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Abstract.  

Aerosols play a critical role in Earth’s climate, yet changes in their physicochemical properties during atmospheric transport 

remain an important source of uncertainty in predicting their climate impacts. Observational constraints on these changes over 35 

the first few hours of urban plume transport remain limited. Here, we investigated urban-to-downwind variations in aerosol 

physicochemical and optical properties using coordinated ground-based and airborne measurements in Paris and its downwind 

region, covering estimated plume transport times of ~2–6 h. Urban plumes contributed modestly to downwind particle number 

concentrations in the 80–200 nm range and moderately enhanced submicron particulate matter (PM1) relative to the 

surrounding background. Organic aerosol (Org) dominated PM1 mass at both the urban site and downwind. Non-refractory 40 
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PM1 component mass fractions and secondary aerosol mass relative to CO showed limited urban-to-downwind variations, 

whereas the relative contribution of more oxidized Org increased downwind. In contrast, optical properties exhibited 

pronounced differences, with higher plume-average single-scattering albedo at both 450 and 630 nm downwind. The complex 

refractive index shifted from lower real (~1.35–1.40) and higher imaginary (~0.03–0.08) components near the urban source to 

higher real (~1.45–1.50) and lower imaginary (~0.015–0.02) components downwind. The average absorption Ångström 45 

exponent was also higher downwind, indicating stronger wavelength dependence of aerosol absorption. These observations 

reveal systematic urban-to-downwind differences in aerosol physicochemical and optical properties consistent with 

atmospheric processing during transport. They highlight the importance of accounting for spatially evolving aerosol properties 

in atmospheric models and remote-sensing retrievals. 

 50 

1. Introduction 

Atmospheric aerosols play an important role in regulating climate through their interactions with radiation and clouds (Farmer 

et al., 2015; Ravishankara et al., 2015). Atmospheric aerosols also degrade air quality by impairing visibility, posing risks to 

human health, particularly the respiratory system, and exerting adverse impacts on natural ecosystems (Manisalidis et al., 

2020). Urban areas are major sources of anthropogenic emissions and contribute substantially to aerosol burdens through 55 

activities such as transportation, industrial processes, and residential energy use (Karagulian et al., 2015). Previous studies 

have shown that organic aerosol (OA) constitutes a substantial fraction of total submicron particulate matter in urban 

environments worldwide (Zhang et al., 2007; Jimenez et al., 2009; Nault et al., 2021), with nitrate also making an important 

contribution compared to remote regions (Li et al., 2018). The chemical composition of urban aerosols and their associated 

physicochemical properties evolve continuously after emission during atmospheric aging. These aging processes, including 60 

coagulation, secondary species formation, and heterogeneous reactions, can substantially alter aerosol composition, size 

distribution, mixing state, optical properties, and cloud condensation nuclei (CCN) activity, thereby influencing their impacts 

on air quality and climate (Zaveri et al., 2010; Riemer et al., 2019).  

 

Observational studies are essential for characterizing the evolution of urban aerosol physicochemical properties. Ground-based 65 

observations provide important insights into the temporal variability of aerosol physicochemical properties at fixed locations. 

Previous measurements at urban sites show that secondary organic aerosol (SOA) constitutes a substantial fraction of the 

organic aerosol (OA) budget in the urban environments (Chen et al., 2022), and that its rapid formation is predominantly driven 

by photochemical processes (Hayes et al., 2013). However, ground-based observations often represent a mixture of fresh and 

aged aerosols and therefore have limited ability to isolate the aerosol aging process within urban plumes. Airborne 70 

measurements offer a unique capability to directly sample urban plumes at different distances from their emission sources, 

enabling the investigation of aerosol evolution as a function of transport time and atmospheric processing (Kahn et al., 2023). 
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Airborne observations over the megacities around the world (Freney et al., 2014; Nault et al., 2018; DeCarlo et al., 2010; 

Schroder et al., 2018) have revealed a rapid transformation of urban aerosol compositions during the plume aging in both 

summer and winter. Specifically, within a few hours downwind of urban plumes, the fraction of primary organic aerosol 75 

(hydrocarbon-like organic aerosol) decreases in total PM1 organic matter, while the fraction of secondary organic aerosol 

(oxygenated organic aerosol) increases correspondingly. Furthermore, Shilling et al. (2018) reported that even in environments 

with strong regional background SOA contributions, rapid SOA formation is still observed within a few hours of transport 

downwind of urban plumes.  

 80 

Such efficient compositional changes within urban plumes are closely linked to the evolution of aerosol climate-relevant 

properties. Zaveri et al. (2022) demonstrates that the rapid SOA formation during urban plume aging in the Amazon region 

plays an important role in particle growth and CCN formation. Mcmeeking et al. (2012) reported an increase in the single-

scattering albedo (SSA) at 550 nm downwind of the London urban plume, which is attributed to the increasing formation of 

secondary, non-light-absorbing aerosol components during plume aging. Dingle et al. (2016) observed enhanced aerosol 85 

extinction coefficients at 632 nm within aged urban plumes compared with fresh plumes, associated with the SOA formation 

during the plume aging. These changes in aerosol optical properties are fundamentally governed by the complex refractive 

index (CRI), which links aerosol chemical composition and mixing state to its optical behaviour and ultimately to radiative 

effects. As secondary aerosol formation modifies the relative contributions of scattering and absorbing components, it alters 

both the real and imaginary parts of the CRI, thereby influencing aerosol extinction and absorption (Wu et al., 2021; He et al., 90 

2021). Despite its central role, observational constraints on the evolution of aerosol chemical composition and effective CRI 

after emission from urban regions remain limited. Chemical transport models often misrepresent aerosol chemical 

compositions near and downwind of anthropogenic source regions (Tsigaridis et al., 2014; Zhang et al., 2015; Jathar et al., 

2017). Consequently, substantial uncertainties remain in simulating the evolution of aerosol optical properties, as models 

typically rely on prescribed CRI values for individual aerosol components and simplified mixing-state assumptions, which 95 

may not adequately capture their dynamic evolution during aerosol aging (Tsigaridis and Kanakidou, 2018; Brown et al., 2021). 

In addition, many aerosol remote sensing retrieval methods employ simplified aerosol models with prescribed optical 

properties (e.g. Grzegorski et al. (2022); Zhang et al. (2025)) or predefined optical properties for each aerosol component (e.g. 

Li et al. (2022b)). As a result, deviations between these assumptions and the actual evolution of aerosol optical properties may 

introduce uncertainties in retrieved aerosol optical depth (AOD), SSA, and aerosol type classification. In this context, in-situ 100 

observations of aerosol CRI provide valuable constraints for evaluating these assumptions and improving the representation 

of aerosol optical properties in both satellite retrieval algorithms and atmospheric models. 

 

The Greater Paris region (Île-de-France) is a densely populated European megacity with substantial anthropogenic emissions, 

where aerosols play an important role in regional climate impacts and air quality according to the previous experiments 105 

(Beekmann et al., 2015). Characterizing the evolution of aerosol physicochemical properties within urban plumes is therefore 
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essential for understanding the relative contributions of primary emissions and secondary formation, as well as their impacts 

on climate-relevant properties. Previous airborne measurement (Freney et al., 2014) shows that the Paris urban plume is mainly 

composed of OA, BC, and particulate nitrate (pNO3), and SOA formation is largely driven by anthropogenic gas-phase 

precursors. However, the impacts of the evolution of aerosol chemical components on aerosol optical properties within Paris 110 

urban plume are not addressed. Moreover, these airborne measurements were conducted more than a decade ago. In recent 

years, ozone (O3) has become a prominent pollutant in many European urban environments. Declining nitrogen oxide (NOx) 

emissions have been linked to rising urban O3 levels (Grange et al., 2021), suggesting changes in atmospheric oxidative 

capacity and underscoring the need to re-examine the evolution of aerosol physicochemical properties during transport under 

current chemical conditions.  115 

 

In this study, we focus on characterising urban-to-downwind variations in aerosol chemical composition and optical properties 

within the Paris urban plume by combining airborne and ground-based observations. Aircraft measurements conducted within 

the boundary layer were used to characterise the urban plume at downwind locations corresponding to estimated transport 

times of a few hours, providing direct observations of aerosol physicochemical properties under downwind conditions. 120 

Concurrent ground-based measurements in central Paris were used to characterise urban aerosol properties and provide an 

urban reference for qualitative comparison with the airborne observations. Together, these measurements provide insights into 

changes in aerosol optical properties from urban to downwind conditions around a major European megacity and their 

relationships with aerosol chemical composition, with implications for understanding the air-quality and climate effects of 

urban aerosols. 125 

2. Experiment Methods and data analysis 

2.1 Atmospheric Chemistry of the Suburban Forest (ACROSS) project 

This study focuses on measurements obtained from aircraft observations and a ground-based site within the Atmospheric 

Chemistry of the Suburban Forest (ACROSS) project which provided with a broad range of observations of gas- and aerosol-

phase species over the Greater Paris region (Cantrell and Michoud, 2022). A summary of the instruments used in this study 130 

and their availability together with their measurement frequencies is provided in Table S1 and Table S2 in the Supplementary 

Information. To enable comparison between aircraft observations and ground-based measurements, all results were reported 

under standard temperature and pressure (STP) conditions (T = 273.15 K, P = 1013.25 hPa) in this study. 

 

The French environmental research aircraft SAFIRE (Service des Avions Français Instruments pour la Recherche en 135 

Environnement) ATR-42 was used to sample the evolution of Paris urban plume as part of the ACROSS project. The aircraft 

conducted zigzag transects across the Paris urban plume within the boundary layer at ~300–400 m above ground level (a.g.l.). 
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The airborne measurement was performed between 13th June and 7th July, 2022 and the flight paths are presented in Figure 1. 

In this study, a total of 8 flights is selected based on the availability and operational status of the instruments. 

 140 
Figure 1. Flight paths of the selected ACROSS flights during the campaign. The red marker indicates the PRG site in central Paris, 
and the red square outlines the Greater Paris region (Île-de-France). The ATR-42 departed from Cergy Airport, located in the 
northwestern Greater Paris region, and conducted zigzag flight transects across the Paris urban plume. Maps were created from 
public domain GIS data on Natural Earth (http://www.naturalearthdata.com, last access: 01/04/2026). 
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The ground-based site used in this study is the Paris Rive Gauche (PRG) site (48.83° N, 2.38° E), located at Université Paris 

Cité in the central part of the Greater Paris Region (Di Antonio et al., 2025). The PRG measurement site was located a few 

hundred meters from major traffic emission sources, including train stations and urban highways. The measurements were 

conducted on the roof of the university building at approximately 30 m a.g.l. In this study, observations at PRG were used as 

an urban background reference for comparison with the Paris urban plume sampled downwind by the aircraft, rather than to 150 

represent the spatial variability of emissions across the entire metropolitan area. The periods selected from the PRG 

measurements for comparison with the airborne observations were determined using back-trajectory analysis, as described in 

Section 2.5. 

 

2.2 SAFIRE aircraft instrumentations 155 

2.2.1 Airborne particulate-phase measurements 

A mini-Aerosol Mass Spectrometer (mAMS, Aerodyne Research, Inc.) was used to characterise the non-refractory submicron 

Particulate Matter (NR-PM1) compositions and mass concentrations, including OA, sulfate (SO4), pNO3, ammonium (NH4), 

and chloride (Chl). Note, charges are not included for the inorganic aerosol as the evaporation and fragmentation of the aerosol 
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leads to observing both organic and inorganic species within the SO4, pNO3, NH4, and Chl family (Chen et al., 2019; Farmer 160 

et al., 2010). The mAMS has been successfully deployed in mobile ground-based (Goetz et al., 2018; Goetz et al., 2022; 

Werden et al., 2023) and airborne measurements (Vu et al., 2016; Konwar et al., 2024). Briefly, the mAMS is a miniaturized 

version of the standard compact Time-of-Flight AMS (c-ToF-AMS, Aerodyne Research, Inc.) (Drewnick et al., 2005), while 

maintaining comparable analytical performance. Key modifications of the mAMS compared to the standard c-ToF-AMS 

include a smaller vacuum chamber, and the integration of a single split-flow turbo molecular pump from the ToF Aerosol 165 

Chemical Speciation Monitor (ToF-ACSM, Aerodyne Research, Inc.) (Fröhlich et al., 2013). The mAMS measures NR-PM1 

compositions by focusing particles into a narrow beam with a critical orifice and aerodynamic lens. When particles impact on 

a heated metallic surface (~ 600℃), the NR-PM1 components are vaporized, subsequently ionized by 70 eV electron impact, 

and quantitatively detected by ToF-MS under high vacuum. The Ionization Efficiency (IE) of the mAMS was calibrated using 

mono-disperse, nebulized ammonium nitrate particles at 300 nm. Default Relative Ionization Efficiency (RIE) was applied for 170 

each compound, and a constant Collection Efficiency (CE) 0.5 was applied to the final ambient results. To meet the short 

intercept time of Paris urban plume, the mAMS was operated in Fast mass spectrum (FMS) mode with 1 s frequency. The final 

results were averaged to 15s to improve the signal-to-noise ratio. The total volume of NR-PM1 estimated from mAMS, 

assuming densities of 1.27 g cm-3 for Org and 1.77 g cm-3 for inorganics (Cross et al., 2007), was comparable to that derived 

from the particle size distribution instrument. The comparison is presented in Figure S1 in the Supplementary Information, 175 

showing a slope of 0.75 and a coefficient of determination (R²) of 0.82. The strong correlation indicates consistent variability 

between the two independent measurements. The slope below unity is expected because the AMS-derived volume represents 

only NR-PM1, whereas the volume derived from the UHSAS number size distribution may also include refractory aerosol 

components that are not detected by the AMS. Additional uncertainties associated with the assumed aerosol densities may also 

contribute to the difference. 180 

 

The refractory black carbon (rBC)-containing particles were characterized by a Single Particle Soot Photometer (SP2, DMT). 

The term rBC defined here is following the definition in Petzold et al. (2013). Briefly, the SP2 employs a 1064 nm Nd:YAG 

crystal laser and a set of optical detectors, including scattering detectors and incandescence detectors. When an rBC-containing 

particle passes through the laser beam, it absorbs laser energy and becomes heated to incandescence, emitting thermal radiation 185 

in the visible to near-infrared range. The incandescence detectors then capture this signal and unambiguously identify the 

particle as rBC. The SP2 detects rBC components with an equivalent spherical diameter in the range of 90-700 nm. The SP2 

was calibrated with mono-disperse, nebulized standard soot particles (Alfa Aesar, lot no. FS12S011) to establish the calibration 

ratio between particle mass concentrations and the strength of the instrument signal, and a density of 1.8 g cm-3 was applied to 

rBC (Taylor et al., 2015). SP2 data were processed using the SP2Py‐Pro toolkit (Tinorua et al., 2024a; Velazquez-Garcia et 190 

al., 2026a) 
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The aerosol extinction and scattering coefficients at 450 nm (𝜎𝜎ext,450 nm and 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐,450 nm, respectively, units of Mm-1 = 10-6 

m-1) and 630 nm (𝜎𝜎ext,630 nm and 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐,630 nm, respectively) were measured through the A2S2 (Aerosol Absorption Spectral 

Sizer, custom built), a custom-built airborne dual-wavelength cavity-attenuated phase shift single-scattering albedo monitor 195 

(CAPS-PMSSA, Aerodyne Research, Inc.) developed at LISA (CNRS), as described in detail by Yu et al. (2024). The design 

of the CAPS-PMSSA is described in Onasch et al. (2015). Briefly, the instrument uses a high-reflectivity optical cavity (~99.99%) 

with an LED light source (450 and 630 nm for A2S2 used in this study), where 𝜎𝜎ext is derived from the phase shift change of 

a square-wave modulated beam when particles are present relative to a particle-free baseline. 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐  is measured with an 

integrated sphere coated with highly reflective material acting as a nephelometer, with scattered light detected by a 200 

photomultiplier tube (PMT) to maximize light collection and minimize truncation biases. The absorption coefficient (𝜎𝜎abs) is 

derived from the Extinction-Minus-Scattering (EMS) method (Weber et al., 2022). Based on laboratory intercomparison 

experiments (Yu et al., 2024), the measurement uncertainties in the A2S2 absorption coefficients were estimated to be 2% at 

450 nm and 7% at 630 nm, respectively. The uncertainty in the Absorption Ångström exponent (AAE) derived from the A2S2 

absorption coefficients at 450 and 630 nm was estimated to be approximately 20% based on comparison with the AE33. Prior 205 

to the flight campaign, the A2S2 scattering channels were calibrated using aerosolised 200 nm polystyrene latex (PSL) particles 

(Single Scattering Albedo (SSA) = 1), in accordance with the CAPS-PMSSA calibration protocol. Both 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐,450 nm  and  

𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐,630 nm were corrected for angular truncation using a wavelength-dependent correction based on the Scattering Ångström 

exponent (SAE), following the method described by Yu et al. (2024). 

 210 

An Ultra-High Sensitivity Aerosol Spectrometer (UHSAS) was used to derive the particle size distribution between 40 – 1000 

nm. However, considering the elevated uncertainty in the smallest UHSAS size channels near the detection limit, the first bins 

were excluded and only the 80 – 1000 nm size range was analysed. The coarse mode particle size distributions (~0.08 – ~10 

μm) were obtained through an Optical Particle Counter (Sky-OPC, GRIMM Inc, model 1.129). The combined size distribution 

was constructed by merging the UHSAS and Sky-OPC datasets, with the transition between instruments defined at 1 μm. 215 

UHSAS and Sky-OPC optical diameters were converted to equivalent geometric diameters assuming the CRI of polystyrene 

latex (PSL; CRI = 1.59) at the instrument operating wavelengths (1054 nm for the UHSAS and 655 nm for the Sky-OPC), 

respectively. Cloud droplet size distributions between 2 and 50 µm were measured using a Cloud Droplet Probe (CDP, DMT). 

The CDP results were used to identify in-cloud periods, defined as periods when the liquid water content (LWC) exceeded 

0.01 g m-3. The LWC was calculated from the droplet size distributions assuming a liquid water density of 1 g cm-3. All data 220 

corresponding to in-cloud conditions were excluded from the analysis.  

 

Onboard the aircraft, the Sky-OPC, A2S2 and SP2 were connected to the AVIRAD measurement system, consisting an isoaxial 

and isokinetic inlet located below the aircraft and characterised by a collection efficiency of 50% at 12 μm in particle optical 

diameter (Formenti et al., 2011). The mAMS was connected to a Rosemount inlet mounted on the side of the fuselage via a 225 
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stainless-steel sampling line, providing near-unity transmission efficiency for submicron particles (Capes et al., 2008). The 

stainless-steel sampling line between the mAMS and the Rosemount inlet was ~1 m, corresponding to an estimated residence 

time of ~0.6 s, and the influence of residence time on the measured aerosol composition is expected to be negligible. Although 

no dryer was used upstream of these instruments onboard the aircraft, the RH measured at the inlet remained below 40% during 

the selected airborne measurement periods due to ram heating (presented in Table S6 in the Supplementary Information). Thus, 230 

the measurements were considered to represent near-dry aerosol conditions. 

2.2.2 Airborne gas-phase measurements 

NO2 measurements were conducted using a four-channel Thermal Dissociation Laser Induced Fluorescence (TD-LIF). Details 

of the TD-LIF principles and its airborne deployment are provided in Di Carlo et al. (2013). The instrument detects NO2 via 

laser-induced fluorescence following excitation at 532 nm, while additional total gas-phase nitrogen species (NOy) species are 235 

quantified through controlled thermal dissociation in parallel heated channels. To distinguish these gas-phase reactive nitrogen 

measurements from particulate nitrate measured by the mAMS/ACSM, the latter is denoted as pNO₃ throughout this study. 

Total Peroxy Nitrates (ΣPNs), total Alkyl Nitrates (ΣANs), and nitric acid (HNO3) are thermally decomposed into NO2 at 

approximately 200°C, 350°C, and 600°C, respectively, with the resulting NO2 subsequently measured by LIF. The TD-LIF 

was calibrated using standard cylinder of NO2 and zero air. However, TD-LIF measurements were not available during Flight 240 

A036, and NO2 was instead measured using a CAPS-NO2 instrument (Teledyne, T500U). The CAPS-NO2 was calibrated 

before and after the campaign using the same procedure as for the TD-LIF instrument. Owing to the faster response time and 

lower detection limit of TD-LIF compared to CAPS-NO2 (as described in Table S1 in the Supplementary Information), 

absolute NO2 concentrations reported in this study were based on TD-LIF measurements. The CAPS-NO2 data for Flight A036 

were used only in a relative sense to identify plume periods, and the corresponding absolute NO2 concentrations were not 245 

included in the final analysis. O3 was measured through an ozone analyser (Thermo Scientific, Model 49i), and CO was 

measured through an in-flight gas concentration analyser (PICARRO, G2401-m).  

 

The regional background concentrations of CO, NO2, and rBC were defined as the 5th percentile of the measurements from 

each flight and were used for plume identification. Background concentrations of aerosol and gas-phase species were 250 

determined from the nearest out-plume measurements, as shown in Figure 2(a). 

 

2.2.3 Airborne meteorological parameter measurements 

The air temperature and relative humidity (RH) were measured through a Rosemount housing (E102AL Rosemount) and a 

1011C hygrometer onboard the aircraft, respectively. Horizontal wind speed and direction were derived from a combination 255 

of airspeed and flow angle measurements from a nose-mounted gust probe and aircraft motion data from the onboard inertial 
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navigation system (INS)/GPS. The results of average meteorological parameters for each flight are presented in Table S6 in 

the Supplementary Information. 

2.3 Ground based measurements in Paris urban site 

At PRG ground-based site, a ToF-ACSM was used to characterise the NR-PM1 compositions. The ACSM measures the 260 

chemical composition of NR-PM1 using principles similar to those of the mAMS, including aerodynamic focusing, thermal 

vaporization, and electron-impact ionization. Ammonium nitrate and ammonium sulfate was used to do the calibrations. The 

IE of ACSM has also been calibrated using mono-disperse, nebulized ammonium nitrate particles at 300 nm. The RIE of 

NH4 and SO4 for the ACSM were determined from measurements of 300 nm ammonium nitrate and ammonium sulfate 

particles, respectively. A constant CE 0.5 was applied to the final ambient results. It should be noted that signals at specific 265 

mass-to-charge (m/z) ratios derived from mAMS and ACSM measurements are not strictly comparable, as differences in 

instrument design and operating principles (e.g., vaporization and sampling protocols) can introduce systematic variations in 

the measured signals (Pieber et al., 2016). Therefore, detailed comparisons of individual m/z signals (e.g., m/z 44 and 43) 

between mAMS and ACSM were not considered in this study.  

 270 

The 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐 of PM1 particles at 450, 550 and 700 nm was measured through a Nephelometer (NEPH, Ecotech Aurora 4000), 

while the 𝜎𝜎abs of PM1 at seven different wavelengths (370, 470, 520, 590, 660, and 880 and 950 nm) was measured by a dual-

spot aethalometer (AE33, Magee Sci.) (Yus-Díez et al., 2021). Details of the PRG optical instrumentation and data analysis 

are described in Di Antonio et al. (2025). NEPH measures the aerosol scattering coefficient by illuminating an aerosol sample 

with a collimated light source and detecting the light scattered by particles over a range of angles (9 − 170° )  using 275 

photodetectors. Correction of the NEPH truncation error was performed according to the submicron aerosol formulation 

described by Teri et al. (2022). The AE33 measures the light attenuation coefficient (𝜎𝜎atn) through a filter tape, which was 

sampled at 1-minute intervals. The spectral aerosol absorption coefficient is determined as: 

𝝈𝝈𝐚𝐚𝐚𝐚𝐚𝐚 = 𝝈𝝈𝐚𝐚𝐚𝐚𝐚𝐚
𝑪𝑪𝐫𝐫𝐫𝐫𝐫𝐫

 (1) 

Where 𝐶𝐶ref  is the multiple scattering correction factor. While the filter-based AE33 quantifies 𝜎𝜎abs  via transmittance 280 

attenuation from deposited particles, its accuracy is compromised by multi-scattering interactions within the filter matrix, 

including variable aerosol loading and filter leakage. A wavelength-independent 𝐶𝐶ref of 2.45 has been applied to correct the 

final absorption coefficient results as recommended by ACTRIS (Savadkoohi et al., 2023). The light absorbing equivalent 

Black Carbon (eBC) mass concentration is derived from the multiple scattering corrected 880 nm channel results using a mass 

absorption cross section (MAC) of 7.77 m2 g-1 (Petzold et al., 2013; Bond et al., 2013). As BC was characterized using different 285 

definitions, reported as eBC by the AE33 at PRG and as rBC by the SP2 onboard the aircraft, their absolute mass concentrations 

are not directly comparable. A simplified factor of 2 was applied to convert the AE33-derived eBC mass concentrations to 

rBC-equivalent mass concentrations, based on previous AE33–SP2 intercomparisons (Laing et al., 2020; Tinorua et al., 2024b). 
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These studies reported AE33-derived eBC concentrations approximately twice the SP2-measured rBC concentrations when 

using the manufacturer-recommended multiple-scattering correction for AE33. In this study, a higher wavelength-independent 290 

multiple-scattering correction factor (2.14) was applied, resulting in lower derived eBC mass concentrations and thus applying 

a conversation factor of 2 likely providing a conservative estimate of the rBC-equivalent mass concentration when applying 

the same conversion factor. The converted AE33-derived rBC-equivalent mass concentration results were only used to 

illustrate the relative changes in the rBC mass fraction (presented in Figure S2 in the Supplementary Information). The 𝜎𝜎scat 

measured by NEPH and the 𝜎𝜎abs measured by AE33 have been scaled to match the airborne A2S2 wavelengths, as described 295 

in Section 2.4. The 𝜎𝜎e𝑥𝑥𝑥𝑥 of PM1 at 450 and 630 nm was then calculated as the sum of 𝜎𝜎scat and 𝜎𝜎abs at the corresponding 

wavelengths. Yu et al. (2024) has demonstrated that the 𝜎𝜎scat, 𝜎𝜎abs and 𝜎𝜎ext at 450 and 630 nm derived from A2S2 agree well 

with measurements from the NEPH and AE33, respectively, across a range of aerosol loading conditions. Weber et al. (2022) 

similarly demonstrated that CAPS-PMSSA measurements are comparable to those from NEPH and other optical instruments at 

these wavelengths. These findings support the intercomparison of airborne and PRG optical properties in this study. 300 

 

The particles size distribution at PRG was measured through a Scanning Mobility Particle Sizer (SMPS) which consists of a 

Differential Mobility Analyzer (DMA, TSI model 3082) and a Condensation Particle Counter (CPC, TSI model 3776). Sheath 

and aerosol flow were fixed at 3.0 L min-1 and 0.3 L min-1, to measure particle size distribution across 23-982 nm range, with 

one scan measured every 2 minutes. The SMPS mobility diameters were interpreted as equivalent geometric diameters by 305 

assuming spherical particles with a shape factor of 1. 

 

All aerosol measurement instruments (ACSM, SMPS, AE33, and NEPH) were connected to a PM1 sampling head. A Nafion 

dryer was applied before the ACSM. Air was drawn through a 10 m copper tube from the PM1 inlet to a four-way stainless-

steel flow splitter (TSI) located in the measurement room, which distributed the airflow to the individual instruments. Losses 310 

by diffusion were calculated individually for each instrument using the Particle Loss Calculator (PLC; developed by the Max 

Planck Institute (Von Der Weiden et al., 2009)) as a function of the sampling-line geometry (e.g., curvature and tube 

dimensions) and aerosol properties (Brockmann, 2011). The calculated losses were used to assess the performance of the 

modified inlet system and were not applied to correct the measured aerosol properties, as the estimated losses were generally 

below 10% over the particle size range considered. 315 

 

NO2 was measured by an ozone chemiluminescence analyzer (model AC32M, Envea), and O3 was measured through a UV-

absorption monitor (model O3-41M, Envea). More details of the gas-phase measurements at PRG are described in Pereira et 

al. (2025). The CO data were taken from the closest AIRPARIF (Association Interdépartementale pour la gestion du Réseau 

automatique de surveillance de la Pollution Atmosphérique et d’Alerte en Région d’Île-de-France) monitoring site, situated in 320 

central Paris (Châtelet–Les Halles), at a distance of ~6 km from the PRG site location. The background CO concentration at 

PRG for each flight period was defined using the average out-plume CO concentration measured closer to the city during the 
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corresponding flight, as these measurements were conducted within the boundary layer and were considered representative of 

the near-surface background surrounding the urban plume. As a sensitivity test, the analysis was repeated using the 5th 

percentile of the daily PRG measurements as the PRG background, with the corresponding results presented in the 325 

Supplementary Information (Figure S4). Although the absolute values changed with the choice of background, the overall 

patterns of variation between the PRG and downwind measurements remained. 

2.4 Optical properties evaluation and derivation of the dry aerosol complex refractive index (CRI) 

For comparisons at the consistent wavelengths with the airborne A2S2 wavelengths, the PRG NEPH and AE33 results have 

been scaled using the Ångström exponent approach using equation (3):  330 

𝒙𝒙𝒙𝒙𝒙𝒙 = −
𝐥𝐥𝐥𝐥(𝝈𝝈𝝀𝝀𝟏𝟏/𝝈𝝈𝝀𝝀𝟐𝟐)

𝐥𝐥𝐥𝐥(𝝀𝝀𝟏𝟏/𝝀𝝀𝟐𝟐)
 (2) 

Where 𝑥𝑥𝑥𝑥𝑥𝑥 is the Scattering or Absorption Ångström Exponent (SAE, AAE), 𝜎𝜎𝜆𝜆1 and 𝜎𝜎𝜆𝜆2represent the scattering or absorption 

coefficient at wavelengths 𝜆𝜆1 and 𝜆𝜆2 respectively. The absorption or the scattering coefficient (𝜎𝜎𝜆𝜆) at a given wavelength (𝜆𝜆, 

450 or 630 nm) can be derived through equation (4): 

𝝈𝝈𝝀𝝀 = 𝝈𝝈𝝀𝝀𝟎𝟎 ∙ ( 𝝀𝝀
𝝀𝝀𝟎𝟎

)−𝒙𝒙𝐀𝐀𝐀𝐀 (3) 335 

Where 𝜎𝜎𝜆𝜆0 is the absorption or scattering coefficient at the wavelength 𝜆𝜆0. In this study, the 𝜎𝜎s𝑐𝑐𝑐𝑐 at 630 nm for the NEPH is 

derived through measurements at 700 nm, and the 𝜎𝜎a𝑏𝑏𝑏𝑏  at 450 and 630 nm for the AE33 is derived through absorption 

measurements at 470 and 660 nm, respectively.  

 

The BrC absorption coefficient is determined in the assumption that absorption at 630 nm is contributed by BC only and the 340 

AAE for BC is 1. Henceforth, the 𝜎𝜎abs contributed by BC at 450 nm can be derived as: 

𝝈𝝈𝐚𝐚𝐛𝐛𝐛𝐛 𝐁𝐁𝐁𝐁,𝟒𝟒𝟓𝟓𝟓𝟓 = 𝝈𝝈𝐚𝐚𝐚𝐚𝐚𝐚,𝟔𝟔𝟔𝟔𝟔𝟔 ∙ (𝟒𝟒𝟓𝟓𝟓𝟓
𝟔𝟔𝟔𝟔𝟔𝟔

)−𝑨𝑨𝑨𝑨𝑨𝑨𝟒𝟒𝟒𝟒𝟒𝟒/𝟔𝟔𝟔𝟔𝟔𝟔  (4) 

Where the 𝜎𝜎abs,450 and 𝜎𝜎abs,630 were derived using the EMS method with the A2S2 for the airborne measurements and were 

obtained from the AE33 for the PRG measurements. Then the 𝜎𝜎abs of BrC at 450 nm can be estimated as: 

𝝈𝝈𝐚𝐚𝐚𝐚𝐚𝐚 𝐁𝐁𝐁𝐁𝐁𝐁,𝟒𝟒𝟓𝟓𝟓𝟓 = 𝝈𝝈𝐚𝐚𝐚𝐚𝐚𝐚,𝟒𝟒𝟓𝟓𝟓𝟓 − 𝝈𝝈𝐚𝐚𝐛𝐛𝐛𝐛 𝐁𝐁𝐁𝐁,𝟒𝟒𝟓𝟓𝟓𝟓  (5) 345 

To assess the uncertainty associated with the assumed BC AAE, the BrC absorption fraction was also calculated using BC 

AAE values ranging from 0.8 to 1.2 to provide a sensitivity range. Previous studies also report strongly absorbing BrC species 

(e.g., tar balls or dark BrC) may also importantly contribute to the absorption at long wavelengths. However, these long-

wavelength-absorbing BrC species have been reported predominantly in biomass burning aerosols (Xu et al., 2026), and no 

evidence of biomass-burning influence was observed during the selected measurement period of the ACROSS campaign in 350 

this study. Therefore, although the assumption of negligible BrC absorption at 630 nm may slightly underestimate the BrC 
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contribution to aerosol absorption at 450 nm, it is unlikely to substantially affect the observed relative variations or the main 

conclusions of this study. 

 

The Single Scattering Albedo (SSA) at 450 and 630 nm is derived from the ratio between 𝜎𝜎s𝑐𝑐𝑐𝑐𝑐𝑐 and 𝜎𝜎e𝑥𝑥𝑥𝑥 at each wavelength:  355 

𝑺𝑺𝑺𝑺𝑺𝑺𝝀𝝀 = 𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄,𝝀𝝀
𝝈𝝈𝐞𝐞𝒙𝒙𝒙𝒙,𝝀𝝀

 (6) 

The complex refractive index (CRI) is estimated using a size-integrated optical closure approach based on aerosol size 

distribution and optical properties measurements (same as the CRI estimation method described in Di Antonio et al. (2025)). 

Mie theory is applied to calculate the aerosol scattering and absorption coefficients for a range of prescribed CRI, with the real 

part (n) varying from 1.2 to 1.8 (at 0.01 step) and the imaginary part (k) from 0 to 0.02 (at 0.001 step). For each prescribed 360 

CRI pair (n + ki), the simulated scattering and absorption coefficients are compared with the corresponding observations, and 

the root mean square difference (RMSD) is computed as the cost function:  

𝑹𝑹𝑹𝑹𝑹𝑹𝑹𝑹 =  �(𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎−𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

)𝟐𝟐 + (𝝈𝝈𝐚𝐚𝒃𝒃𝒃𝒃,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎−𝝈𝝈𝐚𝐚𝒃𝒃𝒃𝒃,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎

𝝈𝝈𝐚𝐚𝒃𝒃𝒃𝒃,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎
)𝟐𝟐   (7) 

Where 𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 and 𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 represent the modelled and measured scattering coefficient, respectively; 𝝈𝝈𝐚𝐚𝒃𝒃𝒃𝒃,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 and 

𝝈𝝈𝐚𝐚𝒃𝒃𝒃𝒃,𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 represent the modelled and measured absorption coefficient, respectively. The CRI pair that minimizes the RMSD 365 

is selected as the optimal solution. 

 

At the PRG site, the optical measurements were constrained to the PM1 size range. Therefore, the SMPS results were used to 

determine the size-resolved number concentration (Di Antonio et al., 2025). For the airborne observations, the size distribution 

was constructed from the combined UHSAS (from ~0.08 to 1 μm) and Sky-OPC (from ~1 to ~10 μm) measurements, ensuring 370 

coverage of the full particle size range relevant to A2S2 measurements.  

2.5 Paris plume periods identification and transportation age estimation 

Paris urban plume intercepts were identified in the airborne measurements based on concurrent and persistent enhancements 

in both NO2 and CO mixing ratios above a threshold defined as the flight-specific regional background plus two standard 

deviations.  When SP2 measurements were available, concurrent enhancements in rBC mass concentration within the identified 375 

plumes further supported the validity of the is identification approach. The t-test was also applied as a supplementary statistical 

check to assess whether the identified plume periods exhibited higher tracer concentrations than the corresponding out-plume 

periods. The background period for each plume was defined as the 5-min interval before and after the plume period, with a 1-

min transition interval applied to avoid contamination from the plume. Figure 2(a) presents an example of an identified plume 

and background period from the Flight A028 on 23rd June, 2022. 380 
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The intercepts of the Paris urban plume were further confirmed by a back trajectory analysis. Back trajectories were computed 

every 15s along the plume period using the UK Met Office Numerical Atmospheric-dispersion Modelling Environment 

(NAME) model (Jones et al., 2007), driven by meteorological fields from the UK Met Office Unified Model. NAME outputs 

24-hour back trajectories on a 0.01° × 0.01° grid by releasing and tracking ensembles of Lagrangian particles, with their 385 

historical positions output at 15-min intervals. The 24-hour trajectories are subsequently used to determine whether the 

sampled air masses have passed over the Greater Paris Region. The wind direction in the meteorological fields was validated 

against wind direction measurements onboard the aircraft. Figure 2(b) presents the back trajectory results from the same 

identified plume period from the same flight (Flight A028). 

 390 
Figure 2. (a) An example of an airborne measured Paris urban plume identified by measured concentrations of NO2 and CO from 

the Flight A028 on Jun 23rd, 2022. The dashed line indicates the threshold for each plume tracer, defined as the 5th percentile 

concentration plus twice the standard deviation of the measurements for each flight; (b) Back trajectory analysis for the same plume 

event. Maps were created from public domain GIS data on Natural Earth (http://www.naturalearthdata.com, last access: 

01/04/2026). 395 
 

Once this criterion satisfied, the transport age was derived from the backward trajectories as the time difference between the 

airborne plume intercept and the point at which the back-tracked particles reached their closest approach to the PRG 

measurement site. Only the first two plume intercepts encountered during the zigzag flight transects were considered, with an 

average estimated transport age of less than 6 h. This selection helps reduce the influence of fresh emissions originating from 400 

municipalities or industrial sites surrounding the Greater Paris Region. This approach also enables the identification of the 

urban plume intercepts in flights with lower aerosol loading (as Flight A031, A033 and A034 presented in Figure 3), when 

pollutants concentrations became too low due to dilution. Table S2 in the Supplementary Information summarizes the 

identified plume periods during the airborne measurements together with the corresponding estimated emission times 

originating from central Paris. All the PRG results presented in this study are based on data selected within the corresponding 405 

emission time windows for the plume periods identified in each flight. 
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Flights including both outbound and inbound plume interceptions are divided into two case studies, labelled (a) and (b), 

respectively, as they corresponded to distinct emission periods from the Paris urban centre. The outbound interceptions were 

mainly associated with the morning traffic rush hour (04:00 – 08:00 UTC) at the PRG site, whereas the inbound interceptions 410 

were more representative of midday conditions (09:00 – 12:00 UTC). 

3. Results and discussions 

3.1 Overview of in-Plume and out-plume results from airborne measurements  

Figure 3 compares average concentrations of PM1 (for Flight A028, A032, and A033) or NR-PM1 (for Flight A027(a), A027(b), 

A031, A034, and A036) components from the plume period with those from the nearest out-plume background period. The 415 

total PM1 mass concentration from the airborne measurement was determined as the sum of the NR-PM1 and rBC mass 

concentration measured by the mAMS and the SP2, respectively. Flights were categorized into high and low aerosol loading 

cases based on their average PM1 concentrations, using a threshold of 3 µg m-3 derived from the median PM1 mass 

concentration across all flights. Among all the components, Org dominated the contribution of PM1 mass concentrations 

(accounted more than 50% of total PM1 mass concentration) across all the flights during both in-plume and out-plume periods 420 

followed by the SO4 and pNO3. According to the flights with available SP2 measurements (A028, A032, and A033), rBC 

contributed less than 5% to the total PM1 mass concentration.  

 

Compared with out-plume periods, although total PM1 mass concentrations showed a statistical increase during in-plume 

periods (t-test, p < 0.05), the magnitude of the increase was modest (< 2 µg m⁻³). This was primarily due to that the regional 425 

background plays an important role in total air mass Beekmann et al. (2015) suggested that regional transport from upwind 

regions contribute 70% of the fine particles (PM2.5) in Paris region on average. The Southwest (SW) Flight A027 exhibited the 

highest NR-PM1 concentrations among all flights, consistent with the elevated PM1 concentrations measured at the Paris 

suburban site (Rambouillet Forest) during the period dominated by the same north-easterly air mass (Yu et al., 2025), 

suggesting that north-easterly air masses carried higher particle loadings into the Paris region during this flight. 430 

 

Compared with previous airborne measurements over other urban regions, observations across Europe (Mcmeeking et al., 

2012; Freney et al., 2014; Morgan et al., 2010), Asia (Nault et al., 2018), and Americas (Shingler et al., 2016; Vu et al., 2016; 

DeCarlo et al., 2008; Shilling et al., 2018), consistently indicate a substantial contribution of Org to total PM1 mass within 

downwind urban plumes. In our study, Org accounted for approximately 56.4–70.2% of PM1 mass under in-plume conditions, 435 

compared with 60.6–68.9% under out-plume conditions, indicating the dominant contribution of Org to PM1 in both the Paris 

urban plume and the surrounding regional background. Previous studies over Paris (Freney et al., 2014) and London 

(Mcmeeking et al., 2012) have shown that marine-influenced air masses are typically associated with an enhanced mass 
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fraction of SO4. However, our measurements during marine air mass influence periods (A031 and A036) did not exhibit a 

significant contribution of SO4 to total PM1 mass concentrations. This reduced SO4 contribution was likely attributable to 440 

decreased sulfur oxides (SOx) emissions from shipping activities over the Atlantic Ocean, following the implementation of 

stricter sulfur regulations by the International Maritime Organization (IMO) in 2020. Yu et al. (2020) estimated that SO4 

emissions from shipping over the Atlantic Ocean declined by more than 80%, resulting in a lower SO4 contribution in regional 

air masses advected to the European urban region. 

 445 
Figure 3. Comparison of average PM1 or NR-PM1 component mass concentrations (± standard deviation) during the in-plume 

period and the nearest out-plume background period. rBC data from the SP2 measurements were available only for Flights A028, 

A032, and A033; therefore, results were reported as PM1 for these flights and as NR-PM1 for the remaining flights. Details of the 

average mass concentrations of each aerosol component, along with the standard deviation for each flight, are presented in Table 

S4 in the Supplementary Information. 450 
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Figure 4. Comparison of average aerosol scattering and absorption coefficients (± standard deviation) at 450 and 630 nm for the in-

plume period and the nearest out-plume background period. The corresponding SSA at both wavelengths is also presented for in-

plume and out-plume periods. Details of the average 𝝈𝝈𝐞𝐞𝐞𝐞𝐞𝐞, 𝝈𝝈𝐬𝐬𝒄𝒄𝒄𝒄𝒄𝒄, and SSA at both 450 nm and 630 nm, along with their standard 

deviations for each flight, are presented in Table S5 in the Supplementary Information. 455 
 

Figure 4 shows the in-plume and out-plume average aerosol scattering and absorption coefficients, along with average SSA, 

at 450 and 630 nm for all flights. The average in-plume 𝜎𝜎ext at 450 and 630 nm was higher than during out-plume periods due 

to enhanced NR-PM1 levels (t-test, p < 0.05). Comparison of For the high aerosol loading periods flights, Flights A032 

exhibited lower average SSA at 450 nm than at 630 nm and exhibited higher AAE than SAE, with the differences exceeding 460 

the estimated 20% uncertainty in AAE. This is consistent with the higher SSA observed at 630 nm, reflecting a stronger 

wavelength dependence of absorption than scattering. For Flights A027a and A036, the differences between SAE and AAE 

were close to the ~20% measurement uncertainty of AAE, indicating comparable wavelength dependences of scattering and 

absorption and corresponding to relatively small differences in SSA between 450 and 630 nm. During the lower aerosol loading 
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periods, the wavelength dependence of SSA varied among individual flights. Flights A031 and A034 exhibited lower SSA at 465 

630 nm than at 450 nm, whereas Flight A033 showed the opposite pattern. These spectral patterns were qualitatively consistent 

with the relative magnitudes of AAE and SAE; however, under low aerosol loading conditions, the optical signals approached 

the instrumental detection limits, resulting in greater relative uncertainties in the derived optical parameters. 

 

Compared with previous airborne observations over urban regions, the measured 𝜎𝜎ext at 630 nm observed in this study was 470 

comparable to values observed over the Denver metropolitan area in summer under similar NR-PM1 aerosol loading levels 

(𝜎𝜎ext at 630 nm < 20 Mm-1 and NR-PM1 < 10 µg m-3 in their study) (Dingle et al., 2016). While the measured SSA observed 

in this study is close to the average SSA reported within the London urban plume in summer (0.89 and 0.88 at 467 nm and 652 

nm, respectively) (Davies et al., 2019), our results indicate stronger absorption at shorter wavelengths in the Paris urban plume 

compared to London. The average SSA at 450 nm observed in this study is comparable to the boundary-layer average SSA at 475 

440 nm over Beijing during low aerosol loading periods, which ranged from 0.80 to 0.85 (Tian et al., 2020). 

3.2 Comparison between airborne and ground-based measurements 

3.2.1 Evolution of particle size distribution 

 
Figure 5. Average particle number size distributions measured by the PRG SMPS (fresh urban emissions) and the airborne UHSAS 480 
(in-plume and out-plume periods) during (a) high and (b) low aerosol loading conditions. The shaded area indicates the uncertainty, 

represented by the standard deviation. PRG results were selected based on the corresponding emission time windows listed in Table 

S3 in the Supplementary Information. 

 

Figure 5 compares the particle number size distributions measured at the PRG site during the estimated emission periods of 485 

the Paris urban plume with those obtained from airborne measurements during in-plume and out-plume periods downwind. 

During high aerosol loading periods, the particle size distributions at the PRG urban site exhibited a modal peak between 50 
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and 60 nm, whereas during low aerosol loading periods the peak shifted to smaller diameters, centred at approximately between 

30 and 40 nm.  

Downwind aircraft measurements showed an enhancement in particle number concentrations in the 80–200 nm size range 490 

during in-plume periods compared to out-plume periods. particle number concentrations in the overlapping 80–200 nm size 

range remained of a similar magnitude despite plume dilution, indicating that the 80–200 nm size range remained a substantial 

fraction of the particle population during plume transport. In the Greater London region, enhanced contributions from particles 

in the 100–200 nm size range have been observed at downwind suburban sites (Beddows et al., 2015; Harrison et al., 2019). 

Likewise, Cirino et al. (2018) reported enhanced particle number concentrations in the 100–200 nm size range in aged urban 495 

plumes over downwind suburban areas in South America. The increase in particle number concentration in the 80–200 nm 

size range resulted in only a modest yet statistically increase in particle volume under in-plume conditions compared to out-

plume conditions downwind of Paris (t-test, p < 0.05). The average volume concentration was 5.79 (±3.34)  μm3 cm−3 for in-

plume period and 4.54 (±2.43)  μm3 cm−3  for out-plume period during the high aerosol loading and was 2.47 (±0.86) 

 μm3 cm−3 for in-plume period and 1.93 (±0.72)  μm3 cm−3 for out-plume period during the low aerosol loading periods. 500 

This modest increase in particle volume was consistent with the PM₁ mass concentrations shown in Figure 3, which also 

exhibited only a limited enhancement between in-plume and out-plume periods despite the increases in the urban plume tracers, 

including NO2 and CO mixing ratios and rBC mass concentration. Although rBC exhibited the largest relative in-plume 

enhancement among the measured PM1 components, it accounted for only a small fraction of the total PM1 mass and was 

characterized by a relatively low background concentration. In contrast, PM1 mass was dominated by Org and secondary 505 

inorganic species, which exhibited much smaller relative enhancements because of their larger regional background 

contributions. Consequently, the overall increase in PM1 mass was considerably smaller than that observed for the gas-phase 

tracers and rBC. Using the overlapping particle size range common to both the PRG site and the downwind airborne 

measurements (80–1000 nm), the average volume-effective radius at PRG was 314 (±31) nm during high aerosol loading 

periods and 323 (±37) nm during low aerosol loading periods, compared with 318 (±63) nm and 308 (±103) nm, respectively, 510 

in the downwind plume. These differences were not statistically significant (t-test, p > 0.05), indicating that no statistically 

significant change in the volume-effective size was detected within the 80–1000 nm size range between the PRG site and the 

downwind plume. 
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Figure 6. Relative enhancements of (a) organic aerosol (Org), (b) sulfate (SO4), (c) nitrate (NO3); (d) Ox (NO2 + O3) 515 
concentration, (e) f44/f43 measured at the PRG urban site and in the downwind urban plume from airborne observations during 

high and low aerosol loading periods. Results are normalised to ∆CO to evaluate the relative enhancement of each species with 

respect to primary urban emissions. Boxes show the interquartile range (25th–75th percentiles), whiskers indicate the 10th–

90th percentiles, the horizontal line represents the median, and the dots denote the mean values.  

 520 
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Figure 7. Mass fraction of NR-PM1 components measured at (a)(c) PRG urban site and (b)(d) downwind urban plume derived from 

airborne results during high- and low- aerosol loading periods. The uncertainty in the average NR-PM1 represents the standard 

deviation.  525 
 

3.2.2 Variation of aerosol components 

Figures 6 and 7 show the normalised NR-PM1 component concentrations and Ox (NO2 + O3), as well as the mass fractions of 

NR-PM1 components measured at the PRG urban site and in the downwind urban plume from airborne observations during 

high and low aerosol loading periods. Results in Figure 6 are normalised to ΔCO to evaluate the relative enhancement of each 530 

species with respect to primary urban emissions, using CO as a relatively conserved tracer of anthropogenic emissions during 

short-range plume transport. 

 

The average Ox concentrations at the PRG urban site differed only slightly between the two aerosol-loading regimes, although 

the t-test indicated a statistically significant difference (p < 0.05). This relatively small difference suggests that the initial 535 

photochemical conditions were broadly comparable between the two regimes. Flight A027b, conducted around noon under 
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potentially stronger photochemical conditions, was included in the analysis. Excluding A027b changed the mean downwind 

Ox concentration by only ~5% and did not alter the overall urban-to-downwind pattern, indicating that this flight had a limited 

influence on the observed Ox differences. The downwind airborne measurements showed higher average Ox concentrations 

than those observed at the PRG site (t-test, p < 0.05). As Ox is presented here as an absolute concentration rather than 540 

normalized to ΔCO, this difference is interpreted as reflecting different photochemical conditions between the urban and 

downwind air masses rather than as a quantitative measure of photochemical Ox production during transport. The higher 

average f44/f43 ratio observed downwind (t-test, p < 0.05) was also consistent with a greater relative contribution of more 

oxidized Org. However, these compositional changes were not accompanied by a substantial increase in aerosol mass relative 

to CO during the early stages of plume aging across different aerosol loading regimes. The average ΔOrg/ΔCO showed limited 545 

urban-to-downwind changes across different aerosol loading regimes after ~2–6 h of transport, suggesting limited net 

enhancement of secondary aerosol mass relative to CO. The mass fraction of aerosol components also shows limited variations, 

and Org was the dominant NR-PM1 aerosol components both at the urban site and downwind. Within the airborne 

measurements alone (as shown in Figure S6 in the Supplementary Information and also in Velazquez-Garcia et al. (2026b)), 

ΔOrg/ΔCO exhibited a tendency to increase with transport time, suggesting progressive Org mass concentration enhancement 550 

within the downwind plume. Nevertheless, the magnitude of this increase was relatively small compared with the overall 

urban-to-downwind variability and did not result in a clear enhancement relative to the PRG observations. No consistent 

enhancement in ΔSO₄/ΔCO was observed from the PRG site to the downwind plume. The average ΔSO4/ΔCO was lower 

downwind under high aerosol loading, whereas only a limited difference was observed under low aerosol loading, indicating 

no clear net accumulation of sulfate relative to CO during the investigated transport period. This may be due to limited 555 

precursor availability within the urban plume, as SOx emissions have declined across European urban areas over the past 

decades (Ciarelli et al., 2019; Tsimpidi et al., 2025). ΔpNO3/ΔCO showed limited difference between the PRG and downwind 

measurements under high aerosol loading, whereas higher values were observed downwind under low aerosol loading. This 

may be partly attributed to enhanced evaporation of particulate nitrate to the gas phase during plume aging under high aerosol 

loading conditions, when temperatures were higher than during the low aerosol loading periods. The average temperature 560 

measured onboard the aircraft was higher during the high aerosol loading periods (18.2 ± 1.6 °C) compared to the low aerosol 

loading periods (15.7 ± 1.7 °C) (t-test, p < 0.05). Although the average RH measured onboard the aircraft was also higher 

during the high aerosol loading period (58 ± 11%) than during the low aerosol loading period (52 ± 5%) (t-test, p < 0.05), the 

higher temperatures likely played a key role in promoting the volatilization of ammonium nitrate, thereby reducing pNO3 

formation efficiency. This is similar to prior airborne studies, such as DeCarlo et al. (2008), that observed decreases of pNO3 565 

as the urban plume over Mexico City was transported away from the city core. 
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3.3 Impacts of plume aging on aerosol optical properties 

3.3.1 Variation of CRI and SSA 

 570 
Figure 8. SSA at (a) 450 nm and (b) 630 nm, and complex refractive index (CRI) at (c, d) the real part and (e, f) the imaginary part 

at 450 nm and 630 nm, respectively. Results are shown for PRG site measurements and airborne observations during high and low 

aerosol loading periods. Boxes show the interquartile range (25th–75th percentiles), whiskers indicate the 10th–90th percentiles, the 

horizontal line represents the median, and the dots denote the mean values.  
 575 

Figure 8 presents the comparison between the SSA and CRI in fresh urban plume from the PRG urban measurements and the 

aged plume measured by the aircraft at different aerosol loading levels. Downwind Paris urban plume, the low aerosol loading 

periods-plumes average SSA was statistically higher than that observed during high aerosol loading periods in the airborne 

measurements (t-test p < 0.05), reflecting a relatively weaker contribution from absorbing components (Figure 8(a)(b)). 

 580 
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At the PRG site, no statistically significant difference was observed in the average SSA at 630 nm between aerosol loading 

regimes (t-test, p > 0.05, Figure 8(b)), whereas the average SSA at 450 nm was slightly lower during low aerosol loading 

periods (t-test, p < 0.05, Figure 8(a)). Consistent with this behaviour, the imaginary part of the CRI increased at both 

wavelengths during low aerosol loading periods compared to high aerosol loading periods (Figure 8(e)(f)). However, the lower 

aerosol loadings during these periods resulted in weaker optical signals and consequently greater uncertainty and variability 585 

in the CRI retrieval, which may partly contribute to the relatively high imaginary and low real CRI values. This increased 

variability is reflected in the broader 25th–75th percentile ranges of the retrieved CRI during low aerosol loading periods, as 

shown in Figure 8. The PRG measurements also showed lower f44/f43 ratios during the low aerosol loading than during the 

high aerosol loading periods, indicating relatively less oxidized organic aerosol. This is qualitatively consistent with the lower 

real part of the CRI. The tendency toward a higher imaginary CRI may also reflect a greater relative influence of local emissions 590 

at PRG. The proximity of the PRG site to emission sources and the inclusion of morning rush-hour emissions (04:00–08:00 

UTC) in the selected plume emission period are consistent with the diurnal analysis presented in Di Antonio et al. (2025). 

During low aerosol loading periods, the reduced influence of regionally transported NR-PM1 may increase the relative 

contribution of local traffic emissions, potentially contributing to the higher imaginary part of the CRI despite the overall 

cleaner conditions. In contrast, airborne measurements downwind did not show the same trend in the imaginary part of the 595 

CRI. While the real part of the CRI during the low aerosol loading periods was lower than that observed during high aerosol 

loading periods downwind of the Paris urban plume (t-test, p < 0.05, Figure 8(c)(d)), the imaginary part remained statistically 

similar (t-test, p > 0.05, Figure 8(e)(f)). This suggests that the variation in the imaginary part of the CRI at the PRG site during 

low aerosol loading periods was likely driven by local sources. 

 600 

The average SSA showed differences between measurements at the PRG site and the downwind aged plume. At both 450 and 

630 nm, the average SSA increased from below 0.8 in the fresh urban emissions at PRG to above 0.8 in the aged Paris urban 

plume from the aircraft measurements (Figure 8(a)(b)). This increase in SSA indicates a transition of the aerosol population 

from a more absorption-dominated regime toward a more scattering-dominated one. This variation of SSA is consistent with 

previous airborne measurements downwind of Los Angeles (Langridge et al., 2012) and London (Mcmeeking et al., 2012), 605 

which also report a progressive transition toward more scattering-dominated aerosol populations. Consistent with the SSA 

evolution, the average CRI also changed between fresh and aged plume conditions. At PRG, the average real part of the CRI 

was approximately 1.35 to 1.4 (Figure 8(c)(d)), while the average imaginary part ranged from 0.03 to 0.08 at both 450 and 630 

nm (Figure 8(e)(f)). In contrast, airborne measurements of the aged plume showed a higher average real part (~1.45–1.50, 

Figure 8(c)(d)) together with a lower average imaginary part (~0.015–0.02, Figure 8(e)(f)) at both wavelengths (t-test p < 0.05).  610 

 

These variations in SSA and CRI may be driven by changes in aerosol chemical composition during plume aging. In particular, 

the decrease in the imaginary part of the CRI at both wavelengths suggests a reduced relative contribution from strongly 

absorbing particles. As presented in Figure S2 in the Supplementary Information, for flights with SP2 measurements available, 
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the rBC mass fraction decreased downwind of the urban plume during both high and low aerosol loading periods. This decrease 615 

of rBC mass fraction was more pronounced during the low aerosol loading period, consistent with the larger reduction in the 

imaginary part observed under these conditions. Observations across diverse environments globally have shown that a 

reduction in BC mass fraction leads to an increase in SSA at both short and long wavelengths. (Eom et al., 2025). Ground-

based measurements during the ACROSS project period also indicate that the imaginary part of the CRI was strongly 

associated with BC (reported as eBC in that study) mass fraction, and its reduction at the downwind suburban forest sites led 620 

to a lower imaginary part compared to the PRG site (Di Antonio et al., 2025). Meanwhile, given the substantial contribution 

of Org to NR-PM1 at both PRG site and downwind urban plume, the increase in the real part of the bulk aerosol CRI may be 

largely driven by changes in the optical properties of Org during plume aging. As shown in the supplementary, estimates based 

on measured NR-PM1 species mass concentrations indicate that the average real part of the Org CRI increased from fresh 

urban emissions at the PRG site to the more aged urban plume sampled downwind during the airborne measurements. Similar 625 

behaviour has been reported in previous studies. Shen et al. (2025) reported that an increasing fraction of SOA within total 

Org may lead to an increase in the average real part of the Org CRI in the urban environment. Flores et al. (2014) also observed 

an increase in the real part of the CRI during laboratory photooxidation of mixed biogenic and anthropogenic VOCs. In their 

experiments, the real part of the CRI increased from ~1.46 to ~1.51 at 405 nm after a photochemical aging within 4h. As Org 

contributes substantially to NR-PM1, the higher real part of the CRI associated with photo-oxidized Org may drive the increase 630 

in the population-averaged CRI real part downwind of the urban plume. 

3.3.2 Variation of the wavelength dependence of aerosol optical properties 

 
Figure 9. AAE versus SAE for the airborne-measured Paris urban plume and the corresponding ground-based measurements at the 

PRG site at (a) high aerosol loading period and (b)low aerosol loading period. Boxes show the interquartile range (25th–75th 635 
percentiles), whiskers indicate the 10th–90th percentiles, the horizontal line represents the median, and the dots denote the mean 

values.  
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Figure 9 compares the AAE and SAE derived from airborne and PRG ground-based measurements. Owing to the lower aerosol 

concentrations in the airborne observations, particularly during the low aerosol loading periods, the airborne AAE and SAE 640 

results exhibited larger variability compared to the PRG urban measurements. Therefore, the impact of differing measurement 

size cutoffs was likely minor. The spectral dependence of both absorption and scattering varied between the PRG site and the 

downwind airborne measurements. As shown in Figure 9, the average AAE at the PRG site was close to 1, while the average 

SAE was approximately 2 under both aerosol-loading regimes. The mean values were of comparable magnitude between the 

two aerosol loading regimes, while the t-test did not detect a statistically significant difference (p > 0.05).  645 

 

For the downwind airborne measurements, the average AAE was approximately 2 and the average SAE was around 1.5 under 

both aerosol-loading regimes. The observed difference in average AAE between the PRG site and the downwind airborne 

measurements exceeded the A2S2 measurement uncertainty in AAE (~20%), while the t-test also indicated a statistically 

significant difference (p < 0.05). Within the downwind plume sampled by the aircraft, the spectral dependence of aerosol 650 

absorption and scattering evolved with plume aging. As shown in Figure S5 in the Supplementary Information and in 

Velazquez-Garcia et al. (2026b), AAE exhibited an increasing trend with estimated plume transport age, particularly during 

the higher aerosol loading periods, indicating a progressively stronger wavelength dependence of aerosol absorption during 

downwind transport. During the lower aerosol loading periods, AAE showed substantially greater variability, while the average 

values remained higher than those observed at the PRG urban site. 655 

 

Several factors likely contributed to the observed urban-to-downwind changes in the spectral dependence of aerosol absorption 

and scattering. The reduction in rBC mass fraction downwind of the Paris urban plume led to a fractional decrease in its 

contribution to total light absorption compared to PRG site. Meanwhile, the increased relative contribution of more oxidized 

Org coincided with an enhanced BrC absorption contribution, suggesting that changes in Org composition may have 660 

contributed to the observed changes in wavelength-dependent absorption. The average BrC absorption fraction was 15.7 (± 

17.7) % during high aerosol loading periods and 8.9 (± 6.9) % during low aerosol loading periods at the PRG site, with 

sensitivity ranges of 11.9–18.1% and 6.9–12.5%, respectively, when the assumed BC AAE was varied from 0.8 to 1.2. to 39.1 

(±20.8) % and 42.0 (±31.1) %, respectively, within the downwind plume. Within the downwind plume, the average BrC 

absorption fractions increased to 39.1 (±20.8) % and 42.0 (±31.1) %, with corresponding sensitivity ranges of 36.8–41.1% and 665 

45.0–47.2%, respectively, when the assumed rBC AAE was varied from 0.8 to 1.2. This enhanced BrC contribution shifted 

the spectral absorption toward shorter wavelengths, resulting in higher average AAE in the downwind plume. This 

interpretation is consistent with measurements on the ground during the ACROSS campaign period (Yu et al., 2025), which 

reports an increase of BrC absorption fraction at short wavelength to summertime light absorption associated with active 

secondary processes. Similar trend was also observed in the comparison between Paris urban site and suburban sites in Di 670 

Antonio et al. (2025). During the campaign, the downwind suburban sites had relatively higher BrC absorption fraction 

compared to the Paris urban site. The observed decrease in average SAE may partially attributed to differences in the upper 
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size cutoffs used in the airborne (10 µm) and ground-based PRG (1 µm) measurements. However, the influence of coarse 

mode particles was expected to be limited, as indicated by the consistently high average SAE values (>1). Furthermore, 

although the volume-effective particle size showed little variation within the 80–1000 nm range between the PRG site and the 675 

downwind plume, indicating limited particle growth within this size range, potential size-resolved compositional changes 

(Zaveri et al., 2010) cannot be excluded and may have contributed to the observed decrease in average SAE. 

3.3.3 Comparison of CRI at the urban site and downwind with previous measurements 

 
Figure 10. Comparison of CRI (a) real part and (b) imaginary part derived from this study and other urban plume characterisation 680 
studies (Shingler et al., 2016; Aldhaif et al., 2018; Shepherd et al., 2018; Barker et al., 2023; Flowers et al., 2010; Raut and Chazette, 

2008). Shaded area shows the interquartile range (25th–75th percentiles) 
 

Figure 10 compares the average CRI measured in this study with values reported in previous urban plume characterisation 

studies. Our results suggest that aerosols in urban environments dominated by primary emissions exhibit lower real and higher 685 

imaginary parts of the CRI, whereas downwind regions with stronger secondary contributions show the opposite pattern. A 

similar trend has also been observed in urban areas in China, where lower CRI real part values of NR-PM1 are associated with 
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stronger primary emissions, whereas higher values are linked to greater secondary components contributions (Wu et al., 2021; 

Shen et al., 2025). 

 690 

The real part of the CRI measured in London during summer is comparable to the aircraft observations downwind Paris urban 

plume but higher than the PRG urban measurements, which may reflect the peri-urban nature of the sampling locations and 

the influence of more aged urban plumes in their study (Shepherd et al., 2018). Both the real and imaginary parts of the CRI 

observed in our study are slightly higher than those reported by airborne measurements conducted closer to the Paris region in 

2000 (Raut and Chazette, 2008). This difference is likely due to the more aged aerosols in our study, which again is consistent 695 

with our observed changes with plume age. The real part of the CRI observed downwind of American megacities is higher 

than that measured in this study, likely due to a larger contribution from secondary inorganic components with higher CRI real 

part in their observations (Aldhaif et al., 2018; Shingler et al., 2016). Flowers et al. (2010) reports CRI values for long-range 

transported Asian plumes measured at a remote site, which exhibit a higher real part and a lower imaginary part than those 

observed in the relatively early aged urban plumes investigated here and in previous studies. These comparison results highlight 700 

the dynamic nature of the CRI, which evolves with aerosol composition and chemical aging. Consequently, assuming a static 

CRI for either bulk aerosol or individual components, particularly the Org fraction, represents an oversimplification and may 

introduce uncertainties in model simulations or satellite retrievals (Levy et al., 2007; Herrera et al., 2022; Curci et al., 2019). 

A dynamic parametrization that accounts for atmospheric processing (e.g. (Konovalov et al., 2021; Drugé et al., 2022; Jiang 

et al., 2024)) would therefore provide a more realistic representation of aerosol optical properties. 705 

 

Conclusions 

In this study, we combined airborne and ground-based observations over the Paris region to characterise urban-to-downwind 

differences in aerosol physicochemical and optical properties, with downwind observations sampling the urban plume at 

estimated atmospheric ages of approximately 2–6 hours. Measurements showed that the Paris urban plume was associated 710 

with enhanced particle number concentrations in the 80–200 nm size range during downwind transport. Organic aerosol (Org) 

mass concentrations showed only limited variation downwind, while the relative contribution of more oxidized Org increased. 

Secondary inorganic species contributed a smaller fraction of PM1 compared to previous European airborne studies of urban 

plumes (Mcmeeking et al., 2012; Freney et al., 2014), reflecting recent changes in anthropogenic pollutant emissions in 

European urban regions (Yu et al., 2020; Tsimpidi et al., 2025; Ciarelli et al., 2019). The downwind aerosol population 715 

exhibited more scattering-dominated optical properties than the urban aerosol. The average SSA downwind the Paris urban 

plume increased at both 450 and 630 nm, consistently with the increase in the real part of the CRI ~1.35–1.40 at the PRG site 

to ~1.45–1.50 in the aged urban plume downwind, indicating enhanced light scattering, while the imaginary part decreased 

from ~0.03–0.08 to ~0.015–0.02, reflecting a reduced contribution to light absorption. The CRI measured downwind of the 

Paris urban plume falls within the range reported for downwind urban plumes and suburban regions (Shingler et al., 2016; 720 

Aldhaif et al., 2018; Shepherd et al., 2018; Barker et al., 2023; Raut and Chazette, 2008). The urban-to-downwind differences 
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in aerosol optical properties were accompanied by a lower rBC mass fraction and higher AAE downwind, consistent with a 

reduced relative importance of rBC to aerosol light absorption and more scattering-dominated aerosol properties (Di Antonio 

et al., 2025; Eom et al., 2025). The increase in average AAE in the downwind urban plume indicates a greater fractional 

contribution of BrC to short-wavelength absorption; however, this increase appears insufficient to offset the overall decrease 725 

in absorption and the concurrent increase in scattering. The observed decrease in average SAE in the downwind Paris urban 

plume suggested a larger relative contribution of larger particles to scattering, potentially due to differences in size cutoffs on 

different measurement platform and/or size-resolved compositional changes. Incorporating size-resolved compositional 

observations in future work could help further investigate how compositional evolution across different particle sizes 

influences the observed optical properties. 730 

 

In summary, our observations reveal systematic urban-to-downwind differences in aerosol physicochemical and optical 

properties, consistent with a greater influence of secondary atmospheric processing in the downwind plume compared with the 

urban site. Such differences may not be fully represented in some atmospheric models and satellite retrieval algorithms that 

rely on fixed CRI values and simplified aerosol optical assumptions. While recent model and satellite retrieval studies (e.g. 735 

(Drugé et al., 2022; Jiang et al., 2024)) have introduced dynamic parameterizations to account for atmospheric processing of 

aerosol optical properties, substantial uncertainties remain in key optical parameters such as SSA (Li et al., 2022a). In-situ 

measurements are therefore essential to provide observational constraints, particularly in the context of recent changes in global 

anthropogenic emissions (Li et al., 2023). To the best of our knowledge, this study represents one of the few post-2017 airborne 

investigations of aerosol physicochemical properties over a European megacity. The relative variations in the derived CRI and 740 

observed SSA provide useful observational constraints for improving the representation of aerosol optical properties in 

chemical transport models and remote-sensing retrievals. 
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