribution,

which will be thoroughly examined in the subsequent sections.
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Figure 2. a) Geographic location of the ACROSS campaign. The left panel shows the overview map of Europe with
295 the ATR42 flight patterns in red for altitudes below 300 m. The right panel displays a zoomed-in view of the flight

tracks colour-coded by BC mass concentration, highlighting its spatial distribution. The white slashed lines represent

the BC Paris-to-regional ratio simulated by the WRF-CHIMERE model. b) ABC/ACO emission ratio for in-plume

(black) and background (gray) conditions with markers showing flight number and lines representing the linear

regression. ¢) Contribution of BC and BrC to light absorption at 450 nm for in plume and background conditions.
300

3.2 Photochemical ageing within the Paris plume

Figure 3 illustrates the relationship between the evolution of Ox mixing ratio, normalised to BC within the urban plume, and

the photochemical age estimated from eq. 4. A statistically significant, positive linear correlation is observed (Pearson

coefficient R of 0.68, p < 0.001), with the AO/ABC ratio increasing from approximately 35 to 50 ppbv pg"' m™ over a
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photochemical lifetime of 12.5 hours. The oxidant production rate obtained from the slope of the linear fit suggested 1.2
ppbv of oxidants produced per pg m* of emitted BC per hour within the urban outflows intercepted during the ACROSS
flights. The increase in AO,/ABC observed here at advanced photochemical ages suggests that oxidant production remains
highly efficient throughout the plume's lifetime. Thera et al. (2022) reported CO-normalized oxidant production rates
ranging from close to zero up to 0.27 ppb ppb™ h' in the urban plumes of Paris measured during the MEGAPOLI campaign.
Their study similarly showed that oxidant production remained active beyond 6 hours of transport, implying efficient
photochemical production sustained by freshly emitted ozone precursors transported up to 200 km away from the Paris urban
area. Likewise, Yu et al. (2026a, b) indicated that photo-chemical processing played a key role in O, formation during the
ACROSS campaign, with enhanced average AO,/ACO ratios in airborne observations of the urban plume relative to ground-

based measurements in Paris.

Larger photochemical ageing during summer may result in enhanced VOCs consumption (Baudic et al., 2016; Borbon et al.,
2013; Chen et al., 2021; Freney et al., 2014). Figure 3 shows the combined evolution of photochemical age, AO,/ABC, and
the C8 aromatics/toluene ratio in the urban plume. As indicated by the colour gradient, younger air masses (< 5 h) exhibit
higher C8 aromatics/toluene ratios (>0.30 pptv pptv’, represented in yellow), consistent with a relatively fresh emissions
signature. In contrast, at photochemical ages exceeding 7.5 h, the ratio decreases to below 0.20 pptv pptv ™', reflecting the

progressive depletion of C8 aromatic compounds relative to toluene.

Statistical analysis suggested that meteorological parameters exerted an influence on the AO/ABC ratio (Figure S5).
Temperature exhibited a significant positive correlation with the AO/ABC ratio (Pearson coefficient R of 0.73, p < 0.001),
reflecting the effect of boundary layer height, circulation patterns and solar-driven processes, as previously reported (Notario
et al., 2013; Wang et al., 2013; Taheri et al., 2025; Pancholi et al., 2018; Pereira et al., 2025; Yu et al., 2026b; Baudic et al.,
2016). In contrast, relative humidity displayed a weak, yet statistically significant, negative correlation with AO,/ABC
(Pearson coefficient R of -0.29, p < 0.001). This inverse relationship is consistent with previous studies, which have shown
that high relative humidity conditions can reduce photochemical activity through cloud-related attenuation of solar radiation
and enhanced wet deposition, thereby limiting photochemical production rates (Mavroidis and Ilia, 2012; Pancholi et al.,

2018; Song et al., 2011).
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Figure 3. Total oxidant proxy normalised by BC as a function of photochemical age within the urban plume. The
solid black line represents the linear regression fit (p-value < 0.001). Data points are colour-coded by the C8

aromatics/toluene ratio to illustrate the photochemical depletion of reactive VOCs.

3.3 Evolution of wavelength-dependent absorption with air mass oxidation

Figure 4 illustrates the changes of the aerosol composition and optical properties due to photochemical ageing. The link
between air mass oxidation and organic aerosol production is reflected in the data, where AO/ABC correlated significantly
with AOA/ABC (Pearson coefficient R of 0.71, p < 0.001). As the air mass becomes progressively more oxidised (moving
from lower to higher AO/ABC bins), the AOA/ABC ratio increased from approximately 3.7 to 5.5, suggesting enhanced
organic aerosol production. This increase in OA mass was accompanied by an increase in photochemical age from 2.0 to 8.0
(Figure 4a). The C8 aromatics/toluene decreased with photochemical ageing, reflecting the photochemical consumption of
anthropogenic VOCs (Figure 4b) as previously discussed. Similarly, the AAEso-630nm increased from 1.1 to 2.6 (Figure 4c),

suggesting a growing contribution of light-absorbing organic material associated with ageing.
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Figure 4. Evolution of aerosol chemical and optical properties as a function of oxidation state proxy bins. a) Organic
aerosol enhancement as a function of plume age. b) Relationship between organic aerosol enhancement and the
depletion of toluene. ¢) Enhancement the AOA/ABC ratio coloured by the Absorption Angstrom Exponent (AAE 4s.

s30nm) Mean values. The box plots represent the distribution of data points per each AO,/ABC bin.

The simultaneous increase in OA relative to BC and the depletion of toluene with ageing have been widely reported in
previous studies of urban plumes (Borbon et al., 2013; Freney et al., 2014; McMeeking et al., 2011; Thera et al., 2022) and
are commonly attributed to the oxidation of anthropogenic VOCs and their subsequent contribution to SOA formation during
plume evolution. In addition, laboratory studies further support this interpretation, showing that the photo-oxidation of
aromatic VOCs such as benzene, toluene, phenols, and polycyclic aromatic hydrocarbons (PAHs) in the presence of nitrogen
oxides leads to the formation of light-absorbing secondary organic compounds, including nitro-aromatics (Flores et al., 2014;
Lin et al., 2015). For instance, Nakayama et al., (2013) demonstrated that SOA formed from toluene photo-oxidation under
varying NOx conditions is dominated by nitro-aromatic species (e.g., nitrocresols), which strongly contribute to aerosol light
absorption. Similarly, Teich et al. (2017) quantified significant contributions of nitrated aromatic compounds to the light
absorption of ambient aerosol extracts collected in Germany and China. Pereira et al. (2025) showed positive correlations of
O, with CHON compounds and negative correlations with CHOS in Paris, consistent with oxidative processing and the
formation of nitrated organic species, which in urban environments are commonly associated with aromatic VOC oxidation

in NOx-rich plumes.

To statistically evaluate the changes in the optical properties of the aerosol during photochemical ageing, a Kruskal-Wallis
test followed by a Dunn’s post-hoc analysis was performed on the AAE4so-630nm values grouped by the three distinct O,/BC
bins (Table S2). The global Kruskal-Wallis test indicated that the differences in AAE across the ageing groups were
statistically significant (p < 0.001). Subsequent pairwise comparisons using Dunn's test revealed a highly significant

difference in AAE between the lowest O,/BC bin and the most evolutionarily advanced bin (55.1; p < 0.001). In contrast, the
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differences between chronologically adjacent groups showed poor statistical significance, yielding p-values > 0.05. This
statistical progression indicates that the cumulative photochemical ageing leads to a statistically distinct modification of the

aerosol absorption characteristics between the initial and final stages of plume transport.

The PCA results (Figure S6 and Table S3) showed that PC1 was associated with plume processing, presenting high positive
loadings on photochemical age (0.61) and AO/ABC (0.44) along with negative loading on the C8 aromatics/toluene ratio
(-0.59). In contrast, PC2 reflected variability in OA production as it is driven by a strong positive loading on the OA/ABC
ratio (0.89). Together, these two components accounted for ~82% of the total atmospheric variance. Furthermore, the non-
parametric LOWESS regression between the AAEusos30nm and the photochemical clock (PC1) revealed a non-monotonic
upward trend that approached a plateau at advanced oxidation stages, despite the considerable variability among individual
data points. At initial oxidation stages (PC1<0), low AAEso.e30mm values (1.0-1.5) increased toward a plateau near 3.0,
contributing to the overall evolutionary rate of 0.25 h™' estimated from the binned AO/ABC averages (Table S4). At
advanced oxidation stages (PC1 >1) the AAEusosonm appeared to stabilise, attributed to a potential balance between
secondary production and photochemical loss of absorbing species, as has been suggested by previous studies (Laskin et al.,
2015; Moise et al., 2015; Wong et al., 2017; Zhao et al., 2015). Nevertheless, given the limited data available in this extreme

ageing regime, further research is needed to confirm this trend.

Overall, these results suggest that the observed “browning” of the Paris plume is driven by secondary organic aerosol
formation. The increase in the AOA/ABC ratio with plume transport and increasing photochemical processing is consistent
with the photochemical formation of BrC from precursor gases (e.g., aromatics). The concurrent increase in AAE4so-630nm
provides additional support for this interpretation, as higher AAE values are commonly associated with BrC. This
interpretation also supports the trends observed by previous studies, demonstrating that the relative increase in BrC
absorption can be attributed to active atmospheric chemistry producing new absorbing material (Di Antonio et al., 2025a;
Pereira et al., 2025; Yu et al., 2026a, b). The depletion of C8 aromatics further supports this conclusion, as it serves as a

proxy for the consumption of VOCs that act as SOA precursors in urban environments.

Previous studies investigating increases in AAE have identified the OA-to-BC ratio as a promising predictor of light
absorption (Saleh et al., 2014; Bellouin, 2014; Moise et al., 2015; Lu et al., 2015; Costabile et al., 2017; McClure et al.,
2020). Consistent with these observations, our results suggested a relationship between AAE and AOA/ABC, with a slope of
d(AAE)/d(AOA/ABC) = 0.83 under the conditions examined here. The corresponding sensitivities for AO/ABC and C8
aromatics/toluene were 0.091 and -0.0053, respectively (Table S4). This multi-parameter progression underscore the
important role of anthropogenic SOA, such as nitrated aromatic compounds, on the optical footprint of urban plumes during

transport.
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4 Conclusions and implications

This study investigated the optical properties of light-absorbing carbonaceous aerosols within the Paris urban plume using
airborne measurements conducted by the Safire ATR42 research aircraft during the ACROSS campaign. We derived an
oxidant production rate of approximately 1.22 ppbv h™' from the relationship between the oxidant mixing ratio normalised by
BC and the photochemical clock. This increase in oxidant production was accompanied by the depletion of aromatic VOC
precursors, providing evidence of active photochemical processing within the sampled urban plume. An observationally
constrained AAE growth rate of 0.25 h™ was derived over approximately 6 h of atmospheric processing, indicating a rapid
increase in BrC absorption consistent with secondary aerosol formation during transport under the conditions encountered in
this study. Our results suggest that photochemical ageing during plume transport promotes the formation of SOA from
anthropogenic precursors and modifies aerosol optical properties, leading to higher SSA values and enhanced wavelength

dependence of aerosol absorption.

Our observations are broadly consistent with previous laboratory, field, and modelling studies reporting photo-enhancement
of BrC absorption through secondary formation processes followed by photobleaching at later stages of atmospheric aging
(Zhao et al., 2015; Wang et al., 2019; Konovalov et al., 2021 and references herein). In particular, the observed increase in
AAE together with the depletion of aromatic VOC precursors and increasing AOA/ABC ratios supports earlier evidence that
anthropogenic aromatic oxidation can generate light-absorbing SOA. However, unlike most previous studies, which were
conducted under laboratory conditions, at fixed surface sites, or focused on biomass-burning plumes, our airborne
observations provide direct constraints on the coupled evolution of oxidation chemistry, SOA formation, and BrC optical
properties within a real urban plume during transport. These results therefore extend current understanding of BrC ageing by
demonstrating observationally that secondary formation processes can substantially enhance aerosol absorption on

timescales of only a few hours in an anthropogenically influenced atmosphere.

Previous modelling studies that accounted for BrC ageing have shown improved simulations of aerosol light absorption
(Park et al., 2010; Wang et al., 2014, 2018; Tuccella et al., 2025), but have primarily focused on the decline of absorption
associated with photobleaching. Our findings suggest that representing BrC evolution solely through photobleaching may
underestimate its contribution to aerosol absorption during the early stages of plume ageing, when secondary production of
light-absorbing organic compounds is most active. Although the photobleaching in the latter stage could not be directly
evaluated in our study because of the limited ageing times sampled during the campaign, this hypothesis highlights the need
for observations spanning longer atmospheric processing times. More broadly, our study emphasises the importance of
representing time-dependent changes in BrC absorption as a function of photochemical processing and aerosol composition,

including variables such as AOA/ABC and SSA. Whether incorporating these observationally constrained processes into
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atmospheric and climate models improves estimates of aerosol radiative effects and atmospheric heating rates in and around

megacities remains to be evaluated.
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