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Summary

Urban pollution poses one of the largest threats to human health worldwide. A significant portion of
this pollution is secondary, formed through atmospheric chemical reactions of emitted trace gases,
with secondary organic aerosol (SOA) and ozone (O,) being major contributors to health impacts in
urban areas. While decades of air quality regulations have significantly reduced motor vehicle
emissions of organic compounds that are precursors to secondary pollution, recent focus has
shifted to understudied urban sources such as volatile chemical products and cooking emissions.
These sources are challenging to replicate in chamber experiments, which typically focus on single-
compound scenarios, thus limiting their comparability to real-world urban environments.

In this study, we present a comprehensive chamber campaign aimed at quantifying the impact of
various urban emission sources—including gasoline, diesel, cooking, and volatile chemical
products—on SOA and O, formation. By utilizing emission inventories, we generated chemical
fingerprints representing 80% of the overall reactivity and SOA formation potential of each source.
These fingerprint solutions were then injected into the atmospheric simulation chamber SAPHIR to
explore their potential for secondary pollution formation. Leveraging the unique features of the host
institution’s SAPHIR chamber, such as its low surface-to-volume ratio and exposure to natural
sunlight, we deployed state-of-the-art instrumentation in a multinational campaign to capture the
chemical composition and volatility of gas- and particle-phase components. We conducted
experiments simulating each source at various NOx exposures, as well as mixed systems to
simulate the urban atmosphere of US and European cities. Finally, we contextualize our findings by
comparing them with data from the Atmospheric Emissions and Reactions Observed from
Megacities to Marine Areas (AEROMMA) mission, offering insights into the dynamics of urban air
pollution.
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Introduction

Air pollution is one of the largest human health risk factors globally causing 6.7 million premature
deaths per year'. Over half of the world’s population currently lives in urban areas and the number
is anticipated to grow, thus raising a public health concern in cities around the world2. The most
relevant pollutant for health impacts included in the World Health Organization guidelines is PM,s
defined as fine particulate matter with diameters smaller than 2.5 um®*. A significant fraction of the
PM,s mass are organic aerosol particles®® composed of hundreds to thousands of different organic
compounds’. Primary organic aerosols are directly emitted into the atmosphere, from sources such
as vehicles, cooking, and biomass burning. Contrarily, secondary organic aerosols (SOA) are
formed via diverse chemical reactions that transform volatile precursor gases such as volatile
organic compounds (VOCs) into lower-volatility products that either condense into existing
particles or form new particles.

Historically, combustion sources and in particular motor vehicles have been responsible for the
majority of VOC emissions measured in outdoor urban environments that can act as precursors for
anthropogenic SOA formation®'°. However, the successful control of vehicular VOC emissions over
multiple decades’ has shifted the urban VOC emission distribution towards other currently
understudied pollution sources. Recent work'*'* showed that volatile chemical products from
household chemicals, hereby VCPs, have emerged as the largest source of petrochemical VOC
emissions relative to combustion sources at densely populated US cities. VCP emissions are
derived from the use of everyday chemical products, such as personal care products, cleaning
agents, coatings, pesticides, printing inks, adhesives, and architectural coatings. However, the
impacts of VCPs relative to other urban sources on anthropogenic SOA formation are not
understood.

In this study, we leverage the unique features of the host institution’s SAPHIR chamber—such as its
low surface-to-volume ratio and exposure to natural sunlight—to investigate the impact of VCP
emissions on SOA and O, formation. We compare the contribution of VCPs relative to other urban
sources, including gasoline, diesel, and cooking emissions. A critical step in linking urban pollution
to its precursors is obtaining high chemical resolution of both gas and particle-phase components,
which we accomplish using recent advances in aerosol and gas-phase instrumentation. To achieve
this, we took advantage of the transnational access offered by ATMO-ACCESS and introduced
multiple teams equipped with state-of-the-art instruments, supporting the goals of this
multinational campaign.

Materials and Methods

The campaign ran from June 28 to August 8 at the host institute ICE-3 at Forschungszentrum Jilich
GmbH. An overview of the experiments is provided in Table 1. In total, 26 experiments were
conducted to examine the influence of imonene as a single compound experiment as well as
individual urban sources, including VCPs and cooking emissions, as well as gasoline and diesel
traffic emissions. Additionally, combinations of these urban sources were used to replicate
conditions in U.S. and European cities, with a particular focus on Los Angeles. The campaign also
included experiments to assess the impact of biogenic emissions and simulated future scenarios



with minimized traffic emissions. Experiments were conducted across various nitrogen oxide
levels, switching from daytime to nighttime settings to explore different chemical regimes. All other
conditions, including the concentrations of seed ammonium sulfate (or bisulfate in one
experiment), relative humidity, and expected concentrations of different sources, were kept
constant to simplify the system and isolate NOx as the primary variable of interest.

Table 1: Campaign overview

Date |Experiment Number and Objective veps

28 Jun Test Experiment: Daytime oxidation of VCPs solution at medium NO =y ‘
1 Jul Experiment 1: Limonene Daytime Oxidation at medium NO 1l '(:E"“
3 Jul Experiment 2: Limonene Nighttime Oxidation with OH scavenging

4 Jul Experiment 3: VCPs Daytime Oxidation at Low NO

5 Jul Experiment 4: VCPs Nighttime Oxidation

8 Jul Experiment 5: VCPs Daytime Oxidation at Medium NO

9 Jul Experiment 6: VCPs Daytime Oxidation at High NOx
10Jul  Experiment 7: Gasoline Daytime Oxidation at High NOx
11 Jul  Experiment 8: Gasoline Daytime Oxidation at Medium NO
15Jul  Experiment 9: Cooking Daytime Oxidation at Medium NO
16 Jul  Experiment 10: Cooking Daytime Oxidation at Low NO

17 Jul  Experiment 11: Diesel Daytime Oxidation at Medium NO

18 Jul  Experiment 12: Diesel Daytime Oxidation at High NO veps e
22 Jul  Experiment 13: LA Daytime Oxidation at Medium NO P, A

23 Jul  Experiment 14: LA Nighttime Oxidation 7(”13 Cookinga
25Jul  Experiment 15: LA Nighttime to Daytime Oxidation ,;'L':"-:"*

26 Jul  Experiment 16: LA + Biogenics Nighttime to Daytime Oxidation

27 Jul  Experiment 16: Continuation

28 Jul  Experiment 17: Background experiment, no seeds, high CO, CO2

29 Jul Experiment 18: LA + Biogenics Daytime Oxidation at Medium NO

30 Jul  Experiment 19: Global Urban Medium NO

Experiment 20: Nighttime to Daytime with Ammonium Bisulfate aerosol
seeds

1 Aug Continuation of Experiment 20 and Calibrations

2 Aug Experiment 21: Future Scenario Low NO

4 Aug Experiment 22: Background experiment — seeds only

5Aug Experiment 23: LA+biogenics+O3 Daytime Oxidation at Low NO

6 Aug Experiment 24: LA+biogenics+O3+N0O2 Daytime Oxidation at High NOx
7 Aug  Experiment 25: Background experiment + seeds + CO

8 Aug Experiment 26: Limonene ozonolysis in the dark

31 Jul

To capture the evolution of carbon and track SOA formation in a complex system like that replicated
in the SAPHIR chamber, we utilized a range of gas and particle-phase detectors provided by
multiple scientific collaborators. These instruments, summarized in Table 2, covered the full
spectrum from high- to low-volatility organic compounds. Notably, the majority of the instruments
were operational for over 80% of the campaign, demonstrating a successful deployment and
comprehensive measurement effort throughout the study period.



Table 2: Instrumentation and collaboration partners.

Particle Phase Instruments

AMS Aerosol chemical composition

SMPS Particle size distribution

FUSION-CHARON Detailed organic aerosol chemical composition

FIGAERO Detailed organic aerosol chemical composition and volatility
Particle Orbitrap Detailed organic aerosol chemical composition

EESI Detailed organic aerosol chemical composition

NAIS Particle size distribution

AEROSPEC FTIR

Gas Phase Instruments

Aerosol chemical composition

NOy Total organic nitrogen
NO3-Orbitrap Highly oxygenated molecules (HOMs)
NH4+ VOCUS VOCs, SVOCs, IVOCs
FUSION VOCs and OVOCs
kOH total OH reactivity
LIF OH, HO,, and RO, concentrations
MR-CIMS VOCs, SVOCs, IVOCs
GC ACTRIS Chemical structure and concentration of VOCs
Nox Nitrogen oxides including NO and NO,
03 Ozone
HONO/Picarros HONO, CO, CO,, CH,
amine-HTOF SVOCs, IVOCs
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Each experiment started by humidifying the chamber to 60%, followed by an injection of

ammonium sulfate aerosol seeds to achieve a concentration of approximately 10-15 pg m~>. Next,
limonene or an urban source solution was introduced, as shown for a cooking emission injection in
Fig.1. Finally, the chamber roof was opened to initiate photochemistry. At this stage, either ozone
was injected to quench NO formed through HONO photolysis from SAPHIR or NO was added



directly to conduct experiments at elevated NO concentrations, depending on the desired
atmospheric conditions.
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Figure 1: Characteristic timeseries of the cooking experiment at suppressed NO concentrations
(panel 4, bottom) by injecting ozone after the SAPHIR roof was open (panel 1, top). Results shown in
panel 2 track the formation of SOA (green). Examples for trace gases detected by mass
spectrometry (NH,* CIMS) are shown in panel 3, for injected VOCs (left axis) and an example
product following VOC oxidation chemistry (right axis).

Results and Discussion

+

Figure 2 shows the preliminary gas-phase carbon and oxygen compound distribution using the NH,
CIMS from a variety of SAPHIR chamber experiments, including the limonene, VCP, gasoline, and
cooking mixtures, and a comprehensive LA replica mix. The results are compared with airborne
measurements from the 2023 AEROMMA mission, which sampled urban air over multiple U.S.
cities, including Los Angeles (LA). Data from each SAPHIR experiment shows distinct carbon and



oxygen distributions, underlining how each source yields a unique secondary chemical signature.
Remarkably, only when all urban sources were combined in SAPHIR, based on insights from U.S.
studies to replicate LA's air, did the distribution of secondary products align closely with the urban
profile observed over LA by the NASA DC-8.

This consistency between chamber and real-world field observations underscores the capability of
these SAPHIR experiments to capture the chemical complexity of urban SOA formation. Leveraging
the transnational access program for this multinational collaborative project, we deployed a
comprehensive set of the latest instrumentation, generating a vast dataset that can shed light on
the chemical composition and pathways leading to secondary pollution, ozone, and SOA formation
in urban environments. This unique setup, particularly the SAPHIR chamber's radical chemistry
environment, will initiate efforts for exploring these processes in high resolution.
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Figure 2: Gas-phase carbon and oxygen distribution from a variety of experiments using the NH,"
CIMS.

Conclusions and Outlook

This campaign aimed at a detailed assessment of the contributions of gasoline, diesel, volatile
chemical products (VCPs), and cooking emissions to SOA and O, formation under realistic urban
conditions. The campaign was conducted in the SAPHIR chamber to simulate complex urban
emissions. By successfully deploying advanced instrumentation and multinational collaborations,



ityielded chemical profiles that for the first time closely matched those observed over Los Angeles
during the AEROMMA mission.

Moving forward, further analysis of these vast datasets will strengthen our understanding of non-
traditional urban emissions and their impact on secondary pollution, setting the basis for future
studies to further understand the role of different factors (e.g., humidity, acidity) to secondary
pollution. The dissemination of results will occur through peer-reviewed publications and
presentations at international conferences. Additionally, datasets and key findings will be shared
with partner institutions and environmental agencies to inform regulatory strategies targeting urban
pollution. We also plan to collaborate with modeling groups to integrate these findings into air
quality frameworks, enabling more comprehensive assessments of emerging urban emission
sources.
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